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ABSTRACT A wideband folded reflectarray antenna (FRA) based on single-layered polarization rotating
metasurface (PRM) is proposed. The FRA is composed of a wideband polarization grid (PG), a wideband
PRM and a wideband circular waveguide as the primary source. First, a wideband polarization rotating
unit cell consisting of rhombus-shaped metal patch etched on dielectric substrate is designed, which can
be used to rotate polarization of the reflective wave 90° relative to that of the incident wave. The element
and its mirror image can provide 0°, 90°, 180° and 270° phase shifts with 2-bit phase quantization and
relatively higher polarization conversion rates in the Ku band. Due to the introduction of PG and PRM,
the distance between the PG surface and the feed phase center can be reduced to about 1/2 of the distance
between the imaginary feed and PRM reflectarray. Finally, a wideband FRA consisting of 315 elements
with circular aperture is designed, fabricated and measured. The measured results indicate that the proposed
antenna achieves 39.5% 3-dB gain bandwidth with 25.5 dBi peak gain at 15 GHz. Its maximum aperture
efficiency is about 40%. Low-profile and wideband features of the FRA make it be a candidate in the wireless

communication systems.

INDEX TERMS Folded, reflectarray, polarization rotating reflection surface (PRRS), polarization grid.

I. INTRODUCTION

High-gain antennas have been playing an extremely sig-
nificant role in many fields such as satellite communi-
cations, radar detection and radio astronomy. Traditional
high-gain antennas mainly include parabolic antennas and
large array antennas. Although the parabolic antennas have
several advantages such as high gains and broad bands, they
are not easily transported and installed, because of their
bulky sizes. The parabolic surfaces also need high processing
accuracies, resulting in high costs. Moreover, the large array
antennas need complex feeding networks generally, which
leads to lower radiation efficiencies. As a new type of high
gain antennas combined with the parabolic antenna and the
antenna array, the reflectarray antenna has attracted much
attention over years. Compared with the parabolic antenna
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and the array antenna, the reflectarray antenna has prominent
advantages such as planar structure, light weight, easy fabri-
cation, low cost, and easy to realize flexible beam scanning.
In addition, due to its space feeding, the reflectarray antenna
could avoid extra losses of the feeding network and improve
the antenna efficiencies [1]-[3].

Recently, the reflectarray antennas have been made great
progress in their performance improvements such as wide
bands, multiple polarizations and high gains. However, their
profiles are much higher, which limit their application
areas. In order to reduce profiles of the reflectarray anten-
nas, the folded reflectarray antennas (FRAs) were proposed
in [4]-[6]. This kind of low-profile reflectarrays mainly con-
sists of a planar reflectarray, a feed located at the bottom-layer
reflectarray center, and an upper-layer PG. The lower planar
reflectarray transforms the spherical plane wave into the
planar wave, and twists the polarization, while the upper
polarization grid realizes the polarization transmission and
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reflection. Many kinds of high-performance FRAs, such as
high-gain, high-efficiency, beam-shaped and beam-scanned
FRAs, have been proposed in [8]-[19]. However, it is gen-
erally known that the reflectarray antenna has the inherent
defect of narrow band, which seriously restricts their appli-
cation areas. To address this problem, many new approaches
for broadening bandwidths of the FRA are proposed. Two
kinds of broadband FRAs are proposed in [16] and [17],
which achieves 16% and 30% 1-dB gain bandwidth, respec-
tively. Although the bandwidths of FRA in these two papers
have been improved, the element of these two FRAs con-
tains double-layer substrates or single-layer substrate and air,
respectively, which increases the assembly difficulty and the
processing cost. Therefore, it is important to design a new
wideband FRA with simple design and lower cost.

Different from the wideband FRA in [16] and [17], the pro-
posed FRA is designed by using a novel polarization rotating
element with 2-bit phase quantitation for the first time, which
greatly simplifies the design process. Moreover, the PRM
reflectarray contains only single-layer substrate and metal
patch and leads to reduce the cost of the proposed FRA.
Finally, by using the wideband 2-bit polarization rotating
element, the proposed FRA obtains wider bandwidth and
higher aperture efficiency.

