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Electromagnetic waves carrying an orbital angular momentum (OAM) are of great interest. However, most OAM antennas present
disadvantages such as a complicated structure, low eﬃciency, and large divergence angle, which prevents their practical
applications. So far, there are few papers and research focuses on the problem of the divergence angle. Herein, a metasurface
antenna is proposed to obtain the OAM beams with a small divergence angle. The circular arrangement and phase gradient were
used to simplify the structure of the metasurface and obtain the small divergence angle, respectively. The proposed metasurface
antenna presents a high transmission coeﬃcient and eﬀectively decreases the divergence angle of the OAM beam. All the
theoretical analyses and derivation calculations were validated by both simulations and experiments. This compact structure
paves the way to generate OAM beams with a small divergence angle.

1. Introduction
Light beams carrying orbital angular momentum (OAM)
have attracted extensive attention owing to their special electromagnetic properties [1–4]. Since the ﬁrst OAM beam was
successfully simulated in the microwave band, there has been
a growing interest in the study of radio OAM beams [5–7].
Due to the orthogonality between diﬀerent radio OAM
modes, every OAM beam with diﬀerent modes can be
regarded as a communication channel. Thus, inﬁnite modes
can provide inﬁnite channels, which can inﬁnitely expand
the communication capacity without increasing the bandwidth [8, 9]. This characteristic of OAM beams may bring
great advances in traditional wireless communication [10].
Although there are debates concerning the capability of
OAMs to eﬀectively increase the communication capacity

of multiple-input-multiple-output wireless systems [11, 12],
OAM beams also exhibit distinct advantages in many ﬁelds
such as particle trapping, optical imaging, and microscopic
particle rotation [13–16].
To date, various methods have been created to generate
OAM beams such as spiral phase plates, spiral reﬂectors,
computer-generated holograms, antenna arrays, and metasurfaces [17–20]. Among them, the spiral phase plates and
spiral reﬂectors are bulky and diﬃcult to process. The important losses caused by transmission or reﬂection prevent
practical applications. The computer-generated holograms
and optical mode conversion are applicable in the optical
frequency range. Compared to other methods, the antenna
array generally requires a complex feed network [21].
A metasurface is a kind of periodic or quasi-periodic
structure that can achieve special properties that do not exist
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Figure 1: Structure of the circular slot element.

in natural materials [22, 23]. Its planar structure presents a
low proﬁle, and small unit cells can accurately modulate the
phase and amplitude of the electromagnetic (EM) wave
[24–26]. Thus, metasurfaces have been widely applied in
polarization converters, ﬂat lenses, and OAM beam
generators [27–30]. Moreover, the OAM beams generated
by metasurfaces show great performance in terms of pure,
transmissivity, reﬂectivity, and shape of the phase front [31,
32]. Multimode OAM beams can be generated by one single
metasurface [33–36]. However, metasurfaces usually require
at least hundreds of unit cells to obtain an accurate modiﬁcation, which causes great challenges in terms of design and
manufacture. In addition, the divergence angle of the OAM
beam needs to be improved for its practical applications.
Herein, a metasurface antenna is proposed to simplify the
conventional metasurface and decrease the divergence angle
of a generated OAM beam. In the structure of the unit cell,
multilayer ring gaps are used to obtain high transmittance
and enough phase variation for the metasurface design and
OAM beam generation. The phase diﬀerence distributed in
the circle can engender the OAM beam generation, and the
phase gradient in the radial direction is beneﬁcial to decrease
the divergence angle. Here, the phase gradient is innovatively
applied in the OAM generation. The reasonable arrangement
can simultaneously realize the OAM generation and the small
divergence angle. This divergence angle adjustment of the
OAM beam is carried out by the transmitted phase gradient,
which distinguishes our work from other OAM metasurface
designs. The theoretical calculations, simulations, and experiments of the proposed metasurface antennas are performed to
demonstrate the proposed principle. This proposed method
provides a simpliﬁed method to design OAM metasurface
antennas with a small divergence angle.

