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Design of Diffusive Modified
Chessboard Metasurface

Mustafa K. Taher Al-Nuaimi , Wei Hong , Fellow, IEEE, and Yejun He , Senior Member, IEEE

Abstract—In this letter, the design of ultrathin diffusive modi-
fied chessboard metasurface at microwave band is presented. Each
quadrant of the conventional 2 × 2 chessboard is replaced by a
small size 1-bit reflectarray exhibiting an optimized diffusive 1-bit
quantized phase distribution. Furthermore, the proposed chess-
board metasurface is designed in such a way to also have 180°
phase shift between any adjacent quadrants (reflectarrays). A
subwavelength-spaced cross-polarization rotating anisotropic unit
cell, which can rotate the polarization of a linearly polarized inci-
dent wave to its orthogonal (cross polarized) component with 99%
polarization conversion efficiency from 7 to 16 GHz, is used to com-
pose a two small size 1-bit reflectarrays. The proposed unit cell and
its mirror image are used to provide the required 1-bit phase states
(“0°” and “180°”) of the 8× 8 unit cells reflectarrays. The proposed
diffusive metasurface is composed of four reflectarrays and has an
aperture dimensions of 160 × 160 × 3.04 mm3. Both simulation
and measurement results show that the proposed metasurface can
diffuse the incident electromagnetic wave regardless of the polar-
ization of the incident wave and under wide angle of incidence (up
to 60°) with 10 dB radar cross reduction when compared to a PEC
plate of same size.

Index Terms—Diffuse scattering, metasurface, reflectarray.

I. INTRODUCTION

M ETASURFACE has attracted a lot of attention among
science and engineering researchers due to their strong

capabilities in controlling (manipulating) the characteristics
of electromagnetic (EM) waves [1]–[10]. The metasurface for
RCS reduction can be designed as passive, active, digital or
programmable metasurface [11], [12]. In [13]–[16], chess-
board and checkerboard metasurfaces with about 180° ± 37°
reflection phase difference between any adjacent quadrants
on its aperture were proposed for RCS reduction. The unit
cells in each quadrant have the same orientation, phase, and
dimensions. However, the scattering patterns of such surfaces
contain intense diffraction lobes in the diagonal planes [17].
The bandwidth of chessboard surface was improved using
various techniques [18], [19]; however, the scattering patterns
still have intense diffraction lobes in the diagonal planes.
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The using of focusing reflection phase or reflectarray for
EM-wave diffusion (and RCS reduction) have been a hot topic
recently and various designs have been proposed in the literature
such as multibeam reflectarray technique by redirecting the
backscattered energy away from the boresight axis in [20], using
tapered graded dielectric perforation and focusing reflection
phase in [21], the metasurface of unit cells have concave and
convex parabolic phase distributions in [4]. For a circularly
polarized incident wave, an approach in [3] was proposed for
backscattered EM-wave diffusion using Pancharatnam–Berry
unit cell to compose a number of small size subarrays exhibiting
focusing parabolic reflection phase, and the small size subarrays
are distributed according to a 1-bit and 2-bit codes.

In this letter, an ultrathin and polarization-independent
diffusive modified chessboard like metasurface for low-level
diffusion of EM-waves under wide angle of incidence is devel-
oped. Each quadrant of the four quadrants of the conventional
2 × 2 chessboard metasurface is occupied by a 1-bit reflec-
tarray exhibiting 1-bit quantized parabolic reflection phase. A
cross-polarization conversion principle is used to design the
1-bit reflectarrays using anisotropic unit cell has four plasmonic
resonances with more than 99% of cross polarization rotation
efficiency. The anisotropic unit cell and its mirrored image
are used together to realize the diffusive 1-bit quantized phase
states (0°/180°) of the reflectarrays.