Il. PRINCIPLE OF THE FRA

Conventional reflectarray antenna consists of a feed and a
planar reflective array, as shown in the Figure7 (a). Illumi-
nated by the spherical wave from the feed, the reflectarray
radiates the plane wave into the free space. However, large
focal-diameter ratio (F/D) of the reflectarray increases its vol-
ume, which restricts their application areas. Figure 1 presents
the basic schematic diagram of the proposed FRA. The FRA
consists of a bottom-layer planar PRM reflectarray, a top-
layer PG and a feed (wideband circular waveguide). The
PRM reflectarray can be used to rotate polarization of the
reflective wave 90° relative to that of the incident wave with
providing phase-shifting compensation. The PG is a polariza-
tion selective surface, which can transmit one LP wave while
fully reflect its orthogonal LP wave. The spherical LP wave
(green solid line corresponding to y-polarization wave) emit-
ted by the feed is first reflected by the PG, and then reflected
with 90° polarization twist by the PRM reflectarray at the
same time, providing phase-shifting compensation, produc-
ing its orthogonal LP wave (red solid line corresponding to
x-polarization wave). This high gain LP wave passes through
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FIGURE 1. Diagram of the proposed FRA.
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the top PG and radiates into the free space. The equivalent
feed position of the FRA coincides with the feed position of
the traditional reflectarray antenna. As shown in Figure 1,
based on the ray tracing principle, height of the proposed
antenna is about 1/2 of the distance between the imaginary
feed and PRM reflectarray.

Ill. ELEMENT DESIGN

Configurations of the proposed PRM reflectarray element
and the PG unit are illustrated in Fig. 2. The PRM reflectarray
element consists of a rhombus-shaped metal patch etched
on dielectric substrate with height H = 2 mm and relative
permittivity 2.2, which rotates polarization of the reflective
wave 90° relative to that of the incident wave. Compared
with the traditional elements in [15] and [16], the proposed
PRM reflectarray element contains only one substrate, which
greatly simplifies the design difficulties. The PG unit consists
of one substrate layer and one metal layers. The metal strip
is etched on one side of the substrate with the same relative
permittivity 2.2 and thickness H = 2 mm. Detailed parameter
values of these two structures are given in Table 1. In addition,
the electromagnetic performance of this element is analyzed
by Ansys HFSS software under Floquet periodic boundary
conditions.

A\ :
0\

Metal patch Metal strip
i | s
Ground
(c) (d)

FIGURE 2. Configurations of the PRM reflectarray element and the PG
unit. (a) the PRM reflectarray element with ¢ = 45°, (b) the PG unit,
(c) side view of the PRM element (d) side view of the PG element.

TABLE 1. Key Parameters of the PRM reflectarray element and the PG
unit.

Parameters P a b a b, H W) W)

Value (mm) 915527 17]31 2 105105

The operating principle of the PRM reflectarray element
is shown in the Fig. 3. As shown in Fig. 3 (a), the incident
wave E’ can be decomposed into two orthogonal components
with equal amplitude and phase. By adjusting the element
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FIGURE 3. Two 2-bit phase quantization elements (a) 0° phase shift case,

(b) 90° phase shift case, (c) 180° phase shift case, (d) 270° phase shift
case.

(c)

dimensions a and b in two orthogonal directions properly,
the polarization of the reflective wave E” is converted by 90°
compared with the incident wave E’. The operating principle
for the 180° phase shift case is similar to that for the 0° phase
shift case. As shown in Fig. 3 (c), since the patch is rotated by
90° in thr clockwise direction compared with the patch in the
Figure3 (a), the reflective wave E” pints to opposite direction,
and then a 180° phase difference is produced. By adjusting
the element dimensions a and b, the element finally obtains
0°, 90°, 180° and 270° phase shift cases as shown in the
Fig. 3 (a), (b), (c) and (d).

Simulated reflective magnitude and phases versus fre-
quency for the element with the 0°, 90°, 180° and 270° phase
shift cases are presented in Fig. 4. As shown in the figure, its
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FIGURE 4. Simulated reflective magnitude and phases versus frequency
for the PRM element with the 0°, 90°, 180° and 270° phase shift cases.
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reflective magnitude amplitudes at 12—17 GHz are more than
0.8, reflective phase shows that the similar phase difference,
about 90°, are achieved at 12-18 GHz between each two
adjacent curves.

