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Abstract: A reconfigurable electromagnetic surface has been studied to realize the adjustable orbital
angular momentum (OAM) beams for real-time wireless communication and dynamic target detection
in the future. OAM mode switching realized by many previous designs suffers from low gains
without OAM beam scanning. In this article, a 1-bit reconfigurable reflectarray antenna is designed,
fabricated, and tested for the real-time control of OAM mode switching and large-angle vortex
beam scanning in three-dimensional space. The proposed reflectarray surface is composed of 1-bit
electronically reconfigurable cells, and the size is 24 λ × 24 λ with 2304 units. The reconfigurable
element is designed by using a radiation patch loading a PIN diode with effective control of two states,
“ON” and “OFF”, for the demand of 180◦ phase difference. The reflectarray surface can be assigned
to a code sequence of 0 or 1 by the Field-Programmable Gate Array (FPGA) in real time. Henceforth,
the coding surface can dynamically control the generation of high-gain OAM beams, where only the
optimized phase distributions on the surface need to be changed according to demand. To verify
the concept, a large-scale reflectarray surface is fabricated and measured with an oblique feed at 15◦.
Different OAM-carrying phase distributions for different OAM beam states are calculated and tested.
The test results show that the OAM mode switching between l = 1 and l = 2 is realized, and other
variable modes such as l = 3 or l = 5 can also be achieved by modifying the phase encoding sequence.
Furthermore, the direction of the vortex beams can be accurately controlled with gains over 20 dBi,
and the large-angle vortex beam scanning is verified. Therefore, all results demonstrate that the
proposed 1-bit reconfigurable reflectarray is efficient for the regulation and control of OAM-carrying
beams for the demand of real-time dynamic wireless communications in the future.

Keywords: 1-bit reconfigurable reflectarray antenna; real-time; OAM mode switching; large-angle
vortex beam scanning; Field-Programmable Gate Array (FPGA)

1. Introduction

Angular momentum, especially orbital angular momentum (OAM), is currently a subject of great
interest in academic research. In essence, electromagnetic (EM) waves can carry both linear momentum
and angular momentum [1]. OAM L is a kind of angular momentum, and another kind of angular
momentum is called spin angular momentum (SAM) S [2], which can be traced as far back as 1909.
Moreover, there are three different values of S corresponding to three different polarization states: when
S equals 1, it represents the left-handed circularly polarized (LHCP) state; when S equals−1, it represents
the right-handed circularly polarized (RHCP) state; when S equals 0, it will degenerate to a linear
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polarized (LP) state. OAM is determined by the azimuthal phase term exp(i`θ) of the helical wave-front,
in which ` can take any integer values as −2, −1 and +1, and θ is the azimuthal angle with a range of 0
to 2π. In addition, the different OAM modes ` are orthogonal to each other, which make it possible for
mode multiplexing. EM waves carrying OAM are called vortex waves and have aroused great interest
iny scholars. They first came to the forefront in optical fields [3], and many novel applications [4–10]
have emerged, such as superresolution imaging [4], optical microscopy, and OAM communication [5].
Owing to its novel property, OAM has been widely researched in the microwave field [11–13] for the
potential application to increase channel capacity, spectral efficiency, and radar detection. The earliest
simulated OAM design was performed in 2007 [11]. Later, an experiment proved the feasibility of
OAM realization [12], and a landmark experiment [13] of OAM-based wireless transmission was
reported in 2012, which proved that the capacity of communication could be improved over a distance
of 442 m with a fixed bandwidth. Due to the broad prospects of OAM, it is necessary to explore
effective methods to realize OAM. Recently, the generation of OAM-carrying beams mainly focused
on the helical phase plate [14], spiral parabolic antenna [15], circular-phased array antenna [16,17],
and dielectric resonator antenna [18]. Other relatively new reports show that dual-mode OAM states
can be generated at different working frequencies, in [19], and that a water-immersed rectangular horn
antenna array was fabricated for generating underwater OAM waves [20].