2. Materials and Methods
The circular slot structure is compact and suitable for steering EM waves with high eﬃciency [37]. It can manipulate
EM waves on the subwavelength scale. Moreover, the multilayer structure is favorable to achieve broadband transparency
and provides enough phase variation due to the coupling

among the cascaded layers, which is essential for the OAM
metasurface antenna design. Thus, this multilayer circular slot
structure is used for the unit cells of the metasurface. Figure 1
illustrates the conﬁguration of the circular slot element. This
unit cell is composed of three metallic layers with a thickness
of 0.018 mm and two dielectric layers with a thickness of
h = 2 mm. Each layer has a side length of p = 12 mm, and
the dielectric layers have a permittivity of 2.65.
The transmission properties of the unit cell are simulated by using the commercial time-domain package CST
Microwave Studio, in which the boundaries are set to be
periodic along the x and y directions. To easily modulate
the phase, the inner radius r is varied and the outer radius
is set to R = 5:8 mm. Figure 2(a) depicts the simulated
transmission intensity and phase diﬀerence for r = 4:58
mm. The red dot line represents 0.7 transmission coeﬃcient. It can be clearly observed that the phase diﬀerence
can be over 360 degrees, while the transmission coeﬃcient
is over 0.7. This characteristic makes the unit cell structure
promising in metasurface design.
Using simulations, a transmission coeﬃcient of unit cells
greater than 0.7 is acquired at 10 GHz for an inner radius
change from 1.5 to 4:7 mm. Thus, the operation frequency
of the metasurface is set to 10 GHz. Referring to the OAM
beam generation method using an antenna array, the
metasurface arranged with unit cells in key positions can
engender the OAM beam. A circular arrangement is usually
used in the antenna array for the OAM beam generation.
Herein, the same distribution mode is adopted. In this distribution mode, more unit cells engender a larger size. However,
a suﬃcient number is essential for the OAM beam generation. Considering the size of each unit cell and the entire
metasurface, eight unit cells are suitable for the smallest
distribution circle with a radius of 18 mm. To generate the
OAM beam, the number of antennas N and phase diﬀerence
Δφ need to satisfy the following condition [38]:
Δφ = l ⋅

2π
,
N

where l is the mode of the OAM beam.

ð1Þ
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Figure 2: (a) Simulated transmission amplitude (black solid line) and phase (blue dashed line) for r = 5:8 mm. (b) Simulated transmission
amplitude (black squares) and phase diﬀerence (blue triangles) of the unit cell with various rn at 10 GHz.
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Figure 3: Schematic illustration of decreasing the divergence angle.

In this study, N = 8 and the phase diﬀerence is determined as Δφ = l · π/4 for the design of the metasurface.
Therefore, eight kinds of unit cells with a 45°-phase diﬀerence
are required. According to the above simulations, these unit
cells are easily found by changing the inner radius r at the
frequency of 10 GHz. As shown in Figure 2(b), the phase of
the transmitted EM wave increases in steps of 45° for the r
set to 4.78 mm, 4.69 mm, 4.58 mm, 4.40 mm, 4.10 mm,
3.57 mm, 2.52 mm, and 1.62 mm in turns.
A horn antenna is often used as an exciting source of
metasurfaces. Nevertheless, the EM wave emitted from a
horn antenna presents a certain divergence angle. This has
to be considered during the design of the metasurface to
avoid repercussions on the transmitted EM wave. As shown

in Figure 3, the red arrows represent the EM wave emitted
from the horn antenna and the green arrows represent the
transmitted EM wave. Both of them have the same divergence angle.
Phase gradient metasurfaces can cause the steering of EM
waves. In our design, the divergence angle issue can be
improved by adding the phase gradient in the radial directions, using the generalized Snell’s law of refraction [39, 40]:
sin ðθt Þnt − sin ðθi Þni =

λ0 dΦ
,
2π dx

ð2Þ

where θt and θi are the angles of refraction and incidence,
respectively, nt and ni are the refractive indices of the two
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Figure 4: Structure models of the metasurface antennas with diﬀerent modes: (a) l = 1, (b) l = −1, (c) l = 2, and (d) l = −2.