II. DESIGN OF POLARIZATION ROTATING UNIT CELL

The configuration of the proposed anisotropic unit cell (Bit
0 and Bit 1) is shown in Fig. 1(a). It consists of a copper res-
onator printed on the upper side of a grounded dielectric material
(εr = 3.38, thickness = 3.04 mm = 0.1λ10GHz) with a period
P = 10 mm (0.33λ10GHz). The reflection characteristics of the
proposed anisotropic unit cell are numerically investigated using
CST Microwave Studio and the optimized structural parameters
are shown in Fig. 1. An intuitive scheme of the incident and
reflected field vectors of the proposed anisotropic unit cell are
shown in Fig. 1(b). The incident electric field (Ei) would de-
compose into two orthogonal components (Eiu and Eiv). The
subscripts “r” and “i” indicate the reflected and incident com-
ponents, respectively. Because of its anisotropy, the unit cell
(Bit 0) and its mirror image (Bit 1) rotate the polarization of
the incident wave (by 90°) to y-axis and –y-axis, respectively.
Fig. 2(a) and (b) shows the magnitude and phase of the reflected
components Eru and Erv , respectively. Both components have
strong reflection with their reflection phases are continuous and
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Fig. 1. (a) Front side of the proposed anisotropic unit cell: P = 10, B = 1.3,
C = 2.35, L = 3.1, g = 0.2 all in mm. (b) Incident and reflected field vectors of
the unit cell (Bit 0) and its mirrored unit cell (Bit 1).

Fig. 2. (a) Magnitude and (b) phase of Eru and Erv. (c) Copol and cross-pol
reflection coefficients. (d) PCR.

vary between±180° and the phase difference between those two
components is within the range 180° ± 30°. The copolarization
(copol) and cross-polarization (cross-pol) reflection coefficients
of the proposed unit cell are shown in Fig. 2(c) and a very strong
cross-pol conversion is achieved from 6.8 to 16.2 GHz and the
polarization of the incident EM-wave will be rotated by 90° and
reflected back. The unit cell has four plasmon resonances at 7.22
and 16.3 GHz (magnetic resonance), 11.1 and 14.6 GHz (elec-
tric resonance). As the copol reflection is < –10 dB over the
frequency band of interest, it is, therefore, predicted that the ef-
ficiency of the polarization conversion would be high. Polariza-
tion conversion ratio (PCR) can be expressed using the formula
in Fig. 2(d) where Rxy = cross-pol reflection and Ryy = copol
reflection. The proposed unit cell can rotate the polarization of
the incident wave with PCR > 99% from 7 to 16.2 GHz, which
means that more than 99% of the incident wave is rotated into its
cross-pol component and reflected back in this frequency band.

III. DIFFUSIVE METASURFACE DESIGN

As shown in [13]–[16], there is an 180° phase shift between
the adjacent quadrants of a conventional chessboard metasurface
and the unit cells in each quadrant have the same phase shift and
same orientation. The proposed design also has an 180° phase
shift between its four adjacent quadrants (reflectarrays) but the
unit cells inside each quadrant are distributed according to a
diffusive 1-bit parabolic reflection phase. The design procedure
of the proposed chessboard metasurface was started by design-
ing an 8 × 8 reflectarray with a 360° reflection phase range.
A ray tracing principle is applied to find the required phase
compensation at each unit cell the of 8 × 8 reflectarray with
the aid

φ (xij , yij) =
2π

λ

[√
x2ij + y2ij + F 2 − F

]
+ ψ ± 2nπ. (1)

