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ABSTRACT For the first time, a millimeter-wave dual-polarized dielectric resonator (DR) reflectarray
fabricated by three-dimensional (3D) printing with high relative permittivity materials is presented. The
unit cell of the reflectarray is composed of two elliptical DRs orthogonally placed in the center. A base layer
of dielectric slab at the bottom of the unit cell is for fixture and connection with its adjacent elements. For
each polarization, only the length of the long axis of one elliptical DR is varied independently to obtain the
required reflecting phase response. Due to the orthogonality, high isolation and design independence between
the two polarizations can be also obtained. A dual-polarized square DR reflectarray with 16 x 16 elements
working in the Ka-band was designed, printed, and measured for demonstration. A measured peak antenna
gain of 22.53 dBi was obtained, achieving a gain enhancement of 7.43 dB as compared with that of the feed
horn.

INDEX TERMS Dual polarization, three-dimensional printing, dielectric antenna, reflectarray, high-gain

antenna.

I. INTRODUCTION

Reflectarrays are a kind of high-gain antennas that can be
applied to a wideband frequency range from the microwave,
millimeter-wave all along to the terahertz band [1]-[7]. The
unit cells with different sizes are distributed to compen-
sate for the path differences from the focal point to each
unit. When illuminated by a feeding source, the reflectarray
transforms the spherical wave-front to the planar one and
high directivity is obtained eventually. Compared with the
traditional high-gain antennas, such as the parabolic reflector
antenna or the phased array antenna, the reflectarray does not
need the bulky metallic reflector or the phasing and feeding
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networks, which makes it compact, light-weighted, and
low-cost [1], [2].

Microstrip reflectarrays are very popular high-gain anten-
nas at the microwave band as they have low profiles and
simple structures. They are usually realized in a single piece
of substrate using low-cost printed-circuit-board (PCB) fabri-
cation. However, at the millimeter-wave or higher frequency
bands, microstrip reflectarrays may encounter metallic and
ohmic losses, which would deteriorate the performance. The
applications of dielectric resonator (DR) reflectarrays arise
at the millimeter-wave frequency band and above because
they have no such losses [8]-[12]. Different methods have
been employed to fabricate the DR reflectarrays at the
millimeter-wave bands. The traditional method is to use the
computer numerical control (CNC) machining to fabricate
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each unit cell and then to assemble them one by one [10].
Due to the small size of the unit cell, it would be very
difficult to fix all the elements accurately. Another method
is by using PCB drilling on a dielectric substrate [11]-[13].
This method is preferably limited to low dielectric constant
materials. For high dielectric constant substrates, the cost of
high-frequency low-loss laminated substrates is very high for
mass production [14].

With the fast prototyping capability of irregular shapes,
three-dimensional (3D) printing [15]-[19] has been used for
fabricating DR reflectarrays in recent years. [16] and [18]
both proposed 3D printed dielectric reflectarrays with vari-
able height elements at sub-millimeter-waves. By using the
acrylonitrile butadiene styrene (ABS) material, a 3D-printed
dielectric reflectarray with variable width unit cells was
designed in [17]. In [19], a polarization-reconfigurable reflec-
tarray was realized by 3D printing for 5G millimeter-wave
applications. All these designs are also limited to low rela-
tive permittivity materials (¢, < 4.4) and therefore result-
ing in a large size or non-planar configuration. Several 3D
printing designs with high relative permittivity materials
(er: 9.8~10) were reported [20]-[24]. Wideband end-fire
dielectric antenna and omnidirectional dielectric resonator
antenna (DRA) fabricated by 3D printing are studied in [23]
and [24], respectively. In [20], a wideband circularly polar-
ized dielectric reflectarray consisting of cross-shaped ele-
ments at Ka-band fabricated by 3D printing is proposed.
Another Ka-band 3D printed dielectric reflectarray for gen-
erating orbital angular momentum (OAM) beams is inves-
tigated in [21]. However, they are usually operated in the
microwave range [23] and [24] or with a single polarization
or function [22].