Since the majority of the elements are obliquely illumi-
nated by the feed, it is worthy of studying the reflective
performance of the element with different incident angles.
Fig. 5 presents the simulated reflective magnitude and phases
versus frequency with different incident angles. Obviously,
almost no significant changes are observed, which is bene-
ficial for designing the FRA. Therefore, the proposed FRA
is designed based on the reflective phases under normal
incidence.
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FIGURE 5. Simulated reflective magnitude and phases versus frequency
with different incident angles.

Simulated transmission magnitudes of two polarization
waves (x-polarization and y-polarization) versus frequency
for the PG element with different incident angles are pre-
sented in Fig. 6. As shown in the figure, the PG element has
higher polarization selection ratios, which are greater than
90% in the operating band. Almost all the y-polarized waves
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FIGURE 6. Simulated transmission magnitudes of two polarization waves
(x-polarization and y-polarization) versus frequency for the PG element
with different incident angles.
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FIGURE 7. Phase compensation of the traditional planar reflectarray.
(a) Principle diagram of the phase comp tion, and (b) ph
distribution of the planar reflectarray.

are transmitted converted while all the x-polarized waves are
reflected, which meets the design requirements.

Based on the aforementioned results, we conclude that
the PRM reflectarray element can rotate one LP polarization
wave to its orthogonal LP wave, and provide enough phase
shifts to achieve high gain. The PG element can almost
completely transmit one LP polarization while reflect its
orthogonal LP wave. These features will play a significant
role in the array design.

IV. DESIGN OF THE REFLECTARRAY ANTENNA AND ITS
PERFORMANCE

A. PHASE DISTRIBUTION OF THE REFLECTARRAY

Sketch of the reflectarray is shown in Fig. 7(a). To achieve a
high gain beam collimation, the required compensation phase
for the (i, j)-th element in the reflectarray can be expressed as

Punit (Xi i) = @00 — @peed (Xi: ¥j) (H

where (x;, y;) is the coordinate position of the (i, j)-th element
in the reflectarray, ¢ is a constant phase, @f..q represents the
incident wave phase, which is denoted by

Pfeed (xir yj) = =27 - (2)
d;j stands for the distance between the feed phase center
and point (x;, y;), and A represents the wavelength in free
space. Owing to the 2-bit phase quantization provided by the
element, traditional continuous reflective phase distribution
can be replaced by the discrete phase distribution. The 2-bit
discrete phase for the (i, j)-th element in the reflectarray can
be determined by

0° 0% < @unir (xi,yj) <90°
90°,  90° < @uuir (xi. ;) < 180°
180°, 180° < @unir (xi» YJ') <270°
270°,  270° < @unir (xi,}) < 360°

va (xi,yj) = 3)

According to Equation (3), the 2-bit reflective phase distribu-
tion of the reflectarray is calculated, as shown in Fig. 7(b).
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B. FEED DESIGN

A standard LP circular waveguide is chosen as the feed,
as shown in Fig. 8. Its photograph, measured |Sii| and
radiation patterns at the center frequency 15 GHz are pre-
sented in Figs. 8(a) and 8(b). Its operating frequency band
is 12-18 GHz, which covers the required frequency band of
the FRA. The -10 dB beamwidths of the E-plane and H-plane
patterns are £60.1° and £60.2°, respectively. Obviously,
there is a good consistency between the E-plane and H-plane
patterns in the feed illumination angular domain. The E-plane
and H-plane patterns of the feed are approximately expressed
as cos°@. The whole reflectarray antenna is analyzed by the
full-wave software Ansys HFSS.
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FIGURE 8. The standard LP circular waveguide. (a) Photograph of the feed
and measured |S; |. (b) measured patterns of the feed in the xoz-plane
and yoz-plane at 15 GHz.

