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ABSTRACT A 3D printed dielectric reflectarray is studied to generate orbital angular momentum (OAM)
beam. The array element consists of a half-wavelength rectangular dielectric block and a metallic ground.
It is found that the loss tangent and permittivity of the rectangular dielectric element independently affect the
reflection magnitude and reflection phase, respectively. Four OAM modes (l = 1, 2, 3, 4) are theoretically
studied. A prototype of the mode l = 1 working at Ka band is fabricated and measured. The maximum gain
in the radiation direction (θ = 4◦ ) is 20.4 dBi at 30 GHz. A wide OAM bandwidth of 21.7% for the mode
weight coefficient larger than 60% is also obtained. The proposed antenna shows its potential applications
in OAM communications.
INDEX TERMS Reflectarray, dielectric resonator, orbital angular momentum, 3D printing.

I. INTRODUCTION

Increasing attention has been paid to orbital angular momentum (OAM) in microwave over the past decade. Various OAM
modes are orthogonal with no interferences between channels, which is capable of improving communication capacities. Research on the OAM beam generation has notable
growth since Allen et al. [1] found that a light beam carries
an OAM by a phase dependence of azimuthal angle and topological charge. After that, various techniques have been used
to generate the OAM beams, such as spiral phase plate [2],
travelling-wave antenna [3], spiral reflector [4], high-order
mode dielectric resonator (DR) antenna [5], and reflective
metasurface [6].
Reflectarray has the advantages of low profile, lightweight,
and high efficiency. A lot of research on reflectarray has
been widely carried out on broadband, circular polarization, beam scanning, and terahertz [7], [8], but analysis
on the OAM reflectarray [9] is relatively limited. In 2016,
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a square patch-based dual-beam OAM reflectarray was proposed [10]. In 2017, a Ka-band OAM folded reflectarray with
a multi-resonance dipole element was studied [11]. In 2018,
Meng et al. [12] reported a cross dipole combined with other
three groups of resonant L shaped structures to achieve both
linearly- and circularly-polarized (CP) OAM beams by rotating the feed polarization. In 2019, a double-layered rhombusshaped patch OAM CP reflectarray was reported, with a wide
axial ratio (AR) bandwidth of 20% [13]. Zhang et al. [14]
studied a square-patch reflective metasurface, as well as a
phased array antenna, for OAM multiplexing. Recently, a
multi-resonance element consisting of three types of patches
(loop, cross-dipole, four square patches) was demonstrated
for wideband OAM reflectarray, which achieved 42% OAM
bandwidth [15] for the mode weight coefficient larger than
70%. Nevertheless, current reflectarray elements are mainly
microstrip structures, which suffer from high surface-wave
loss and need high-cost microfabrication techniques, particularly in millimeter-wave and THz bands.
Because of its excellent characteristics such as low cost,
low conductor loss, and low Q factor, dielectric resonator
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FIGURE 1. The geometry of the OAM reflectarray of the rectangular
dielectric element.

antenna [16] has been extensively studied over the past
three decades. In recent years, increasing attention has
been paid to the dielectric reflectarrays at microwave band,
such as dual-band [17], high frequency [18]–[20], wideband [21], [22], and circular polarization [23]. In 2012,
Alsath et al. [17] investigated a dual-band dielectric reflectarray operating at C/X band. In 2014, Nayeri et al. [18]
studied a dielectric reflectarray working at 100 GHz. In 2017,
by using a metamaterial-based impedance-matched element,
He et al. [22] achieved a broad dielectric reflectarray of
18.1% gain bandwidth. Last year, we first proposed a CP
dielectric reflectarray composed of the hemi-ellipsoidal element [23], which has a 3 dB AR bandwidth of 6.7%.
Although dielectric reflectarrays of various characteristics
have been studied, its OAM beam generation has not been
well explored. Recently, an OAM dielectric reflectarray was
proposed by perforating holes on the substrate [24], but only
some limited simulation results were given.
In this article, an OAM reflectarray composed of the
half-wavelength rectangular dielectric elements is studied.
The effects of the dielectric loss tangent and permittivity on
the reflection characteristics are investigated. It is found that
the OAM beams of four modes (l = 1, 2, 3, 4) can be easily
excited, and the OAM mode l = 1 is thoroughly studied.
Results show that the maximum gain is 20.4 dBi at operating
frequency f0 = 30 GHz and radiation direction θ = 4◦ .
A relatively broad mode purity (MP) bandwidth of 21.7%
can be easily achieved. A 3D printed prototype is fabricated
and tested. Good agreement between simulated and measured
results is obtained.
II. ELEMENT DESIGN AND ANALYSIS