In this paper, a millimeter-wave DR reflectarray with
dual-polarized operation fabricated by 3D printing with high
relative permittivity material is presented. The dual polar-
izations are realized by using two elliptical DRs which are
arranged in an orthogonal manner. By only changing the long
axis length of each DR, the required reflecting phase range for
reflectarray design is obtained. Due to the orthogonality of the
two DRs, high isolation and design independence between the
two polarizations can be also obtained. The collimated beam
direction of each polarized reflectarray can be designed inde-
pendently and almost arbitrarily. Working in the frequency
range from 30 GHz to 40 GHz, a 256-element dual-polarized
DR reflectarray is printed using a high dielectric constant
material of 10. Measurement was carried out for verification
and good agreement between the measured and simulated
results is obtained.

Il. DUAL-POLARIZED UNIT CELL DESIGN

Figure 1(a) shows the configuration of the unit cell of the
dual-polarized DR reflectarray. The square unit cell has two
elliptical DRs orthogonally placed at the center. The side
length (periodicity) of the unit cell is Ly. Below the elliptical
DRs is a square dielectric base, which is fully backed by
a copper ground plane for the reflection of incident waves.
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FIGURE 1. (a) Configuration of unit cell; (b) Floquet model setup in
ANSYS HFSS.

The short and long axis of the x-directed elliptical DR are
defined as /; and k;l;, respectively, and they are /> and kxl»
for the y-directed elliptical DR. It is noted that /; and /5 are
fixed whereas the ratios k; and kp can be varied indepen-
dently. Therefore, the sizes of the two elliptical DRs can be
only determined by the ratios k1 and k>. Thicknesses of the
elliptical DRs and the base are given as & and &1, respectively.
The dielectric material used for the elliptical DRs and the
base has a dielectric constant of ¢,. The parameter values
of the unit cell and their descriptions are listed in Table 1.
It is worth mentioning that elliptical DRs are selected in this
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TABLE 1. Parameter values of uNIT cELL OF DR reflectarrays.

Para.  Value Description

Lo 5 mm Side length (periodicity) of unit cell

H 1.5mm Height of elliptical DR

hy 0.3 mm  Height of dielectric base

A 1 mm Short axis length of x-directed elliptical DR

b 1 mm Short axis length of y-directed elliptical DR

ki 125 Ratio between long and short axis of x-directed
’ elliptical DR

Ky 1-2.5 Ratio between long and short axis of y-directed
) elliptical DR

design for demonstration because such non-axial-symmetric
shapes are not easy to be fabricated by traditional methods,
such as CNC machining or PCB drilling, whereas they can be
quickly prototyped by 3D printing, which shows its advan-
tage of fast prototyping of irregular shapes. In addition, the
unit cell contains two orthogonal elliptical DRs because the
fields excited inside the two DRs are normal to each other
so that each DR can be tuned independently. This enables
and facilitates the independent design of the dual-polarized
reflectarray.

The reflection phase and amplitude responses of the unit
cell were studied in ANSYS HFSS [25] using the Floquet
model illustrated in Fig. 1(b). The unit cell is enclosed by the
periodic boundary condition (PBC), which contains two pairs
of perfect electric/magnetic conductor boundaries. Floquet
port was employed for excitation of the dual-polarized unit
cell. The size of the elliptical DRs, namely the ratios k;
and kp are varied for the required reflection phase range.
In this model, the coupling between the cells has been taken
into account. The model is based on the assumption that the
neighboring cells are of uniform sizes. To approximate this
assumption, linear response and no sudden change in the
phase curve are preferred. Without considering the mutual
coupling between the unit cells, the reflecting phase response
obtained will be not accurate while the antenna gain of the
final reflectarray will drop.