media outside the metasurface, λ0 is the vacuum wavelength,
and dΦ/dx is the constant gradient of the phase. In free space,
nt = ni = 1, dΦ/dx = dΦ/p, and the desired divergence angle
engenders θt = 0; thus, the phase diﬀerence can be described
as follows:
dΦ = −sin ðθi Þ ⋅ 2π ⋅

p
:
λ0

ð3Þ

The detailed value of dΦ can be calculated if the setup of
the experiment (incident angle θi ) is known. According to the
above discussion, the variation of the parameter r can also
cause the phase diﬀerence. Moreover, the phase gradient is
distributed in the radial directions, while the phase diﬀerence
of the OAM beam generation is required in the circle direction. These two kinds of phase variations are independent
and can be satisﬁed simultaneously. To satisfy these two
kinds of phase variations, the simulation models of the
metasurface antennas are built and shown in Figure 4.
The side lengths of the entire metasurface antennas with
l = ±1 and ±2 are 200 mm and 240 mm, respectively. The

radius of the ﬁrst distribution circle also increases from
18 mm to 40 mm due to the doubling of the unit cell number.
In our design, there are six unit cells in each radial direction
to ensure the eﬀectiveness of the small divergence angle
(Figures S1 and S2 in the Supporting Information). The
details of the design will be illustrated by the example of the
metasurface antenna with l = +1. In this case, the distance
between the excitation source and the metasurface antenna
is 60 mm. The centers of the unit cells in each radial
direction are arranged in a circle with a radius of 48 mm.
Therefore, the incident angle θi is 38.66°. The period of the
unit cell p is 12 mm, the vacuum wavelength λ0 is 30 mm
(f = 10 GHz). Therefore, the value of dΦ is approximately
equal to −π/2. Besides, the phase diﬀerence Δφ is equal to
π/4. The parameters of every unit cell can be determined
according to the simulated results shown in Figure 2(b).
To verify the eﬀect of the small divergence angle, the
proposed metasurface is compared with a metasurface which
does not present a phase gradient in the radial directions. The
other parameters are the same as the parameters used in the
above description. Both metasurfaces can generate an OAM
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Figure 5: Simulated electric ﬁeld (Ex ) amplitude distribution (a) with and (b) without phase gradient in the radial directions.
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Figure 6: Conﬁgurations, phase distributions (xoy plane), and radiation patterns with modes of (a) l = 1, (b) l = −1, (c) l = 2, and (d) l = −2.

beam with l = +1 at 10 GHz. The simulated electric ﬁeld
amplitude distributions in the xoz plane are shown in
Figure 5. The black strip in the middle of the ﬁgure represents
the metasurface. The lower part of the picture represents the
excitation signal which shows a certain divergence angle. The
four red dashed lines indicate the divergence angles. It can be
clearly observed that the divergence angle of the proposed
metasurface antenna is smaller than that of the other
antenna. In fact, the phase gradient plays a role in decreasing
the divergence angle. Speciﬁcally, the divergence angles in

Figures 5(a) and 5(b) are about 9 degrees and 37 degrees,
respectively. In the calculations of the phase gradient, the
refraction angle θt is set as 0 to implement the desired
divergence angle (θt = 0). The non-zero divergence angle
originates from the natural characteristic of OAM beams.

3. Results and Discussion
Numerical predictions of the phase distributions and radiation
patterns for the proposed metasurface were simulated.The
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Figure 8: (a) Setup of the OAM beam measurement, (b) complete fabricated structure of the metasurface antennas with l = −1 and 2, (c)
measured near-ﬁeld phase distributions of the OAM beams, and (d) measured near-ﬁeld intensity distributions of the OAM beams.

parameters and operation frequency are the same as the ones
indicated in the description in Section 2. For the mode l = ±1,
the phase observation plane with an area of 200 mm × 200
mm is set 300 mm away from the metasurface due to the limitation of the computer resources. For the mode l = ±2, the
observation plane with an area of 600 mm × 600 mm is set
600 mm away from the metasurface.
The simulated results are shown in Figure 6. The ﬁgures
in the ﬁrst row represent the conﬁgurations of the metasurfaces with modes of ±1 and ±2. Here, the same phase diﬀerence Δφ is applied for the generation of OAM beams with
modes of ±1 and ±2. Thus, the number of unit cells is
doubled for the modes of ±2. For convenience, all the phase
gradients dΦ/p are set to the same value of ð−π/2Þ/12. To
achieve the small divergence angle, the positions of the
exciting source should be modiﬁed to obtain the same
incidence angle. The second and third rows of Figure 6
present the phase distributions and radiation patterns of
the generated OAM beams, respectively. The phase distributions exhibit a vortex shape, and the radiation patterns
show a deep pit surrounded by a high-intensity ring, which
satisﬁes the OAM characteristics of l = ±1 and ±2. In addition, the OAM spectrums with diﬀerent modes are shown