Fig. 1 shows the structure of the proposed OAM dielectric
reflectarray. The aperture diameter is D = 100 mm, and
the focal distance is F = 300 mm. The pyramidal horn is
used as the feed of the proposed reflectarray. The element
simulation model is shown in Fig. 2. Each element consists
of a rectangular dielectric block and a metallic ground. The
dielectric constant of the material is εr = 10. The length and
width of the dielectric block are the same (a = 5mm), which
VOLUME 8, 2020

FIGURE 2. The HFSS model of the rectangular dielectric element.

FIGURE 3. The reflection magnitude (left) and phase (right) versus
element height for various frequencies.

is approximately half a free-space wavelength of 30 GHz.
Ansys HFSS is used for simulation, and the Floquet port
excitation and master & slave boundaries are applied for
analysis. Fig. 3 shows the reflective phase curves as a function
of the element height at frequencies from 26GHz to 34GHz.
It is found that a relatively significant phase shift of over
360◦ can be easily obtained through changing the element
height h. By applying the linear fitting function to the phaseshifting curve, the quantitative relationship between the element height and reflection phase can be obtained, which can
be used to determine the reflectarray dimensions. From the
figure, it is also observed that the phase curves are almost
parallel, showing a wideband characteristic of the proposed
antenna.
Meanwhile, the dielectric material effects on the reflective
magnitude and phase are also investigated. Firstly, the effect
of loss tangent (tanδ) with the same permittivity εr = 10
is studied, as shown in Fig. 4. It is found that the reflection magnitude monotonously increases with the increase
of loss tangent from 0.004 to 0.06, whereas the reflection
phases are almost unchanged. In other words, the loss tangent
mainly determines the antenna efficiency, not the reflection
phase or the element dimension, which is to be expected.
Secondly, the effect of the dielectric constant with the same
142893
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FIGURE 4. The reflection magnitude (left) and phase (right) versus
element height for various loss tangent. The permittivity is εr = 10.

FIGURE 5. The reflection magnitude (left) and phase (right) versus
element height for various dielectric constant. The loss tangent is
tan δ = 0.004.

TABLE 1. The loss tangent and permittivity effects on the reflection
parameters.

loss tangent tanδ = 0.004 is investigated. With reference to
Fig. 5, the phase shift range also monotonously increases with
the increase of dielectric constant from 4 to 12, while the
magnitude curves keep stable. The results show that a high
permittivity can facilitate the dielectric reflectarray design.
The results are also displayed in Table 1 for clarity. It is worth
mentioning that other element shapes such as cylindrical and
hemispherical dielectric elements have also been studied.
Similar results can be found, which is omitted here for brevity.
142894

FIGURE 6. Electric field distribution of the dielectric element (a = h =
λ0 /2) excited by a linearly polarized plane wave.

Fig. 6 shows the electric field distribution of the dielectric
element excited by a plane wave, where the unit length, width,
and height are equal to half wavelength in free space. The
master and slave boundaries are used in the Floquet port to
simulate the infinite periodic structure. The analysis process
of this element is equivalent to that of an incident plane wave
illuminating a fixed-thickness dielectric plate and returning
to the free space after reflected by the metal ground. In the
process of electromagnetic wave propagation, there are two
boundary conditions worthy of attention: one is the boundary
between the dielectric block and metal ground, the other is the
boundary between free space and high dielectric constant element. The former is easy to understand as the PEC boundary
brings total reflection of electromagnetic waves. While the
latter is mainly due to the discontinuity between two kinds
of media with a drastic change of εr , which leads to multiple
reflections of the electromagnetic wave within the dielectric
plate, that is a standing wave along the propagation direction
as shown in Fig. 6. Since the height of the element is the half
free-space wavelength, which is about three times the half
dielectric wavelength in the dielectric material with εr = 10,
three standing wave peaks can be observed in this figure.
It is found that the periodic variations of the reflection magnitude and phase are caused by the standing wave distribution
of the dielectric element, as shown in Fig. 6. From Fig. 3
to 5, the reflection magnitude and phase are correlated. The
phase difference between the two lowest magnitude points
is about 360 degrees, which indicates a variation period.
This phenomenon can also be explained by the electric field
distribution of the dielectric element in Fig. 6, that is, within
a range of standing wave variation (λg/2), the element phase
shift covers about 360 degrees. Therefore, the higher the
element height is, the more standing waves are contained,
which leads to an increase of total phase-shift range.
III. DESIGN OF MILLIMETER-WAVE OAM DIELECTRIC
REFLECTARRAY