Figure 2 shows the reflection phase and amplitude
responses of the unit cell under both normal and oblique
incidences at the center frequency of 35 GHz. It is noted
that when the size of one elliptical DR varies, the size of
the other one keeps fixed. It can be found from Figure 2
that with x-polarized wave incidence and size variation of
x-directed DRs, the x-polarized reflection phase range is over
360° as indicated by the black line. Whereas the y-polarized
reflection phase has a narrow range of only 100° as indicated
by the red dotted line. Due to the different reflection phase
responses, the DR reflectarray of each polarization can be
designed with much independence. Under the oblique inci-
dences of & = 30° or ¢ = 30°, the curves of the reflection
phase are close to the one under normal incidence with small
differences of below 20°, and therefore the normal incidence
can be used to approximate the oblique ones in this design.
It can be also found from Fig. 2 that the reflection amplitudes
of the x-polarized unit cell under normal incidence are all
above —0.2 dB when kj varies in the range from 1 to 2.5 with a
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step of 0.05. This indicates very low reflection loss and nearly
uniform illumination over all the unit cells. Similar results
can be also observed under the oblique incidences or when
there are y-polarized incident waves, and therefore they are
not shown here for simplicity.

Figure 3 shows the simulated E-fields distribution of the
unit cell under x-polarized normal incidence at 35 GHz. It can
be found that the x-directed DR was excited and its fields are
much stronger than those in the y-directed one, showing good
isolations and ensuring the independent tuning between the
two polarizations.

The contour plot of the reflection phase of x-polarized
elliptical DR for different ratios k; in the frequency range
from 30 GHz to 40 GHz is shown in Fig. 4. No sudden change
in the reflection phase is found and acceptable linearities of
the reflection phase are observed. Reflection phase ranges of
over 360° are obtained for most frequency points except the
upper and lower regions (i.e. 331.3° at 30 GHz and 297.7°
at 40 GHz). It was expected that the reflection phase of
y-polarized elliptical DR for different ratios k; is the same
as that of x-polarized and therefore it is again not shown here
for brevity.
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FIGURE 2. Simulated reflection phase and amplitude responses under
normal and oblique incidence.
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FIGURE 3. Simulated E-field distribution of unit cell with x-polarized
normal incident waves.

lll. DUAL-POLARIZED REFLECTARRAY DESIGN

Based on the simulated results of the unit cell, a dual-
polarized square DR reflectarray consisting of 256 elements
(16 x 16) is designed in this section.
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FIGURE 4. Simulated reflection phase of x-polarized unit cell for different
ratios (1 < k; (or ky) < 2.5) in frequency range from 30 GHz to 40 GHz.
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First, the required phase compensations of all the unit cells
of the two polarizations need to be calculated, by using the
formula in [1]-[2]. In this design, the feed horn is placed at
a distance of dr = 70 mm to the center of the reflectarray.
To avoid the blockage problem caused by the feed horn, there
is an angular offset of 30° between the incident waves and
the —z axis. Besides, to facilitate the measurement of the
radiation patterns of the reflectarray in both cutting planes,
its collimated mainbeam is to the boresight direction, giving
0p = 0° in the formula. With these specifications, the required
phase compensations of the x-polarized elliptical DRs over
the square aperture were calculated at the center frequency
35 GHz and plotted in Fig. 5(a). For demonstration purposes
and to simplify the design, the specifications of y-polarized
elliptical DRs are defined the same as those of x-polarized
case, and thus the calculated phase compensation distribu-
tion is also the same with respect to their feeding sources,
as shown in Fig. 5(b).

In the next step, the ratios k; and k> of each x- and
y-polarized elliptical DRs need to be determined. According
to the required phase compensation distribution in Fig. 5 and
the curve of the reflecting phase response of the unit cell
in Fig. 2, the ratios k; of each x-polarized elliptical DRs can
be matched at the center frequency 35 GHz. The ratios k> of
y-polarized unit cells can be determined in the same way.