in Figure 7. The purities of the desired OAM beams are
over 0.8, which illustrates the quality of the generated
OAM beams.
To verify the above analysis and calculation, an OAM
beam measurement system is designed, and the setup is
depicted in Figure 8(a). Here, a horn antenna connected to
the port 1 of the vector network analyzer (VNA) is used as
the exciting source. As shown in Figure 8(b), two prototypes
of the metasurface antennas with the modes of -1 and 2 are
fabricated and placed in front of the exciting source with
the appropriate distances. Another horn antenna is
connected to the port 2 of the VNA and is used as a receiving
antenna to measure the near-ﬁeld phase and intensity distributions of the generated OAM beams. The measured signals
are then postprocessed by the VNA. The operation frequency
is 10 GHz. Figures 8(c) and 8(d) represent the measured
phase and intensity distributions. These measured results
correspond to the simulated results presented in Figure 6.
However, a small deformation is noted in the measured
results due to errors of machining and experimental operations. The major features, such as spiral-shaped phase distributions and doughnut-shaped intensity distributions, can be
clearly observed. Therefore, the capability of the proposed
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metasurface antenna to generate OAM beams is clearly
demonstrated by this experiment.

4. Conclusion
In summary, we designed a simple metasurface antenna presenting the capacity in generating small-divergency-angle
OAM beams. Herein, the circular arrangement of the unit cells
was adopted in the design of the metasurface. Compared with
the conventional metasurfaces, the circular arrangement
seems more compact in the OAM beam generation, which
greatly simpliﬁes the structure of the traditional metasurface.
The phase gradient in the radial directions was proposed to
decrease the divergence angle of the generated OAM beams.
It successfully allows achieving both the OAM beam generation and the small divergence angle eﬀect. According to the
generalized Snell’s law of refraction, a series of rigorous derivations and calculations were performed. The small divergence angle and OAM beam generation were veriﬁed by
simulations. The simulated electric ﬁeld of the metasurface
antenna with a phase gradient in the radial directions presents
a small divergence angle. Moreover, two prototypes of the proposed metasurface antenna were fabricated, and an experimental platform was designed to validate the eﬀectiveness of
the generation of OAM beams. The simulated and measured
results were in accordance and demonstrate the validity of
the design.

Conflicts of Interest
The authors declare no competing ﬁnancial interests.

Authors’ Contributions
Jianchun Xu and Ke Bi conceived and designed the experiments; Yanan Hao, Chuwen Lan, Zidong Zhang, and Shanguo
Huang performed the experiments; Xiaojun Zhai and Klaus
D. McDonald-Maier contributed materials/analysis tools;
and Jianchun Xu and Ke Bi wrote the paper.

Acknowledgments
The authors acknowledge the support of the National Natural
Science Foundation of China (Grant Nos. 61774020,
51788104, 51802023, 61690195, 61605015, 61575028,
51532004, and 51802021), the Science and Technology Plan
of Shenzhen City (Grant No. JCYJ20180306173235924), and
the Ph.D. Student’s Short-Term Overseas Study and
Exchange Program of BUPT.

Supplementary Materials
Fig. S1: (a) conﬁgurations, (b) phase distributions (xoy
plane), and (c) radiation patterns with diﬀerent numbers of
unit cells in the radial direction. Fig. S2: (a) prototypes of
the metasurface antennas, (b) measured phase distributions
(xoy plane), and (c) measured near-ﬁeld amplitude distributions with diﬀerent numbers of unit cells in the radial direction. (Supplementary Materials)

