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Abstract

A wideband and high-efficiency polarization conversion metasurface (PCM) is proposed and
applied to reduce radar cross section (RCS). The proposed PCM unit is composed of two
oblique asymmetry triangle split rings, which generate multiple plasmon resonances.
Simulated and measured results demonstrate that it achieves polarization conversion over
90% from 9.24 to 17.64 GHz. Besides square checkerboard, the proposed PCM units and mir-
ror units are arranged in triangle checkerboard. The mechanisms of both checkerboard PCMs
are analyzed based on standard array theory, including the relationship between RCS reduc-
tion value and polarization conversion ratio value. The derived formulas provide a guideline
to design checkerboard structure based on PCM. Simulated results demonstrate that both
checkerboard PCMs achieve over 62% relative bandwidth of 10 dB RCS reduction under nor-
mal incidence with respect to the equal-sized metallic plate, which also means that the triangle
one could be an alternative solution to reduce RCS. To verify the analyzed and simulated
results, the fabricated sample and measured results of both checkerboard PCMs are presented.
Good agreements are achieved between measurements, simulations and numerical analysis.

Introduction

Radar cross-section (RCS) reduction has attracted much attention in many applications, espe-
cially stealth platforms of military and antenna design. Several techniques have been proposed
to reduce RCS in public literatures, such as Salisbury screen, electromagnetic band gap (EBG),
and high impedance surface [1–3]. However, the narrow bandwidth of the method limits its
application. Another way arranging perfect electric conductor (PEC) and artificial magnetic
conductor (AMC) surface [4] in checkerboard structure is proposed to redirect scattered
energy. However, the narrow in-phase bandwidth restricts the bandwidth of RCS reduction.
To solve this issue, different types of AMCs or AMCs with different sizes or different config-
urations have been proposed [5–9]. Besides, polarization dependent AMC [10, 11] has been
proposed by using one AMC unit cell to simplify design procedure. A wideband band
180° ± 30° phase difference between two orthogonal directions (x- and y-direction) of one
polarization dependent AMC unit ensures the wideband 10 dB RCS reduction.

In recent decades, another method for RCS reduction using polarization conversion meta-
surface (PCM) has been proposed. Polarization conversion metamaterials were studied firstly
by Grady et al. [12]. Then many types metamaterials structure has been proposed as polariza-
tion rotator [13–18]. It was used to reduce RCS [19–22] of the antenna or metallic structure
owing to its characteristic of polarization conversion. A checkerboard metasurface using
fishbone-shaped PCMs can achieve a 5 dB RCS reduction from 6 to 18 GHz [19] and the
authors explained that a 180° phase difference is ensured by checkerboard metasurface con-
sisted of the PCM units array and the mirror units array. The energy of y-polarized incident
wave will be converted to its cross polarization after reflected by the PCM, which means that
the backscattered energy is mainly redirected into orthogonal polarization. Thus the checker-
board could achieve an effective monostatic RCS reduction as the backscattered energy is can-
celed by the PCMs. However, there is still one challenge to obtain more than 10 dB RCS
reduction over wideband. Besides, investigation of detailed theoretical analysis on the method
is necessary. For example, the relationship between the polarization conversion properties of
the unit cell and the RCS reduction is a meaningful research. In addition, there are few
literatures on other type alternate geometry except for traditional square checkerboard
arrangement.

Therefore, the main objective of this paper is to investigate 10 dB RCS reduction of these
structures for wideband operation, including the design of a wideband PCM unit, analysis of
the backscattered fields of square and triangle checkerboard structures based on the PCM.
Specifically, an approximate analytical relationship between PCR and the reduced RCS
value are derived, which serves as a guideline for a 10 dB RCS reduction of the checkerboard
structures based on PCM. The RCS reduction bands of the two checkerboard structures are in
accordance with the analysis, which means its effectiveness in designing these structures.
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The paper is organized as follows. The section Design and
analysis of PCM unit presents the design and mechanism of the
proposed PCM unit. In the section Study of checkerboard based
on PCM, the scattered fields of square and triangle checkerboard
PCMs are investigated in detail, including RCS reduction and
scattered patterns under normal incidence and oblique incidence.
Finally, this paper is concluded in the section Conclusion.

Design and analysis of PCM unit

The unit cell is composed of two oblique asymmetry triangle split
rings printed on a dielectric substrate with a copper ground sheet
backed, as shown in Fig. 1. The dielectric substrate is FR-4 with a
thickness of h = 2 mm, a dielectric constant εr = 4.4, and a loss
tangent tanδ = 0.02. The conductivity of copper is σ = 5.8 × 107 S/m.
The other parameters are as follows: p = 6 mm,w = 0.5 mm, a =
2.2 mm, b = 3.4 mm, c = 2.1 mm.

