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A Wideband 3D Printed Reflectarray Antenna
with Mechanically Reconfigurable Polarization

Peng Mei, Student Member, IEEE, Shuai Zhang, Senior Member, IEEE, and Gert Frglund Pedersen,
Member, IEEE

Abstract—This letter describes a wideband and polarization-
reconfigurable reflectarray (RA) antenna using 3D printed
technology for 5G millimeter-wave applications. An air-perforated
dielectric stub is proposed as a unit cell (UC) to provide
simultaneous polarization-rotation and phase-shifting capabilities.
By optimizing the dimensions of the UC, four UCs are found to
offer a 90-degree out of phase for transverse electric (TE) and
transverse magnetic (TM) incidence waves and a 2-bit reflection
phase of {-m, -n/2, 0, 7/2}, which are employed to implement the
reflective panel. By rotating the reflective panel mechanically, the
proposed RA antenna can achieve linear polarization (LP),
left-hand circular polarization (LHCP), and right-hand circular
polarization (RHCP) modes. The measured results are highly
consistent with the simulated counterparts, indicating that the
proposed RA antenna can reach a 3-dB axial ratio (AR)
bandwidth of 43.2 %, and 37.5 % for RHCP and LHCP modes,
respectively. Besides, a 3-dB gain bandwidth of 37.5 %, 34.4 %,
and 37.5 % is experimentally obtained for RHCP, LHCP, and LP
modes of the proposed RA antenna, respectively.

Index Terms— High-gain, polarization-agility, wideband, 3D
printed technology, low-cost, 5G millimeter-wave.

I. INTRODUCTION

Polarization-reconfigurable antennas play important roles in
wireless communication systems [1]-[3]. Lots of efforts have
been dedicated to improving the performance of such antennas
[4]-[16]. One of the popular techniques to achieve polarization
agility is to design a radiator loading with PIN diodes [4]-[8],
where the radiator can work in a linearly or circularly-polarized
manner by controlling the bias voltages. In [6], the authors
proposed a reconfigurable corner-truncated patch loading with
four PIN diodes to achieve linear polarization (LP), left-hand
circular polarization (LHCP), and right-hand circular
polarization (RHCP), resulting in a 3-dB axial ratio (AR)
bandwidth of 1.5 % for LHCP and RHCP modes. Another
widely-used one is to use reconfigurable feeding networks
[9]-[14]. The authors in [13] designed a microstrip-slot line-
coplanar waveguide feed network loading with three PIN diodes
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to generate LP, LHCP, and RHCP modes by manipulating the
bias voltages, where a 3-dB AR bandwidth of 14.5 % and 15.0
% is obtained for LHCP and RHCP modes, respectively. The
polarization agility of reconfigurable antenna can also be
obtained by mechanically rotating the metasurface or
superstrate above a slot planar antenna [15] or a L-probe feed
[16]. The mechanical control has its unique superiorities of low
loss and simple structures.

In this paper, a wideband and polarization-reconfigurable
reflectarray antenna based on 3D printed technology is
proposed for 5G millimeter-wave wireless communications. On
one hand, reflectarray antennas can offer high gains without
using complicated feeding networks, and are found to achieve
reconfigurable beams by controlling the reflection phases of
unit cells of the reflectarray [17]-[19]. On the other hand, 3D
printed technologies have attracted much attention due to their
feasibilities and advantages in antenna manufacturings. Lots of
3D printed antennas have been reported to demonstrate
high-gain, low-cost, wideband, and other attractive properties in
the millimeter-wave and terahertz frequency bands [20]-[23].
To construct the proposed RA antenna, a dielectric stub with a
cuboid-shaped air void is proposed as a unit cell (UC) for the
reflective panel implementation. To simplify the proposed RA
antenna design, four UCs are optimized to provide a 2-bit
reflection phase of {-xn, -n/2, 0, n/2} and a 90-degree out of
phase for TE and TM incidence waves. The proposed RA
antenna can achieve LP, RHCP, and LHCP modes by simply
rotating the reflective panel mechanically, maintaining high
gain, wide 3-dB AR, and 3-dB gain bandwidths.