Finally, with known kj and k> values in each unit cell,
the sizes of all the unit cells are determined. With the assis-
tance of a MATLAB API script [14], a 16 x 16, 256-element
dual-polarized DR reflectarray was built automatically in
ANSYS HFSS. The elliptical DRs and the dielectric base
are modeled separately and merged in the software. In the
meanwhile, the material properties were also assigned.

To summarize the design process of the dual-polarized DR
reflectarray, some design guidelines are given here:

(a) Choose a proper dual-polarized DR unit cell struc-
ture that each polarization can be designed and tuned
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independently. Obtain its reflecting phase response as a
function of a certain parameter under both normal and
oblique incidences for different frequencies by using
the Floquet model.

(b) Taking the design specifications into account, calculate
the phase compensation of each unit cell in the DR
reflectarray aperture.

(¢) According to the reflecting phase response curve,
match the required phase compensation with the vary-
ing parameter and determine the size of each unit cell
of each polarization.

(d) Together with the feed horns, build the whole DR
reflectarray model and finalize the results.
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FIGURE 5. Calculated compensation phase distribution over square
aperture of DR reflectarray at center frequency 35 GHz: (a) x-polarized;
(b) y-polarized.

IV. SIMULATED AND MEASURED RESULTS

The dual-polarized DR reflectarray was simulated together
with two feed horns [26] in ANSYS HFSS. In this design,
two identical circular horns were employed for illumination
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of the dual-polarized dielectric reflectarray. The measured
and simulated S-parameters of the feed horns were studied.
The measured and simulated —10-dB impedance bandwidths
can generally cover the whole frequency range from 30 GHz
to 40 GHz, although the measured reflection coefficients are
slightly above —10 dB at 30.95 GHz (—8.81 dB), 37.90 GHz
(—9.44 dB), and 39.65 (—8.52 dB). Both measured and sim-
ulated isolations between the two horns are generally over
30 dB. Radiation patterns of the feed horn at 35 GHz were
also studied. It was found that in the angular range of —30° <
6 < 30° the amplitudes in the two principal planes are
almost overlapped with small differences. The antenna gain at
35 GHz was found as 14.7 dBi. Within the frequency range of
interest, antenna gains of 12.5 to 15.1 dBi were also obtained.

By using 3D printing, the dual-polarized DR reflectarray
was fabricated. It was printed by a Creator Pro Flashforce 3D
printer with a commercial filament of PREPERM 3-D ABS
DK 10.0 from Premix [27]. The filament has a high dielectric
constant of &, = 10, loss tangent of tan § = 0.003. It took
about one hour and 40 minutes to print the reflectarray at a
nozzle and a platform temperature of 235 °C and 105 °C,
respectively. For facilitating the measurement, a dielectric
supportor (e, = 2.1) was also printed to hold the feed
horns and to accommodate the reflectarray. The whole sim-
ulated model of the proposed DR reflectarray consisting of
the 3D printed reflectarray, 3D printed supportor and the
feed horns are shown in Fig. 6(a), and photos of the reflec-
tarray prototype and the fabricated reflectarray are shown
in Fig. 6(b) and (c), respectively. It is noted that in each unit
cell, the sizes of x- and y-directed elliptical DRs may vary.
For some unit cells in the prototype in Fig. 6(c), there may
be some special shapes. For example, when it is formed by
a very small x-directed elliptical DR (k; is small, close to 1)
and a large y-directed DR (k; is large, close to 2.5). In this
case, we can only see the y-directed DR and the x-directed is
included in the y-directed one, and vice versa. Another case
is when the sizes of x-and y-directed elliptical DRs are both
not very large and equal or very close to each other (k1 equals
to k2), we may see a circle in the top view due to the printing
resolution.

The dual-polarized DR reflectarray was measured. The
S-parameters were measured using a vector network analyzer
Keysight E8361A with the existence of the DR reflectarray
and the dielectric supportor, whereas the radiation pattern
and antenna gain were measured by an indoor far-field test
range. In particular, the antenna gain was obtained by using
the comparison method with a standard gain horn. When one
port is measured, the other port is terminated with a 50-Q2
load.