To verify the polarization conversion characteristic of the
metasurface, the unit cell is simulated using commercial software
ANSYS HFSS 13.0. The periodic boundary conditions in x and y
directions and Floquet port in the + z direction are employed in
simulation. More specifically, Floquet port is set in the + z direc-
tion with wave illuminates along −z direction and the boundary
conditions in + x/−x and + y/−y directions are set as Master/
Slave boundaries, respectively. Take a y-polarized incident wave
as an example, we use the definition polarization conversion
ratio (PCR) [21] to investigate the efficiency of polarization
conversion:

PCR = r2xy/ r2xy + r2yy

( )
(1)

where rxy = �Er
x

∣∣ ∣∣/ �Ei
y

∣∣∣
∣∣∣ and ryy = �Er

y

∣∣∣
∣∣∣/ �Ei

y

∣∣∣
∣∣∣ represent the reflection

ratio of y-to-x and y-to-y polarization conversion, respectively. �Ei
y

is a linearly y-polarized incident wave, �Er
x and �Er

y are reflected field
along x- and y-axis.

The values of ryy (co-polarization) and rxy (cross-polarization) ver-
sus frequency are presented in Fig. 2(a). It is shown that the
co-polarization is less than −10 dB in the range of 9.20–17.76 GHz.
Figure 2(b) gives the PCR value calculated according (1), which is
larger than 0.9 from 9.24 to 17.64 GHz and PCR is nearly 1.0 at
three resonant frequencies (9.64, 12.82, and16.66 GHz).An ignorable
difference between 0.9 PCR and −10 dB co-polarization is caused by
the dielectric loss of the substrate. Therefore, the y-polarized incident
electromagnetic wave is converted to x-polarized reflected wave with

conversion efficiency higher than 90% in a wide bandwidth (9.24–
17.64 GHz). There are same results for x-polarized incident wave
due to the symmetry of the PCM unit.

The proposed PCM, an anisotropic structure, is inspired by a
cut-wire resonator for polarization conversion and anomalous
refraction in [12]. Thus we use u- and v-axes to mark the aniso-
tropic axes, as depicted in Fig. 3(a). There are three plasmon
resonance eigen-modes excited when electric components along
u- and v-axes, as depicted in Fig. 3(b). To study the mechanism
of wideband polarization conversion, the current distributions
on front layer and bottom layer at three resonance eigen-modes
are illuminated in Figs 4 and 5, respectively. It is shown that
the currents along x- and y-directions are generated on the top
surface, which converts y-polarized incident wave to x-polarized
reflected wave. At resonant eigen-mode (i), parallel currents are
induced on front layer and bottom layer, as presented in Figs 4
(a) and 5(a), which performs like an electric resonance. Thus
the eigen-mode is generated by electric resonance. At resonant
eigen-modes (ii) and (iii), anti-parallel currents are induced on

Fig. 1. View of the PCM unit cell. (a) Top view. (b) Side view.

Fig. 2. Simulated results of the (a) co- and cross-
polarization reflections and (b) PCR versus fre-
quency under normal incidence.

198 Qi Zheng et al.

https://doi.org/10.1017/S1759078717001477 Published online by Cambridge University Press

https://doi.org/10.1017/S1759078717001477


front layer and bottom layer, which means that the resonances
perform like magnetic resonance. The analysis is similar to the
explanation introduced in [16]. Take y-polarized incident wave
as an example. For electric resonance (i), the induced field can
be decomposed into both x-component (�px) and y-component
(�py), as displayed in Fig. 6(a). The co-polarization is attributed
to �py. The co-polarization is attributed to �px , which generates

cross-polarized reflection. For magnetic resonance (ii), the aniso-
tropic characteristic of the PCM generates ‘symmetric’ and ‘anti-
symmetric’ modes [12]. The y-polarized incident wave can be

decomposed into two orthogonal equal components along u-

and v-axes ( E
�i

u and E
�i

v.), respectively. The excited reflected

fields are named as E
�r

u. and E
�r

v , respectively. The metasurface

Fig. 3. (a) u- and v-axes are used to mark the anisotropic axes. (b) Three eigen-modes under normal incidence for u- and v-polarized.

Fig. 4. Surface current distributions on front layer of the proposed PCM unit cell at three eigen-modes (a) (i), (b) (ii), and (c) (iii).