C. ARRAY DESIGN

Based on the design principle and above analyses, the wide-
band FRA at the center frequency 15 GHz is designed and
simulated by using ANSYS HFSS software. The lower PRM
reflectarray has a circular aperture with 189 mm (9.451¢, Ao
is the wavelength at 15 GHz) diameter and 315 elements.
The F/D value of the FRA is 0.5. The upper PG has the
same aperture as the lower PRM reflectarray. The distance
between the lower PRM reflectarray and the upper PG is
45 mm (about F/2). The feed is located at the center of
the bottom-layer PRM refelctarray. Some dielectric screws
are used to fasten and separate two planar arrays. In order
to validate the design, the proposed FRA is fabricated, and
its radiation patterns are tested by a far-field measurement
system in an anechoic chamber. Photograph of the proposed
FRA is shown in Fig. 9.

Simulated and measured normalized radiation patterns of
the proposed FRA at different frequencies are presented
in Fig. 10. As shown in the figure, the measured radiation
patterns agree well with the simulated ones. At the cen-
ter frequency 15 GHz, the measured E-plane and H-plane
half-power beamwidths are 7.1° and 7.2°, respectively. The
measured cross-polarization levels in the maximum radiation
direction are less than -20 dB, and the measured sidelobe
levels are less than -20 dB. Measured results indicate that
the FRA has stable radiation patterns in the whole operat-
ing bands. Fig. 11 presents the measured results (|S1| and
gain) for the antenna. As shown in the figure, the FRA has
40% -10 dB reflection coefficient bandwidth and 39.5% 3-dB
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FIGURE 10. Simulated and measured normalized radiation patterns of
the proposed FRA in (a) the xoz plane at 13 GHz, (b) the yoz plane at
13 GHz, (c) the xoz plane at 15 GHz, (d) the yoz plane at 15 GHz, (e) the
xoz plane at 17 GHz, and (f) the yoz plane at 17 GHz.

gain bandwidth, and its maxima gain is 25.5 dBi at 15 GHz
with 40% aperture efficiency. The measured results agree
well with the simulated ones.

Comparison of the proposed wideband FRA with some
existing FRAs is shown in Table 2. Obviously, the proposed
FRA has the widest 3-dB gain bandwidth and lowest pro-
file. Although the FRAs have higher aperture efficiencies
in [3], [14], [15] and [16], their elements have higher pro-
file, which increase the assembly difficulty and processing
cost. Moreover, the proposed FRA achieves higher aperture
efficiency than the FRAs in [17] and [18] by using only
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TABLE 2. Comparison of the proposed antenna with other works.

Ref. 13 (4] [1s] [e] n7n (18] e
/o (GHz) 13 44 10 13 29 29 15
Aperture 8.6A 220 13.50 7.7 10.5% 8.1A 9.4%

Size

Pshasc Con. Con. Con. Con. Con. Con. 2-Bit

tate
Height 20.3A 520 4.8) 2.81 413 3.5% 230

Gain
Bandwidth  22.7% % 24% 35% 132%  372% 39.5%
(3-dB)

Aperture
! 50% 49% 44% 49.1% 37% 34.5% 40%
efficiency

Gain 267dBi 319 dBi  30dBi  21dBi  273dBi  24dBi  25.5dBi

Note: Con. is continuous

2-Bit phase quantization, which greatly simplifies the design
process.

V. CONCLUSION

A novel wideband FRA based on the single-layered polar-
ization rotating metasurface is presented. First, a wideband
polarization rotating unit cell consisting of rhombus-shaped
metal patch etched on dielectric substrate is designed, which
can be used to rotate polarization of the reflective wave 90°
relative to that of the incident wave. The element and its
mirror image can provide 0°, 90°, 180° and 270° phase shifts
with 2-bit phase quantization and more than 80% polarization
conversion rates in the Ku band. Due to the introduction
of PG and PRM, the distance between the PG surface and
the feed phase center can be reduced to about 1/2 of the
original focal length. Finally, a wideband FRA is designed,
fabricated and measured. The measured results indicate that
the proposed reflectarray achieves 39.5% 3-dB gain band-
width with 25.5 dBi peak gain at 15 GHz. Its maximum
aperture efficiency is about 40%. Moreover, its design pro-
cess is relatively simple, and its processing cost is relatively
lower. In particular, the wideband and low-profile features of
the proposed FRA make it be easily integrated with other
devices and have the potential to be applied to the future
communication systems.
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