The measured and simulated radiation patterns of the
DR reflectarray at 32 GHz, 35 GHz and 38 GHz are
shown in Fig. 7. Good agreement between the measured
and simulated mainbeams can be observed. Due to the
imperfect printing and measurement setup, the measured
sidelobes become deteriorated, but for the x-polarization,
they are still below (—10.2 dB, —14.2 dB), (—14.1 dB,
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FIGURE 6. (a) Whole simulated model of 3D-printed dual-polarized DR
reflectarray; (b) Fabricated prototype including the dual-polarized DR
reflectarray, supportor, and feed horns; (c) Top view of 3D-printed
dual-polarized DR reflectarray.

—16.7 dB) and (—17.0 dB, —15.6 dB) in the planes of
¢ = (0°,90°) at 32 GHz, 35 GHz and 38 GHz, respectively.
For the y-polarization case, similar results of (—13.1 dB,
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FIGURE 7. Measured and simulated normalized radiation patterns of dual-polarized DR reflectarray. (a) x-polarized at 32 GHz in planes of ¢ = 0° and
90°. (b) x-polarized at 35 GHz in planes of ¢ = 0° and 90°. (c) x-polarized at 38 GHz in planes of ¢ = 0° and 90°. (d) y-polarized at 32 GHz in planes of
¢ = 0° and 90°. (e) y-polarized at 35 GHz in planes of ¢ = 0° and 90°. (f) y-polarized at 38 GHz in planes of ¢ = 0° and 90°.

—10.1dB), (—16.6dB, —11.8dB)and (—11.2dB, —14.4 dB)
are also obtained. At the center frequency of 35 GHz, both
the measured and simulated cross-polarized fields at each
polarization are generally around —20 dB, showing good
polarization purity.
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Measured and simulated antenna gains of the dual-
polarized reflectarray in the boresight direction (f = 0°) are
shown in Fig. 8 and reasonable agreement can be observed.
With reference to the figure. Both in the simulation and
measurement, the results of the x-polarized are very close to
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TABLE 2. Comparison between our design with previous 3D-printed mm-Wave reflectarrays.

Ref. Fabrication Center No. of unit Physical aperture Height Gain enhanced Aperture Remarks
) method freq. fo & cells (mm?) (mm) /peak gain Efficiency
o 120x120 0.8 8.3dB o Single pol.,
(13]  Monolithic  31GHz 10 376 1242012440 0.0824 28.28 dBi 34.8% medium cost
PCB wx60%60 1.27 9.2dB o Single pol.,
U4 Grilling P GH2 102 446 TxTigx o 0.1487, 23.9 dBi 12.7% high cost
. 30%30 2.32 6.9 dB 6.18% .
[16] 3D printing 100 GHz 2.78 400 1020% 107 077 18.9 dBi 15.5% Single pol.
. 120%120 4.7 9.0dB o .
[17] 3D printing 30 GHz 44 625 12.50%12.5%0 0.63% 28 dBi 34.9% Single pol.
. 28x28 1.7 3.6dB N .
[18] 3D printing 220 GHz 2.64 1600 20.520%20.5% 1250 274 dBi 10.38% Single pol.
. 112.5x112.5 5.725 N.A. o .
[20] 3D printing 30 GHz 9.8 225 11.250%11.25% 0573 24.2dBi 16.5% Circular pol.
s 100%100 6 N.A. o OAM
[21] 3D printing 30 GHz 10 400 1026%10/ 0.6/ 20.4 dBi 8.73% generation
o 54.4x54.4 9 N.A. 0 Filtering,
(28] 3Dprinting 60 GHz 27 >12 10.8840%10.884, 1.84 27.9dBi 40.5% metal coating
77x77 Multilayer.
. 65GHz/ ) 293 10.7/2.15 dB 33.6% - ’
[29] 3D printing 24 GHz 2.5/4 484/100 16‘68%0><16.68/L0 6.35/2.34 ) 30.7/23.2 dBi 143.8% hlgh profile
16.16A40%6.164, single pol.
. Dual-pol.
This s 80x80 1.8 7.4 dB o . ’
work 3D printing 35 GHz 10 256 9.3320x9.33 % 0217 2253 dBi 16.4% md(fi:gseil;(rilent