The procedure to obtain the antenna geometry is demonstrated as follows. Firstly, the element simulation is carried
VOLUME 8, 2020
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FIGURE 7. Wavefront phase distribution on the observational plane at
z = 0.4m with four OAM modes at 30 GHz. (a) l = 1 (b) l = 2 (c) l = 3
(d) l = 4.

out to get the phase-shifting curve of the element. Secondly, the focal diameter ratio F/D and the feed position are
determined by considering the feed beamwidth and aperture
size. Thirdly, the compensated phase distribution is obtained
based on the aperture phase synthesis. Finally, the physical
parameters of the array can be obtained by using the element
phase-shifting curve to convert the compensation phase into
each unit geometry. By adjusting the reference phase of the
array, the performance of the array beam can be optimized.
Therefore, based on the element design, a rectangular OAM
dielectric reflectarray is designed at the Ka band with the size
20 × 20, that is 100 × 100 mm2 , as shown in Fig. 1. The
feeding horn antenna is placed in the boresight direction of
the surface, which can minimize the shielding effect because
of the zero magnitudes of the OAM beam. The height of
the feeding horn is selected to be 0.3m to guarantee the
−10 dB illuminated level at the edge of the surface, and the
ratio between focal length and aperture diameter (F/D) is 3.0.
The calculation process of the compensated surface phase
distribution can be found in [6], which is omitted here for
brevity.
Fig. 7 shows the wavefront of spiral phase distribution
with four OAM modes (l = 1, 2, 3, 4) on the observational
plane z = 0.4 m at 30 GHz. Due to the divergence of
the OAM beam, we finally choose the observational plane
with a size of 0.4 × 0.4 m2 to view the magnitude and
phase distribution of the electric field. Reasonable results
of the four OAM modes are obtained. Fig. 8 shows the
wavefront of the magnitude distribution of four OAM modes
(l = 1, 2, 3, 4) on the observational plane. As the OAM
mode number increases, the radius of the doughnut-shaped
electrical field intensity gradually increases, which is
related to the rise of the cone angle of the radiation pattern. The cone-shaped radiation pattern of mode l = 1
at 30 GHz is shown in Fig.9. An OAM beam with maximum
VOLUME 8, 2020

FIGURE 8. Wavefront magnitude distribution on the observational plane
at z = 0.4m with four OAM modes at 30 GHz. (a) l = 1 (b) l = 2 (c) l = 3
(d) l = 4.

FIGURE 9. The simulated 3D radiation pattern for mode number l = 1 at
30GHz.
TABLE 2. Maximum antenna gain versus frequency in the vicinity of
radiation direction θ = 4◦ .

radiation direction at θ = 4◦ is obtained, where the gain
is 20.4 dBi.
Table 2 shows the maximum gain in the vicinity of radiation direction (θ = 4◦ ) versus frequency. The energy of the
OAM beam is distributed along a specific cone angle, and
the gain values slightly change at different azimuthal angles.
It can be seen from the table that the maximum gain remains
stable over a wide frequency range.
A prototype of the proposed OAM dielectric reflectarray
with l = 1 fabricated using 3D printing technology is shown
in Fig. 10(a). The Preperm 3D ABS DK 10.0 filament is
142895
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FIGURE 10. Prototype and measurement setup (a) Reflectarray prototype
with l = 1 (b) OAM beam measurement setup using near-field scanning
system.

FIGURE 13. Simulated and measured xoz-plane radiation patterns at
30GHz.

FIGURE 11. Measured electrical-field magnitude distribution on the
near-field sampling plane at (a) 28 GHz (b) 30 GHz (c) 32 GHz.

FIGURE 12. Measured electrical-field phase distribution on the
near-field sampling plane at (a) 28 GHz (b) 30 GHz (c) 32 GHz.