Fig. 5. Surface current distributions on bottom layer of the proposed PCM unit cell at three eigen-modes (a) (i), (b) (ii), and (c) (iii).
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behaves as a PEC in the symmetric mode which causes out-phase

between E
�r

v and E
�i

v . In the antisymmetric mode, the structure

behaves as a high impendence surface which generates in-phase

between E
�r

u and E
�i

u. Therefore, the total x-polarized reflection

is obtained. Similar results can be observed at magnetic resonance
(iii). Hence, polarization conversion of the proposed PCM unit is
generated by electric and magnetic resonances and the three
neighboring resonances ensure wide operating bandwidth.

Moreover, co- and cross-polarization reflection coefficients of
the PCM with different key parameters are presented in Fig. 7.
The influence of different lengths a on reflection coefficients is
depicted in Fig. 7(a). When a varies from 2.1 to 2.3 mm with
the other parameters fixed, the first resonant frequency shifts
slightly to a lower frequency while the other two resonant
frequencies shift to higher ones. Figure 7(b) illuminates the reflec-
tion coefficients versus variations of length b for other parameters
kept the same. It can be seen that the first resonant frequency

Fig. 6. Schematic of polarization conversion at
(a) electric resonance (i) and (b) magnetic reson-
ance (ii).

Fig. 7. Simulated co- and cross-polarization reflection coefficients for the case of different (a) parameter a increasing from 2.1 to 2.3 mm, (b) parameter b increas-
ing from 3.2 to 3.6 mm and (c) parameter c increasing from 1.9 to 2.3 mm.
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performs few changes and the other two resonant frequencies
shift to higher frequencies. It is noted that the first resonant fre-
quency and the second one are extraordinary close in the case of
b = 3.2 mm, thus only two resonant points displayed within the
operation band. As shown in Fig. 7(c), the length of c has a key
effect on reflection coefficients. The first resonant frequency
remains nearly unchanged and the other two frequencies move
to lower frequencies, which is quite different from the influence
of b in higher resonant frequencies. For the case of c = 2.3 mm,
the first and second frequencies are quite close and combined
together. Therefore, these parameters of the PCM are very critical
for achieving high PCR over a wideband and the final optimized
parameters have been displayed before.

Furthermore, the polarization conversion performances under
oblique incident waves need to be investigated. Figure 8 presents
the PCR for oblique incidence (θ) under TEz polarization. For θ
= 30°, the PCR bandwidth keeps steady and almost the same as nor-
mal incidence. For θ = 50°, the proposed PCM unit achieve 0.7 PCR
from 9.75 to 17.80 GHz (about a relative bandwidth of 75%). As
incidence angle increases, the bandwidth of 0.9 PCR splits into sev-
eral bands. This is expected because the proposed wideband PCM
unit is a multi-plasmon resonator. Figure 9 shows PCR for different
polarization angles (w) under normal incidence. As the symmetryof
the structure, the PCRdecreases fromw = 0° tow = 45° and increases
from w = 45° to w = 90° inversely.

Study of checkerboard based on PCM

As introduced before, we design a single layer PCMunit, which con-
sists of two oblique symmetry triangle split rings. The schematic
square chessboard structure using the proposed PCMunit arranged
in units array (set as PCM1) andmirror units array (set as PCM2) is
shown in Fig. 10(a). Figure 10(b) shows the co- and the cross-
polarization reflections phase difference between the unit and mir-
ror unit, which are 0° and 180°, respectively.

According to the concept of standard array theory and sche-
matic model described in [4], analysis model can be formed as
2 × 2 element array (Fig. 10(a)). Then the reflected field of each
element can be expressed as

E
�r

PCM1 = ryy exp jf1 co

( )[ +rxy exp jf1 cro

( )]
A1 E

�
element, (2a)

E
�r

PCM2 = ryy exp jf2 co

( )[ +rxy exp jf2 cro

( )]
A2 E

�
element, (2b)

where ryy and rxy are co-polarization and cross-polarization
reflected coefficient of PCM unit, f1 co and f2 co are
co-polarization reflection phase caused by PCM1 and PCM2,
f1 cro and f2 cro are cross-polarization reflection phase caused
by PCM1 and PCM2, A1 and A2 are reflection amplitude of
PCM1 and PCM2.

The total reflected field is simply expressed as

E
�= E

�r

PCM1 · AF1 + E
�r

PCM2 · AF2. (3)

Array factor AF1 and AF2 are described as

AF1 = exp j −wx/2+ wy/2
( )[ ]

+ exp j wx/2− wy/2
( )[ ]

, (4a)

AF2 = exp j wx/2+ wy/2
( )[ ]

+ exp j −wx/2− wy/2
( )[ ]

, (4b)

where wx = kd sinθ cosw, wy = kd sinθ sinw, (θ, w) is azimuth
angle, k = 2π/λ is the wave number, d is the center distance of
adjacent element.