The artificial electromagnetic surface opened a new way to generate OAM, since its flexible
regulation functions on an electromagnetic wave. A reflectarray surface is utilized to generate an
OAM beam [21]; then, dual polarizations [22] and dual bands [23] for an OAM wave are realized.
There are other representative papers on the realization of OAM-carrying beams based on a reflective
metasurface [24–26]. A transmitarray surface is also introduced to generate a high-performance OAM
wave with l = 1 [27], since it is without feed blockage, which can improve the efficiencies of a surface
antenna. In addition, an anisotropic tensor impedance surface [28] is applied to the generation of
OAM. However, the OAM beams generated by period surfaces [29] mentioned above are fixed, and the
element is not reconfigurable. Then, the reconfigurable reflectarray surface provides a powerful
basis [30–35] for the real-time dynamic adjustment of OAM by changing the coding sequences, and it
can be considered in future applications of the vortex imaging system, high throughput communication,
and multi-target detection. For the adjustable design of OAM beams by using the reconfigurable
surface, there are a few reports [36–38] about the dynamic modulation of the OAM mode. In [36],
a digital OAM generator is presented by loading the PIN diodes on the element, and OAM beams
with the modes of l = 1 and l = 2 are achieved. Thereafter, the 2-bit reconfigurable reflective surface is
fabricated to generate multimode OAM beams [37]. A transmissive programmable metasurface [38] is
also used to generate a high-efficiency OAM beam, since there are no feed blockages and the realized
OAM mode has been presented from l = −2 to l = +2. Only the adjustable function of the OAM mode
are realized by the reflective/transmissive metasurface antennas mentioned above; however, the gains
of these metasurface antennas are not high and the OAM beams scanning are not mentioned.

In this article, a 1-bit reconfigurable reflectarray antenna consisting of 48 × 48 elements is utilized
to dynamically control the mode switching and large-angle scanning of high-gain OAM beams in a
3D space domain. Various OAM-generation phase distributions with an oblique feed are presented.
The mode switching between l = 1 and l = 2 has been achieved. A large-angle vortex beam scanning
approximately 75◦ is also realized. Therefore, it is efficient for the arbitrary modulation and control of
the OAM-carrying beam due to the proposed large-scale reconfigurable reflectarray surface. It may
become a potential candidate for real-time dynamically OAM-based wireless communications in
the future.
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2. Design and Analysis

2.1. Design of a Reflectarray Surface for OAM

A reflectarray antenna is presented in Figure 1 to illustrate the design and scan of OAM beams
using 1-bit elements on the surface. The desired compensation phase to generate OAM beams can
be calculated by Equation (1) for different OAM modes, where k is the propagation constant, rfmn is
the path length from the feed to different elements on the surface, rmn is the position of the mnth
element, l is the mode number of the OAM, u0 is the desired main-beam direction of OAM, and Φmn
is the azimuthal angle for the mnth element. Next, the phase distribution of a 1-bit surface can be
calculated by Equation (2) based on the 1-bit phase quantization. Considering that the surface consists
of M × N cells illuminated by the feed, the scattered fields from the surface in arbitrary directions can
be calculated by Equation (3), where Amn is the amplitude excited on each cells, which is computed
by Equation (4). In Equation (4), FP is the feed pattern described by the cos-mode, EP is the element
pattern, and Γmn is the loss of elements on the surface.

ϕ(m, n)OAM = k× r f mn − k× rmn × u0 + ∆ϕ+ l×Φmn (1)

l = 0,±1,±2, . . .

ϕ1bitOAM =

{
0,−π2 < ϕ(m, n)OAM < π

2 andϕ(m, n)OAM = ±π2
π,−π < ϕ(m, n)OAM < −π2 andπ2 < ϕ(m, n)OAM < π

(2)

E(θ,ϕ) =
qe

cosθ
M∑

m=1

N∑
n=1

Amne(− jkr f mn+ jϕ1bitOAM+ jkrmnu) (3)

Amn =
FP× EP× |Γmn|

r f mn
(4)

Figure 1. Schematic diagram of a reflectarray antenna for orbital angular momentum (OAM).

2.2. Configuration and Responses of the 1-Bit Element

A reconfigurable patch element is designed by loading a PIN diode (Skyworks SMP1340), and the
detailed geometrical structure is presented in Figure 2a. The parameters of the 1-bit element are shown
as follows: px = 6.2 mm; py = 6.0 mm; the thickness of the Taconic TLX-8 (dielectric constant 2.55,
loss of tangent 0.0019) and FR4 substrates (dielectric constant 4.4, loss of tangent 0.02) are 1.58 mm
and 0.5 mm, respectively. The state of the PIN diode is controlled by its bias voltages; the PIN diode
will remain in the ON state loading with a voltage of +0.8 V and OFF state with a voltage of −12 V.
The magnitude and phase responses for different states are shown in Figure 2b. The phase responses
are 91.1◦ and −92.5◦ in the two states of ON and OFF at 9.37 GHz. Therefore, the phase difference is
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close to 180◦, which is consistent with the demand of 1-bit operation. Meanwhile, the element losses in
both states are acceptable and less than 0.6 dB.

Figure 2. 1-bit reconfigurable element: (a) geometrical structure; (b) simulated magnitude and phase
curves in two states.