In (1), the term (2π/λ) is the propagation constant in vacuum
with λ is the free space wavelength, xij and yij are the coordi-
nates of the ijth unit cell in xy-plane, ψ is a phase constant, the
term 2nπ is added to keep the phase within 360° range. In (1),
F is the distance from the focal point to the ijth unit cell. F is
optimized carefully such that the reflectarray in each quadrant
will diffuse the far-field incident EM-wave. In the optimization
process of F, the reflectarray is considered as M × N array of
unit cells and a MATLAB script based on the formulas in [12],
[22], and [23] are used to find the optimum value of F and the
phase distribution of the reflectarray. The phase distribution of
a two 8 × 8 reflectarrays with maximum phase range of 360°
is shown in Fig. 3(a) and (b) for ψ = 0° and 180°, respectively.
Using two different values of ψ will ensure the required phase
shift between the adjacent quadrants of the proposed chessboard
metasurface. In 1-bit phase quantization, only two types of unit
cells with discrete phases of 0° and 180° are required to real-
ize the 1-bit reflectarray and transmitarray [24]–[26]. In 1-bit
phase quantization, the value of the reflection phase Φ1-bit =
0° (bit 0) if 0◦ < φ(xij, yij) < 180◦, otherwise Φ1-bit = 180°
(bit 1) [24], [25]. The optimized 1-bit phase distribution of the
two reflectarrays is shown in Fig. 3(c) and (d). The 1-bit phase
states are obtained by rotating the unit cell by 90° and without
changing its structural parameters. The layout of the designed
1-bit reflectarrays are shown in Fig. 3(e) and (f) for ψ = 0°
and 180°, respectively. Layouts and phase distribution map of
a three surfaces are shown in Fig. 4, which includes cross po-
larization converter metasurface (surface#1), a conventional 2
× 2 chessboard (surface#2), and the proposed 1-bit reflectar-
ray modified chessboard (surface#3). Fig. 5 shows patterns of
the two-dimensional (2-D) field scattering of the three surfaces.
According to the 2-D field distribution, the cross polarization
converter metasurface is strongly reflecting the incident EM-
wave with 90° polarization rotation and without any change in
the pattern shape as shown in Fig. 5(a). On the other hand, the
conventional chessboard pattern shows four symmetric grating
lobes in the diagonal planes [13]–[16]. For the proposed mod-
ified chessboard metasurface, a diffuse scattering is dominated
and scattering level is much lower compared to surface#1 and
surface#2 as shown in Fig. 5(c). The 3-D scattering patterns of
the three surfaces and a PEC plate of same size under normal in-
cidence of linearly polarized (LP) wave are shown in Fig. 6.
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Fig. 3. Phase distribution of the 8 × 8 reflectarray for 360° phase range when
F = 5 mm and the term ψ in (1) is: (a) ψ = 0° and (b) ψ = 180°. Layout of
the 1-bit phase quantization reflectarray when (c) ψ = 0° and (d) ψ = 180°.
Realization of the 1-bit reflectarrays using the polarization rotating unit cell
when F = 5 mm and (e) ψ = 0° and (f) ψ = 180°.

Fig. 4. Unit cell distribution of (a) cross-polarization converter metasurface
(surface#1) and (b) conventional 2 × 2 chessboard (surface#2) and (c) the pro-
posed reflectarray chessboard (surface#3). Layouts of the three designed surfaces
are in (d)–(f), respectively.

In the case of a PEC plate and surface#1, a very strong re-
flection in +z-direction is dominated as stated by Snell’s law
of reflection as shown in Fig. 6(a) and (b). According to the
antenna array theory, Surface#2 redirects the backscattered en-
ergy as four symmetrical lobes along the diagonals as shown in
Fig. 6(c) [13]–[16]. However, as shown in Fig. 6(d), the pro-
posed structure (surface#3) redirects the backscattered energy

Fig. 5. 2-D far-field scattering patterns of (a) Surface#1, (b) Surface#2, and
(c) Surface#3.