Il. UNIT CELL

The geometries of the proposed UC are shown in Fig. 1, where
it consists of an air-perforated dielectric stub and a metal plate.
The electromagnetic properties of the dielectric stub are with a
dielectric constant of 2.65 and a loss tangent of 0.01 in the
Ka-band. Since one end of the proposed UC is shorted with a
metal plate, most of the electromagnetic waves will be reflected
for TE and TM incidence waves, resulting in approximate full
reflectance. However, the reflection phases at the interface of
the air-perforated dielectric stub and air space are discriminated
against for TE and TM incidence waves due to the structural
asymmetry of the UC. To analyze the reflection phase of the
proposed UC, equivalent dielectric constants e and ¢, are
introduced, where & and &, represent the dielectric constant of
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the proposed UC in x- and y-direction, respectively. The values
of exand &y are closely related to the dimensions of the cuboid air
void which is characterized by a length of |, a width of w, and a
height of h.

rﬂj;Iz‘ESﬁM 3
i
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Ir | | Metal
1 plate

©

Fig. 1. The geometries of the proposed UC. (a). Perspective view. (b). Front
view. (c). Side view. (a =5.0 mm, h =16.0 mm.)

Tab. L. A 2-bit reflection phase of the proposed UC at 30 GHz under different
dimensions (h = 16 mm)

we mainly focus on finding four sets of w and | to form four
UCs, where the four UCs are required to a simultaneous 2-bit
reflection phase and 90-degree out of phase for TE and TM
incidence waves. Simulations and optimizations are carried out
with CST Microwave Studio Software to find the desired sets of
w and |, where the periodic boundary conditions (PBCs) are
imposed on the UC to simulate an infinite surface. The values of
w, |, and h should also follow the printing accuracy of our
available 3D printing technology. Tab. I lists a kind of
combination of w, I, and h.

I (mm) w (mm) Reflection phase
UC#1 1.9 1.55 -180 deg
UC#2 1.8 2.3 -90 deg
UC#3 1.8 3.0 0 deg
UC#4 2.0 35 90 deg

For the proposed UC, it can be equivalent to a transmission
line to analyze its reflection phase. For a TE or TM normal
incidence wave whose electric field is parallel with the x or
y-axis, the reflection phases at the interface of the air-perforated
dielectric stub and air space can be calculated as:

0, = —@ g (w1)+o, (1a)
Hy:—qusy(W,l)ﬂz)y (1b)

where f is the frequency of interest, h is the height of the
air-perforated dielectric stub, c is the light speed, pxand ¢y are
the reflection phases at the interface of the air-perforated
dielectric stub and metal plate for TE and TM incidence waves,
respectively.

With a specific set of w and I, the reflection phase difference
for TE and TM incidence waves is given as:

20 =2y )~ ) (0, —,) @)

The reflection phase difference for a TE or TM incidence
wave with different sets of w and | can be calculated as:

A, :@(ng(wl,h)_@(w,l))
20, =20 fo, () -, (i)

Egs. (3) and (4) reveal that it is possible to find out: a). a
specific set of w and | to make A@ equal to 90 degrees; b). some
different sets of w and | to make A6x and A6, equal to 90
degrees. When A@ equals to 90 degrees, the reflection phases in
x- and y-direction would be 90-degree out of phase for a
u-directed incidence wave, which is essential to generate
circular polarization.

To simplify the implementation of the proposed RA antenna,
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Fig. 2. The reflection amplitude and phase of the formed four UCs with TE and
TM incidence waves from 24 to 38 GHz. (a). UC#1. (b). UC#2. (c). UC#3. (d).
UCH#4.
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Fig. 3. The reflection phases of the formed four UCs with TE or TM normal
incidence wave.

The use of dielectric material to construct the proposed UC is
attributed to its wideband and minor dispersion properties. To
check the wideband performance of the formed four UCs
(UC#1, UC#2, UC#3, and UC#4), their reflection amplitudes
and phases are simulated with TE and TM incidence waves
from 24 to 38 GHz. As seen in Fig. 2, the imbalances of
reflection amplitudes for all of the four UCs are less than 1 dB
from 24 to 38 GHz. Besides, the phase differences for TE and
TM incidence waves are around 90 deg, the imbalances of 90-
degree out of phase are +/- 15 degrees.