2.3. Realization of Different OAM Beams

For many published papers, the feed is located above the surface without an oblique angle,
where the number of modes can be intuitively observed from the phase distributions. Since the oblique
incidence has less feed blockage, different OAM beams with an oblique feed are investigated here.
First, the phase distributions with normal incidence for different OAM modes of l = 1 and l = 2 are
realized in the first and second columns in Figure 3, respectively. The number of OAM modes can be
clearly observed from the distributions in the first two columns. Next, the phase distributions with an
oblique feed for modes l = 1 and l = 2 are also presented in the last two columns. However, the value
of OAM modes cannot be directly determined from the phase distributions. In addition, the far-field
patterns calculated by Equation (4) are presented in the end line for different cases in Figure 3e–h.
The OAM patterns with intermediate null are realized.

Figure 3. OAM phase distributions using the 1-bit element: (a) l = 1 with normal incidence; (b) l = 2
with normal incidence; (c) l = 1 with oblique incidence; (d) l = 2 with oblique incidence. 3D far-field
patterns using the 1-bit element: (e) l = 1 with normal incidence; (f) l = 2 with normal incidence; (g) l = 1
with oblique incidence; (h) l = 2 with oblique incidence.



Electronics 2020, 9, 2181 5 of 12

3. Measurement and Discussion

3.1. Prototype of the Antenna and Experimental Environment

A 1-bit reconfigurable reflectarray surface with a size of 24 λ × 24 λ is fabricated to realize the mode
switching and large-angle vortex beam scanning for OAM waves, as shown in Figure 4a. The surface
is illuminated by a feed with a 15◦ inclination angle and the ratio of focal length and diameter (F/D) of
approximately 0.76, as shown in Figure 4b. The proposed surface is tested in a microwave near-field
chamber, as shown in Figure 4c. The detailed test components are a vector network analyzer, a phase
controller, and the proposed antenna with an FPGA control circuit. A standard probe is used to
measure the vertical polarization component (y-polar) of the reflected E-filed, where the sampling
plane is placed at a distance of 25 λ away from the reflectarray surface. The probe scans from −728 mm
to 728 mm in both x and y directions with a sampling period of 16 mm.

Figure 4. Antenna prototype and planar near-field scanning microwave chamber: (a) proposed 1-bit
surface; (b) prototype of the reconfigurable reflectarray antenna; (c) test components and environment.

3.2. Mode Switching of the OAM Beam

In this section, the real-time mode switching of the OAM wave is presented. Due to the advantage
of the large-scale reconfigurable surface, high-order modes for OAM carrying can be realized, and the
OAM modes can be switched. Then, a typical OAM mode switching between l = 1 and l = 2 is validated.
By changing the surface control voltages through the FPGA circuit, different surface phase distributions
in Figure 3c,d are realized, and the measured near-field data for different modes are displayed in
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Figure 5. The modes can be intuitively identified based on different spiral phase distributions, as
shown in Figure 5b,d. The circular-shape magnitude distributions with a null are visible in two cases
in Figure 5a,c. Therefore, the feasibility for variable mode generation and switching is confirmed.

Figure 5. Measured near-field data of OAM wave: (a) magnitude distribution for l = 1; (b) phase
distribution for l = 1; (c) magnitude distribution for l = 2; (d) phase distribution for l = 2.

Meanwhile, the far-field results of mode switching are presented in Figure 6. In the XOZ and
YOZ planes, the test results are consistent with the simulation ones in two different modes, as shown
in Figure 6a,b.

Moreover, the measured values of null at θ= 0◦ are lower than−25 dB in both modes. The angles of
the main lobe for different modes are approximately 2.0◦ and 2.8◦, respectively, which are narrow among
the published papers and will help to increase the distance of OAM-based wireless communications.
Next, the measured 3D patterns for mode switching are shown in Figure 6c,d. In terms of near-field
and far-field measured results, the real-time mode switching of the OAM wave is implemented, and the
OAM performance is acceptable.
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Figure 6. Far-field radiation patterns of OAM: (a) simulated and measured 2D patterns of l = 1;
(b) simulated and measured 2D patterns of l = 2; (c) measured 3D pattern of l = 1; (d) measured 3D
pattern of l = 2.

3.3. Large-Angle Beam Scanning of OAM Wave

Next, the beam scanning of the OAM wave as a new phenomenon is investigated, which satisfies
an important demand for real-time dynamic communications in the future. Some representative
far-field measured results of OAM beam scanning in the XOZ plane with mode l = 1 are presented in
Figure 7. Due to the good performance of the 1-bit reconfigurable surface, precision-control of OAM
beam scanning is achieved by modifying the surface phase distributions in real time using FPGA
for different scanning angles. Moreover, the OAM beam scanning of large angles at 60◦ and 75◦ are
also realized.

The far-field performance of gains and efficiencies for different OAM scanning beams are presented
in Table 1. The gains decrease with the increase in scanning beams, as shown in the first line in Table 1.

Table 1. Far-field performance for different orbital angular momentum (OAM) scanned beams.