For co-polarization phase difference is 0° between PCM1 and
PCM2, cross-polarization phase difference is 180° between PCM1
and PCM2

f1 co −f2 co

∣∣ ∣∣ = 0, (5a)

f1 cro −f2 cro

∣∣ ∣∣ = p. (5b)

Assuming that each element shows equal reflection amplitude
(A1 = A2 = A) under normal incidence (θ = 0°, w = 0°), the
reflected field (3) is simplified as

E
�= ryyA exp( jf1 co) E

�
element. (6)

Therefore, RCS reduction (unit: dB) is calculated by

RCS reduction = 10 log r2yy

( )
. (7)

Fig. 8. PCR versus frequency for different incidence angles (θ) under TEz polarization.

Fig. 9. PCR versus frequency for different polarization angles (w) under normal
incidence.
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According to (1)

PCR = 1− r2yy. (8)

RCS reduction can be expressed with PCR value

RCS reduction = 10 log 1− PCR( ). (9)

Therefore, the value of RCS reduction is inversely proportional
to the value of PCR. The value of RCS reduction is −∞ if PCR =
1.0, which is an ideal state of RCS reduction that no energy scat-
tered along incident direction.

Consequently, the structure would exhibit a 10 dB RCS reduc-
tion if the PCM unit satisfies

PCR ≥ 0.9. (10)

Also, the value of co-polarization is less than −10 dB. The
derived formula is to predict the RCS reduction value using
PCR value of the PCM unit cell approximately.

In this section, we design square and triangle checkerboard
PCMs based on the proposed PCM units. The backscattered fields
of two PCMs are investigated in theory and analyzed in detail,
including normal incidence and oblique incidence. The square
checkerboard PCM is consisted of the proposed PCM units
array and mirror units array, as shown in Fig. 11(a). Each part
consisted of 4 × 4 units array (square size 24 mm × 24 mm,).
The whole period size is 2 × 24 mm2 and dx = dy = 24 mm . In
this section, the oversize of the checkerboard PCM structure is
96 mm × 96 mm, which consists of four same parts given in
Fig. 10(a).

According to standard array theory, themaximum reflected angle
(θ, f) (− 90°≤ θ≤ 90°, 0°≤f≤ 360°) satisfies follow equations

tanf = bydx/bxdy, (11a)

sin2u = bx/kdx
( )2+ by/kdy

( )2
, (11b)

where dx and dy are the center distance of adjacent element along the
x- and y-directions, respectively. βx and βy are the progressive phase
shifts between an adjacent element in the x- and y-directions,

Fig. 10. (a) Schematic of square chessboard structure composed of the PCM units array and mirror units array and (b) Co- and cross-polarization reflections phase
difference between the unit and mirror unit.

Fig. 11. Schematics of checkerboard PCMs in (a) square and (b) triangle arrangement.
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respectively，which both are 180° phase shift. Therefore, the max-
imum scattered field direction in f = 45° plane and f = 135° plane.

Schematic of the triangle checkerboard PCM contains 8 × 8
units is shown in Fig. 11(b). Similarly, the maximum scattered
field direction of triangle checkerboard PCM structure in f = 0°

plane and f = 90° plane. The maximum reflected angle (θ, f)
(− 90°≤ θ≤ 90°, 0°≤ f≤ 360°) of triangle checkerboard PCM
structure satisfies

sin2u = bx/k
��
2

√
dx

( )2
+ by/k

��
2

√
dy

( )2
. (12)

Normal incidence

Two 16 × 16 units arrays with the area of 96 mm × 96 mm based
on the proposed PCM unit are designed and measured, respect-
ively, as shown in Fig. 12(a) and (b). Both samples were measured
in the anechoic chamber of the Northwestern Polytechnical
University. Two identical standard horn antennas operating
from 1 to18 GHz are used as transmit and receive antennas
which are connected to a network analyzer. RCS reduction is

normalized with an equal size metallic ground plate to reduce
the influence of noise in the anechoic chamber. As presented in
Fig. 12(c), the two horn antennas are placed horizontally along
the same direction for TEz polarization measurement. Inversely,
the two horn antennas are placed perpendicularly for TMz polar-
ization measurement, as given in Fig. 12(d).