Fig. 6. 3-D scattering patterns when illuminated by LP wave of (a) PEC plate,
(b) Surface#1, (c) Surface#2, and (d) Surface#3. The 3-D scattering patterns of
the Surface#3 when illuminated by (e) LHCP and (f) RHCP circularly polarized
wave.

into a countless number of low-level lobes in a form of diffuse
reflection as a result of the optimized diffusive phase distribu-
tion of the reflectarrays. The 3-D scattering patterns of surface#3
when it is illuminated by LHCP and RHCP circularly polarized
wave are shown in Fig. 6(e) and (f), respectively. In both cases a
low-level diffused scattering is dominated. The scattering char-
acteristics of surface#3 under oblique illumination are investi-
gated as shown in Fig. 7 and the scattering patterns of a bare
PEC plate are also presented for comparison. As can be seen
when the incident angle is increased to 45° and 60°, surface#3
still have low-level diffusion scattering, which is 10 dB less than
that of a PEC plate that is scattered the EM-wave according to
Snell’s law of reflection [27], [28]. Furthermore, surface#3 can
also efficiently diffuse the backscattered EM-wave regardless
of the polarization of the incident EM-wave as shown in Fig. 8
when (θinc = 30◦, ϕinc = 30◦), (θinc = 45◦, ϕinc = 45◦), and
(θinc = 60◦, ϕinc = 60◦). As can be seen, for a PEC plate, the
specular reflection is dominated while the diffused reflection is
dominated for the proposed surface. The results show that the
proposed metasurface has excellent scattering characteristics for



1624 IEEE ANTENNAS AND WIRELESS PROPAGATION LETTERS, VOL. 18, NO. 8, AUGUST 2019

Fig. 7. 3-D scattering patterns of the proposed reflectarray chessboard and
a PEC plate of same size under oblique incident when: (a) θinc = 45◦ and
(b) θinc = 60◦.

Fig. 8. 2-D far-field scattering patterns of Surface#3 (left) and a PEC plate
(right) of same size under various polarizations incidences when: (a), (b) (θinc =
30◦, ϕinc = 30◦), (c), (d) (θinc = 45◦, ϕinc = 45◦), and (e), (f) (θinc =
60◦, ϕinc = 60◦).

oblique incidence and its polarization insensitive. When the in-
cident angle is increased and polarization is changed, the 2-D
and 3-D scattering patterns of the proposed metasurface have a
countless number of low-level lobes in various directions. Fur-
thermore, the proposed metasurface is able to realize wide-angle
diffusion for both circularly and LP incidences.

IV. FABRICATION AND MEASUREMENT

To experimentally verify the scattering performance of the
proposed metasurface, surface#3 were fabricated using a PCB
process. The dielectric substrates is RO4003C and the entire size
of the fabricated sample is 160 × 160 mm2 and composed of

Fig. 9. Photographs of the fabricated samples. (a) Proposed chessboard meta-
surface (surface#3). (b) Bare copper plate. (c) Measurement setup. (d) Measured
RCS.

16 × 16 unit cells as shown in Fig. 9. The measurement setup
inside a microwave chamber is similar to those in the litera-
ture [13]–[16] and consists of a two standard gain horn anten-
nas [29] operating from 6 to 14 GHz positioned in front of the
surface under test in the far-field region [30] to ensure a plane
wave illumination and connected via flexible cables to a vector
network analyzer as shown in Fig. 9(c). The transmission co-
efficient (S12) is used to evaluate the backward scattering. The
reflection of a bare copper plate with same size of surface#3 was
first measured and used as a reference. The measured monos-
tatic RCS of surface#3 is shown in Fig. 9(d). As can be seen a
clear RCS reduction is achieved from 6 to 14 GHz. The little
deviation between the measured and simulated results in Fig. 9
can be attributed to the fabrication error, mialigenment of the
horn antenna, and surface#3 during the measurements.

V. CONCLUSION

In summary, the design of an ultrathin and polarization-
independent diffusive modified chessboard like metasurface for
low-level diffusion of EM-waves under wide angle of incidence
is developed. The four quadrants of a conventional 2 × 2 chess-
board metasurface are replaced by a 1-bit reflectarrays. The 1-bit
reflectarrays are designed using a cross-polarization conversion
principle with anisotropic unit cell. Both the simulation and mea-
sured results are presented.
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