A 2-bit reflection phase of {-n, -n/2, 0, 7/2} provided by the
formed four UCs are also examined for TE and TM incidence
waves. Fig. 3 presents the reflection phases of the formed four
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UCs, where it is observed that the four UCs can offer a 90
degrees phase gradient from 24 to 38 GHz for both TE and TM
incidence waves. Even though the phase gradient between the
UC#1 and UC#4 is smaller than 90 deg from 35 to 38 GHz for
TM incidence wave, the smaller phase gradient would not
impact its abilities for circular polarization generation. The
reflection amplitudes and phases of the formed four UCs are
also examined with TE and TM oblique incidence waves. It has
been demonstrated from the simulated results that the reflection
amplitudes and phases are still maintained when the oblique
incidence angle reaches 40 degrees for both TE and TM oblique
incidence waves over the entire frequency band.

I11. WIDEBAND AND POLARIZATION-RECONFIGURABLE
REFLECTARRAY ANTENNA

The proposed RA antenna implemented by the formed four
UCs is investigated. A RA antenna consists of a feeding source
and a reflective panel with simultaneous full reflectance and
phase-compensating properties. The distance between the phase
center of the feeding source and reflective panel is specified as
F, the diameter of the reflective panel is D. A centrally-fed
method is performed to simplify the proposed RA antenna
design. A linearly-polarized horn antenna operating from 22 to
40 GHez is served as the feeding source. To decrease the oblique
incidence effects on the UCs, a large F/D ratio is preferred.
However, a large F/D ratio would inversely lower the spillover
efficiency, leading to reducing the aperture efficiency of the
proposed RA antenna [24]. Here, the values of F and D are
selected as 70 mm and 110 mm, respectively. Then, the
reflection phase distribution on the plane of the reflective panel
at 28 GHz is simulated, where the phase of every pixel ranges
from - 180 to 180 degrees. However, the proposed UCs to
implement the reflective panel can only offer a 2-bit reflection
phase. To this end, some approximations should be taken to
make the UCs feasible for the proposed RA antenna design [25].
Using the approximations, the phase distributions on the plane

of the reflective panel are obtained and plotted in Fig. 4.
55

Y (mm)
(=]

Fig. 4. The phase distribution on the plane of the reflective panel at 28 GHz. (ll:
/2,10, 10 -n/2, M - )

The proposed RA antenna is then configured according to the
phase distributions and the formed four UCs. The final model of
the proposed RA antenna is presented in Fig. 5 (a), where the
polarization of the feeding source is x-polarized. A 3D printed

fixture is used for holding and positioning the feeding source.
As introduced in Section. 11, the formed four UCs are capable of
converting a linearly-polarized wave to a circularly-polarized
one. To this end, the proposed RA antenna can achieve different
polarizations by simply rotating the 3D-printed dielectric
reflective panel with the feeding source fixed, where a RHCP or
LHCP mode can be obtained by rotating the reflective panel 45
and 135 degrees anti-clockwise, respectively. The
corresponding RA antenna with RHCP and LHCP modes are
shown in Figs. 5 (b) and (c), respectively. It should be
mentioned here that the blockage effects of the centrally-fed
feeding source can be minimized by using offset-fed techniques
as widely reported in [26]-[28].
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Fig. 5. The configuration of the proposed RA antenna. (a). LP mode. (b). RHCP
mode. (c). LHCP mode.

Fig. 6. The photographs of the proposed RA antenna and its measurement
setup.

IV. EXPERIMENTAL MEASUREMENT

The proposed RA antenna has been fabricated and measured.
The dielectric panel is printed with 3D printed technology and
fixed to a metal plate by eight screws. The photograph of the
proposed RA antenna is shown in Fig. 6

A. reflection coefficient measurement

The reflection coefficients of the proposed RA antenna with
RHCP, LHCP, and LP modes are measured. For brevity, the
simulated reflection coefficient with LP mode is presented for
comparison. As seen in Fig. 7 (a), the measured reflection
coefficients with RHCP, and LHCP, and LP modes are all
below -10 dB from 24 to 38 GHz.

B. Radiation patterns and realized gain measurements

The realized gains of the proposed TA antenna with RHCP,
LHCP, and LP modes are measured and compared with the
simulated results. As seen in Figs. 7 (b)-(d), the measured
realized gains agree very well with the simulated counterparts,
where 3-dB AR bandwidths of 43.2 % and 37.5 % are obtained
for RHCP and LHCP modes, respectively.
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Fig. 7. The measured reflection coefficients, realized gains, and axial ratios of
the proposed RA antenna with different polarization modes. (a). |Sui]. (b). LP
mode. (c). RHCP mode. (d). LHCP mode.