Simulated and measured RCS reduction versus frequency
under normal incidence for both checkerboard PCMs are
depicted in Fig. 13. Both structures exhibit over 60% relative
bandwidth of 10 dB RCS reduction with respect to the equal-sized
metallic plate, which is expectable for they are designed based on
the same PCM unit cells. An acceptable discrepancy is attributed
to fabrication tolerance and measurement deviation. What is
more, the curve of RCS reduction versus frequency has the
same tendency with the PCR versus frequency. There are some
deviations and frequency shifts between simulations and analysis
according to 0.9 PCR bandwidth of the PCM unit (9.24–
17.64 GHz and a relative bandwidth of 62.5%). The main reason
is due to that (7) and (9) are derived based on standard array the-
ory without considering edge diffractions.

Figure 14 presents the 3-D bistatic scattered fields at 13.0 GHz
for two checkerboard PCMs and equal size metallic plate (PEC).

Fig. 12. Sample of (a) square and (b) triangle checkerboard PCM.(c) Measurement setup for TEz polarization and (d) TMz polarization.
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Both checkerboard PCMs redirect the incident wave to other ines-
sential directions. Also, the triangle and square show different
redirected fields due to different arrangements of PCM unit cells.

Moreover, according to (11a) and (11b), the scattered beams
appear atf = 45° plane andf = 135° plane, the maximum scattered
beam direction is θ = 42.84°. The bistatic scattered fields along f =
45° (f = 135°) plane for square checkerboard PCM is shown in
Fig. 15(a). It is illustrated that the maximum RCS is θ = 40°,
which is close to the angle predicted by (10b). According to (12),
the scattered beams appear at f = 0° plane and f = 90° plane, the
maximum scattered beam direction is θ = 28.73°. The bistatic scat-
tered fields along f = 0° (f = 90°) plane for triangle checkerboard
PCM is given in Fig. 15(b). It is illustrated that the maximum
RCS is θ = 28°, which is close to the angle predicted by (12). The dif-
ference may be due to that (11b) and (12) are derived based on
standard array theory without considering coupling between ele-
ments and diffraction from the edges.

Oblique incidence

As introduced in the section Design and analysis of PCM unit, the
PCR value of the PCM unit depends on incidence angle and

Fig. 13. Simulated and measured RCS reduction versus frequency under normal inci-
dence for both checkerboard PCMs.

Fig. 14. 3-D bistatic scattered fields at 13.0 GHz under normal incidence for (a)square, (b) triangle, and (c) equal-sized metallic plate.
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polarization of incidence wave. Similar to the analysis of checker-
board EBG surface under oblique incidence [9], the RCS reduc-
tion at a range of oblique angles for both TEz and TMz

polarizations are investigated in this section.
In [22], it is validated in detail that square checkerboard struc-

ture based on PCM unit cells could achieve RCS reduction within
certain angles. The monostatic RCS for square checkerboard
under oblique incidence is not shown for simplicity. The monostatic
scattered fields at 13.0 GHz for TEz and TMz polarization along f =
0° (f = 90°) plane for triangle checkerboard PCM and equal size
metallic plate (PEC) are given in Fig. 16(a) and (b), respectively.
The measured results and simulated ones are in good agreement
except for some angles. The main reason may be due to the influ-
ence of noise and measurement deviations. For example, the inci-
dent wave was not strictly plane wave and the sample was not
placed strictly perpendicular to transmitting and receiving antennas.
Though, it is illustrated that the checkerboard PCM structure
reduces RCS significantly within certain incident angles.

Conclusion

In this work, a wideband PCM unit cell composed of two oblique
asymmetry triangle split rings is presented for RCS reduction. The
simulated results show the PCM unit has more than 90% polar-
ization conversion efficiency from 9.24 to 17.64 GHz and two

checkerboard structures using the PCM units achieve over 60%
relative bandwidth of 10 dB RCS reduction (9.24–17.64 GHz)
under normal incidence with respect to the equal-sized metallic
plate. The relationship between RCS reduction value and PCR
value is derived, which serves as a guideline for predicting the
RCS reduction bandwidth of the chessboard PCM. The triangle
checkerboard PCM shows different backscattered fields with
respect to the square one due to a different arrangement of PCM
unit cells. For oblique incidence, the triangle one also reduces
RCS obviously in certain angular due to the angle dependence of
PCM unit cell. Fabricated sample and measured results of both
checkerboard PCMs are presented. The simulated results agree
well with simulated ones. It is observed that the proposed structure
has a potential application for stealth technologies due to its broad-
band and simple design. Meanwhile, the triangle checkerboard
PCM provides an alternative solution to reduce RCS.
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