FIGURE 14. Simulated and measured yoz-plane radiation patterns at
30GHz.

selected with permittivity of 10 and dielectric loss tangent
of 0.004. 3D printing procedure is accomplished with fused
deposition modeling using Flashforge Creator Pro 3D Printer.
A near-field planar scanning system of our lab, as shown in
Fig. 10(b), was used to measure the proposed antenna. The
vertical electric field Ev is measured using a standard Ka
near-field waveguide probe, which is 0.6 m away from the
reflectarray. The scanning step is 4.5 mm, and the near E-field
value at each pixel can be obtained by scanning the probe
along the x- and y-axis.
Fig.11 and 12 show the measured results of magnitude and
phase distribution of Ev at 28 GHz, 30 GHz, and 32 GHz with
relatively good consequences. As can be seen from the figure,
the reflectarray achieves spiral phase distribution at different
frequencies. Although the magnitude results are not ideal as
compared to the simulated ones, it has little effect on OAM
detection because the phase information is the main factor.
Fig.13 and Fig.14 show the simulated and measured
xoz- and yoz-plane radiation patterns at 30 GHz with good
agreement. A magnitude null point can be observed in the surface boresight direction, and the maximum radiation direction
is found to be θ = 4◦ .

To demonstrate the mode purity of the desired OAM
mode (l = 1), Fourier transforms applies on the measured
electric field results [25]. We consider the electric field
E1 (r, ϕ, z) with a defined OAM mode expansion, as shown
in formula (1).

142896

∞
1 X
E1 (r, ϕ, z) = √
al (r, z) exp(jlϕ)
2π l=−∞

(1)

In order to decompose different OAM modes of the field
distribution, the components of the given OAM harmonic
exp(jlϕ) are calculated in (2)
Z 2π
1
al (r, z) = √
E1 (r, ϕ, z) exp(−jlϕ)
(2)
2π 0
The energy carried by the corresponding mode number l can
be written as
Z ∞
Wl = 2ε0
|al (r, z)|2 rdr
(3)
0

By adding all the OAM mode energy, the total electrical
field energy can be obtained. Finally, the mode weighting
VOLUME 8, 2020
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TABLE 3. Comparison of the proposed OAM dielectric reflectarray with some existing OAM reflectarrays.

FIGURE 15. The measured OAM spectrum weight at (a) 26.5 GHz
(b) 28 GHz (c) 30 GHz and (d) 32.5 GHz.

coefficient, that is ratio of mode energy to total energy, can
be written as
Wl
Ml = ∞
(4)
P
Wq
q=−∞

Fig. 15 shows the vortex spectrum expansion results at
different frequencies. From the figure, it can be observed
that the mode weight coefficients of dominant mode (l = 1)
reach 67.1%, 82%, 93.8%, and 62.6% at 26.5 GHz, 28 GHz,
30 GHz, and 32.5 GHz, respectively. By further analyzing the simulated and measured OAM mode purities versus frequency in Fig. 16, it can be easily observed that the
simulated and measured bandwidths are 21.7% and 20.5%,
respectively, for mode weight coefficient larger than 60%.
Reasonable agreement between simulation and measurement
can be obtained.
Table 3 compares the proposed dielectric OAM reflectarray
with some existing microstrip OAM reflectarrays. It is found
that the OAM bandwidth of the proposed dielectric reflectarray is higher than that of the microstrip reflectarray of the
square patch element [10]. The gain is also higher than that
VOLUME 8, 2020

FIGURE 16. The simulated and measured OAM l = 1 mode weight
coefficient versus frequency.

of the multi-resonance reflectarray [15], but with less OAM
bandwidth, which can be further improved using a complex
dielectric element.
The reflectarray using a quarter-wavelength rectangular
dielectric element is also studied. It is found that the results
of the quarter-wavelength element reflectarray are almost
the same as that of the half-wavelength counterpart, which
indicates the element size has little effect on the OAM bandwidth performance. This is important because we can choose
a relatively large element size to minimize the fabrication
difficulty, which is especially useful for high- frequency
applications.
IV. CONCLUSION

A Ka-band OAM dielectric reflectarray has been thoroughly
investigated. It has been found that low dielectric loss and
high dielectric constant will facilitate the design of dielectric reflectarray. A 20 × 20 elements 3D printed OAM
dielectric reflectarray with a mode number of l = 1 has
been fabricated and measured. A maximum gain of 20.4 dBi
at 30 GHz and a relatively wide mode purity bandwidth
of 21.7% have been obtained. Simulation results have been
verified by measurement results with reasonable agreement.
142897
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These features make the proposed OAM dielectric reflectarray potentially useful in the next-generation communication
system.
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