Parameter 0◦ 15◦ 30◦ 45◦ 60◦

Gain(dBi) 27.2 26.26 25.48 23.32 20.70

The measured wave-front amplitude and phase distributions corresponding to each OAM
scanning beam are presented in Figure 8. The amplitude distributions of a circular shape with a null
are realized in all desired directions, as shown in Figure 8a–d. Meanwhile, the phase distributions in
counterclockwise rotation with the OAM mode of l = 1 at different beam scanning angles are perfectly
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displayed as expected in Figure 8e–h. Therefore, by combining the measured near-field and far-field
data, the large-angle OAM beams scanning have been achieved.

Figure 7. Measured far-field data for beam scanning of OAM in XOZ plane with different angles at 0◦,
15◦, 30◦, 45◦, 60◦, 75◦.

Figure 8. Measured near-field amplitude and phase distributions on the sampling plane vertical to
the scanning beams approximately 25 wavelengths away from the reconfigurable surface. Amplitude
distributions of OAM scanning beams with the mode l = 1 at (a) 15◦, (b) 30◦, (c) 45◦, and (d) 60◦.
Phase distributions of OAM scanning beams with the mode l = 1 at (e) 15◦, (f) 30◦, (g) 45◦, and (h) 60◦.

The OAM beam scanning has been realized in a fixed azimuth plane. Furthermore, the beam
can be scanned in different azimuth planes. As shown in Figure 9a,b the OAM beam has achieved
scanning from ϕ = 0◦ to ϕ = 270◦ with a fixed θ = 15◦. In addition, 3D patterns are presented to show
that the beam changes more vividly in Figure 9c,d. Therefore, it is satisfactory for the scanning ability
of an OAM beam in arbitrary azimuth planes. In summary, the real-time control for beam scanning of
OAM in the 3D domain is achieved.



Electronics 2020, 9, 2181 9 of 12

Figure 9. Measured far-field patterns with different azimuth directions in different coordinate systems:
UV: (a) ϕ = 0◦; (b) ϕ = 270◦; polar (c) ϕ = 0◦; (d) ϕ = 270◦.

3.4. Performance Comparison

Table 2 presents some classical OAM-generating antennas for OAM mode switching based on
different methods compared with this proposed 1-bit reconfigurable reflectarray antenna. It is clear
that either feed or the radiation surface is reconfigurable for the adjustable function of OAM beams.
Furthermore, the OAM mode switching is realized by using a reconfigurable feed network in [17],
and a multiple-polarization OAM beam [24] can be realized and switches between each other by
rotating the linear-polarization feed. Both of the above-mentioned antennas [17,24] for adjustable
OAM beams are realized by adjusting the feed. Thereafter, the reflective/transmissive reconfigurable
antennas [36,38] are utilized to realize the OAM switching by modifying the phase encoding sequence
on the surface. It is noteworthy that the proposed reflectarray surface has the advantages of high gain
and large scanning angle comparing with other reference antennas.

Table 2. Comparison with other published OAM antennas.

Ref Type Frequency
(GHz) OAM Mode Mode Switching OAM Beam

Scanning Gain(dBi)

[17] UCA 2.5 +1/−1 Yes(CP + Mode) No 5.3

[24] RA 10 +1 Yes (CP/LP) No Not Given

[36] RRA 4.75 +1/+2 Yes No Not Given

[38] RTA 7.5 ±1/±2/0 Yes No Not Given

This Paper RRA 9.37 0/±1 Yes Yes 27.2

Remarks: Uniform Circular Array (UCA), Reflective Array (RA), Transmission Array (TA), Reconfigure Reflective
Array (RRA), Reconfigure Transmission Array (RTA).
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4. Conclusions

A 1-bit reconfigurable reflectarray surface containing 2304 individually controlled elements has
been utilized to present the real-time dynamic control of OAM beams. First, the phase distributions
for different OAM beams using 1-bit element are presented. Then, the real-time control of OAM
mode switching between l = 1 and l = 2 is realized by revising the phase states of PIN diodes on the
reconfigurable surface using FPGA. Next, the beam scanning of OAM is conveniently obtained as
expected, and a large scanning angle of the OAM wave at 75◦ was also achieved. In addition, it is
satisfactory for the scanning ability of an OAM beam in arbitrary azimuth planes.

The real-time dynamical control of OAM mode switching and large-angle beam scanning in 3D
space are both achieved. Compared to the traditional approaches for OAM generation, it is flexible for
high-gain OAM mode switching by using the 1-bit reconfigurable surface. Meanwhile, the capability
of the large-scale reconfigurable surface is powerful, and other variable high-order modes of OAM
such as l = 3 or l = 5 can also be realized. Moreover, the range of OAM beam scanning is wide, and the
OAM beam direction is accurate and controllable with high gain. Therefore, the results suggest that it
can satisfy the requirements of real-time dynamic communication systems in the future.
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