7

References
[1] S. M. Mohammadi, L. K. Daldorﬀ, J. E. S. Bergman et al.,
“Orbital angular momentum in radio—a system study,” IEEE
Transactions on Antennas and Propagation, vol. 58, no. 2,
pp. 565–572, 2010.
[2] Z. Qiao, G. Xie, Y. Wu et al., “Generating high-charge optical
vortices directly from laser up to 288th order,” Laser & Photonics Reviews, vol. 12, no. 8, article 1800019, 2018.
[3] J. Chen, X. Chen, T. Li, and S. Zhu, “On-chip detection of
orbital angular momentum beam by plasmonic nanogratings,” Laser & Photonics Reviews, vol. 12, no. 8, article
1700331, 2018.
[4] Z. Y. Wang, X. Y. Fu, Z. D. Zhang et al., “Paper-based metasurface: turning waste-paper into a solution for electromagnetic
pollution,” Journal of Cleaner Production, vol. 234, pp. 588–
596, 2019.
[5] B. Thidé, H. Then, J. Sjöholm et al., “Utilization of photon
orbital angular momentum in the low-frequency radio
domain,” Physical Review Letters, vol. 99, no. 8, article
087701, 2007.
[6] J. Xu, M. Zhao, R. Zhang et al., “A wideband F-shaped
microstrip antenna,” IEEE Antennas and Wireless Propagation Letters, vol. 16, pp. 829–832, 2017.
[7] J. Y. Yin, J. Ren, L. Zhang, H. Li, and T. J. Cui, “Microwave
vortex-beam emitter based on spoof surface plasmon polaritons,” Laser & Photonics Reviews, vol. 12, no. 3, article
1600316, 2018.
[8] J. Wang, J. Y. Yang, I. M. Fazal et al., “Terabit free-space data
transmission employing orbital angular momentum multiplexing,” Nature Photonics, vol. 6, no. 7, pp. 488–496, 2012.
[9] J. Zheng, A. Yang, T. Wang et al., “Wavelength-switchable
vortex beams based on a polarization-dependent microknot
resonator,” Photonics Research, vol. 6, no. 5, p. 396, 2018.
[10] X. Gao, S. Huang, Y. Wei et al., “An orbital angular momentum radio communication system optimized by intensity
controlled masks eﬀectively: theoretical design and experimental veriﬁcation,” Applied Physics Letters, vol. 105, no. 24,
article 241109, 2014.
[11] O. Edfors and A. J. Johansson, “Is orbital angular momentum
(OAM) based radio communication an unexploited area?,”
IEEE Transactions on Antennas and Propagation, vol. 60,
no. 2, pp. 1126–1131, 2012.
[12] M. Oldoni, F. Spinello, E. Mari et al., “Space-division demultiplexing in orbital-angular-momentum-based MIMO radio
systems,” IEEE Transactions on Antennas and Propagation,
vol. 63, no. 10, pp. 4582–4587, 2015.
[13] S. Chen, Y. Cai, G. Li, S. Zhang, and K. W. Cheah, “Geometric
metasurface fork gratings for vortex-beam generation and
manipulation,” Laser & Photonics Reviews, vol. 10, no. 2,
pp. 322–326, 2016.
[14] J. Chu, D. Chu, and Q. Smithwick, “Encoding and multiplexing of 2D images with orbital angular momentum beams and
the use for multiview color displays,” Research, vol. 2019, article 9564593, 11 pages, 2019.
[15] L. Marrucci, “Spinning the Doppler eﬀect,” Science, vol. 341,
no. 6145, pp. 464-465, 2013.
[16] P. T. Xie, Z. D. Zhang, Z. Y. Wang, K. Sun, and R. Fan,
“Targeted double negative properties in silver/silica random
metamaterials by precise control of microstructures,”
Research, vol. 2019, article 1021368, 11 pages, 2019.