Normalized Gain (dB)

(e) ()

Fig. 8. The measured and simulated normalized gain of the proposed RA
antenna with RHCP, LHCP, and LP modes at 30 GHz. (a). ¢ = 0°, RHCP mode.
(b). ¢ =90°, RHCP mode. (c). ¢ = 0°, LHCP mode. (d). ¢ = 90°, LHCP mode.
(). ¢ = 0°, LP mode. (f). ¢ = 90°, LP mode.

The measured 3-dB gain bandwidths of 37.5 %, 34.4 %, 37.5
%, and 1-dB gain bandwidths of 18.2 %, 18.6 %, 11.7 % are
observed for RHCP, LHCP, and LP modes, respectively.

According to the measured realized gains, the peak aperture
efficiencies of the proposed RA antenna at 30 GHz are 32.5 %,
36 %, and 28 %, corresponding to RHCP, LHCP, and LP
modes. The aperture efficiency can be further improved by
using low-loss material to print the dielectric reflective panel.

The normalized gains of the proposed RA antenna with
RHCP, LHCP, and LP modes are measured at 30 GHz in the cut
planes of ¢ = 0° and ¢ = 90°, where the simulated results are
presented for comparison. As seen in Fig. 8, the measured
results agree well with the simulated ones in terms of main
beam, first radiation null, and sidelobe, etc. The sidelobes and
cross-polarization levels are all below -15 dB and -20 dB for
RHCP, LHCP, and LP modes, respectively. It should be
mentioned that the measured radiation patterns of the proposed
RA antenna are all broadside and very stable from 24 to 38 GHz
for RHCP, LHCP, and LP modes.

Table. 1l compares the proposed RA antenna with other
works. The proposed RA antenna is highlighted by its high gain
and wide impedance, 3-dB AR, 3-dB gain bandwidths.
Compared to the polarization-reconfigurable antennas enabled
by active RF components, the proposed RA antenna has
advantages of simple structure and low loss. The effects of RF
components on radiation patterns of antennas can be avoided.
However, the proposed RA antenna suffers from a slow speed to
vary its polarization compared with the ones controlled by DC
bias. As a solution, a step motor can be adopted to control the
rotations of reflective panel, so that the polarization can also be
electrically changed in a high speed.

Tab. 1. Comparisons of the proposed RA antenna with other works

-10dB AR 3-dB Peak Gain
Refs Bandwidth Bandwidth Bandwidth (dBi)
(%) (%) (%)
8.7 (LP) 10.6(LP)
[4] 16.7(RHCP) | 3.2 (RHCP) N. A 10.2(RHCP)
18.2(LHCP) | 3.7 (LHCP) 9.8(LHCP)
14.8(LP) 7.0(LP)
[5] 29.6(RHCP) | 15.4(RHCP) N. A 6.2(RHCP)
29.6(LHCP) | 15.4(RHCP) 6.2(LHCP)
10.8 (LP) 19.2 (LP) 14.7(LP)
[13] 18(RHCP) | 15.0 (RHCP) | 24 (RHCP) | 14.0(RHCP)
18 (LHCP) | 14.5(LHCP) | 23.5(LHCP) | 14.2(LHCP)
37.5(LP) 25.3(LP)
Proposed >375 43.2 (RHCP) | 37.5(RHCP) | 26.0(RHCP)
375 (LHCP) | 34.4(LHCP) | 25.8(LHCP)

V. CONCLUSION

This letter has described a wideband and polarization-
reconfigurable millimeter-wave reflectarray (RA) antenna. By
simply rotating the reflective panel, the proposed RA antenna
canwork asa LP, RHCP, or LHCP antenna. The measured 3-dB
axial ratio bandwidths for RHCP and LHCP modes are 43.2 %
and 37.5 %, respectively. The 3-dB gain bandwidths for RHCP,
LHCP, and LP modes are 37.5 %, 34.4 %, and 37.5 %,
respectively. Due to the low-cost, high-gain, wideband, and
wide 3-dB axial ratio properties, the proposed RA antenna is an
attractive candidate for 5G millimeter-wave communication
systems.
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