Ao is the wavelength in air at center frequency fj.

those of the y-polarized, showing good consistency. A mea-
sured peak antenna gain of 22.53 dBi is observed at 36 GHz.
Compared with the feed horn, a gain enhancement of 7.43 dB
is achieved. It is noted that the difference between the mea-
sured and simulated results can be attributed to the printing
tolerance and rough surface.

A comparison between our reflectarray and some pre-
vious millimeter-wave dielectric reflectarrays is conducted
in Table 2. Previous fabrication methods, such as mono-
lithic [13] or PCB drilling [14] use high relative permittiv-
ity materials and can have compact footprints or very low
profiles (0.082 Ag in [13] and 0.148 A in [14]). However,
for the PCB drilling method [14], the choice of the substrate
thickness is very limited, and the cost of high-frequency
low-loss laminated substrates for millimeter-wave applica-
tions could be very high. 3D printing method is very popu-
lar for fabricating dielectric reflectarrays at millimeter-wave
bands or beyond. It can provide high flexibility in choos-
ing the thicknesses or heights of the unit cells and
the fabrication cost could be much lower. It also pro-
vides fast prototyping capability of irregular shapes. Most
reported 3D-printed designs employ relative permittivity
materials of &, < 4.4 [17], [20], [21], [29], most of which
are below 3 [16], [18], [28]. With reference to the table,
using low relative permittivity materials usually leads to high
profiles of over 0.573%¢ [16-18], [20], [21]. The heights
of [28], [29] are even larger than 2A¢, to the scale of over
6X¢. Our 3D-printed design, using high relative permittivity
materials of &, = 10, has a low profile of only 0.21A¢.
In terms of aperture efficiency, most millimeter-wave reflec-
tarray designs are in the range of below 20% [14], [18], [20] or
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even below 10% [16], [21], and some high-efficiency designs
can be over 33.6% [13], [17], [28], [29]. Our design, with a
value of 16.4%, is in the middle place. Another remarkable
point we need to take into account in the comparison is
that except [29] for a dual-band design at the sacrifice of
high profile, all the other previous designs can only realize a
single polarization or single function (OAM generation [21],
spatial filtering [28]), whereas our 3D-printed design realizes
dual polarizations with independent control, which excels the
previous designs.

25

- N
(¢} o

-
o

Antenna gain (dBi)

(¢}

ol I I I I I

30 32 34 36 38 40
Frequency (GHz)

FIGURE 8. Measured and simulated antenna gain of dual-polarized DR

reflectarray in boresight direction (¢ = 0°).

To sum up, by making use of high relative permittiv-
ity materials, our 3D-printed DR reflectarray, has a low
profile, an acceptable medium aperture efficiency, and
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realizes dual independently-tuned polarizations, which is a
promising low-cost candidate for high-gain dual-polarized
millimeter-wave applications.

V. CONCLUSION

A 3D-printed millimeter-wave dual-polarized DR reflectar-
ray has been investigated in this paper. A cross-shaped
unit cell containing two orthogonal elliptical DRs has been
employed to obtain the required phase responses along the
x- and y-polarizations. It has been studied that varying the
size of one elliptical DR does not affect the reflected phase
of another orthogonal DR, which facilitates the independent
design of the reflectarray.

By using 3D printing technology, for demonstration,
a256-element square dual-polarized DR reflectarray working
in the frequency range of 30 GHz to 40 GHz has been printed
and measured. The measured peak antenna gain of 22.53 dBi
has been obtained. It is noted that in this design although
the collimated mainbeams of both polarizations point to the
boresight, they can be designed to other values independently.
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