8
[17] F. Tamburini, E. Mari, A. Sponselli, B. Thidé, A. Bianchini, and
F. Romanato, “Encoding many channels on the same frequency through radio vorticity: ﬁrst experimental test,” New
Journal of Physics, vol. 14, no. 3, article 033001, 2012.
[18] J. C. Xu, Y. N. Hao, K. Bi, R. Zhang, S. G. Huang, and J. Zhou,
“Microwave orbital angular momentum beam generation
based on circularly polarized metasurface antenna array,”
Engineered Science, vol. 6, pp. 30–35, 2019.
[19] E. Mafakheri, A. H. Tavabi, P. H. Lu et al., “Realization of electron vortices with large orbital angular momentum using
miniature holograms fabricated by electron beam lithography,” Applied Physics Letters, vol. 110, no. 9, article 093113,
2017.
[20] Z. Li, W. Liu, Z. Li et al., “Tripling the capacity of optical
vortices by nonlinear metasurface,” Laser & Photonics Reviews,
vol. 12, no. 11, article 1800164, 2018.
[21] L. Qiang, Z. N. Chen, Y. Liu, F. Li, Y. Chen, and Z. Mo, “Circular
polarization and mode reconﬁgurable wideband orbital angular
momentum patch array antenna,” IEEE Transactions on Antennas and Propagation, vol. 66, no. 4, pp. 1796–1804, 2018.
[22] H. Xu, K. Bi, Y. Hao et al., “Switchable complementary
diamond-ring-shaped metasurface for radome application,”
IEEE Antennas and Wireless Propagation Letters, vol. 17,
no. 12, pp. 2494–2497, 2018.
[23] X. Wan, X. Shen, Y. Luo, and T. J. Cui, “Planar bifunctional
Luneburg-ﬁsheye lens made of an anisotropic metasurface,”
Laser & Photonics Reviews, vol. 8, no. 5, pp. 757–765, 2014.
[24] A. Tittl, A. Leitis, M. Liu et al., “Imaging-based molecular barcoding with pixelated dielectric metasurfaces,” Science,
vol. 360, no. 6393, p. 1105, 2018.
[25] Y. Li, J. Zhang, S. Qu et al., “Wideband radar cross section
reduction using two-dimensional phase gradient metasurfaces,”
Applied Physics Letters, vol. 104, no. 22, article 221110, 2014.
[26] S. L. Jia, X. Wan, D. Bao, Y. J. Zhao, and T. J. Cui, “Independent controls of orthogonally polarized transmitted waves
using a Huygens metasurface,” Laser & Photonics Reviews,
vol. 9, no. 5, pp. 545–553, 2015.
[27] E. Arbabi, A. Arbabi, S. M. Kamali, H. Yu, and A. Faraon,
“Multiwavelength polarization-insensitive lenses based on
dielectric metasurfaces with meta-molecules,” Optica, vol. 3,
no. 6, pp. 628–633, 2016.
[28] E. Karimi, S. A. Schulz, I. D. Leon, H. Qassim, J. Upham, and
R. W. Boyd, “Generating optical orbital angular momentum
at visible wavelengths using a plasmonic metasurface,” Light:
Science & Applications, vol. 3, no. 5, article e167, 2014.
[29] Y. F. Yu, A. Y. Zhu, R. Paniagua-Dominguez, Y. H. Fu,
B. Luk'yanchuk, and A. I. Kuznetsov, “High-transmission
dielectric metasurface with 2π phase control at visible wavelengths,” Laser & Photonics Reviews, vol. 9, no. 4, pp. 412–
418, 2015.
[30] Z. Cheng, C. Pfeiﬀer, T. Jang et al., “Breaking Malus’ law:
highly eﬃcient, broadband, and angular robust asymmetric
light transmitting metasurface,” Laser & Photonics Reviews,
vol. 10, no. 5, pp. 791–798, 2016.
[31] S. Yu, L. Li, and G. Shi, “Dual-polarization and dual-mode
orbital angular momentum radio vortex beam generated by
using reﬂective metasurface,” Applied Physics Express, vol. 9,
no. 8, article 082202, 2016.
[32] X. Ma, M. Pu, X. Li et al., “A planar chiral meta-surface for
optical vortex generation and focusing,” Scientiﬁc Reports,
vol. 5, article 10365, 2015.

Research
[33] S. Yu, L. Long, G. Shi, C. Zhu, and Y. Shi, “Generating multiple
orbital angular momentum vortex beams using a metasurface
in radio frequency domain,” Applied Physics Letters, vol. 108,
no. 24, article 241901, 2016.
[34] X. J. Fu and T. J. Cui, “Recent progress on metamaterials: from
eﬀective medium model to real-time information processing
system,” Progress in Quantum Electronics, vol. 67, article
100223, 2019.
[35] C. Liu, K. Pang, Z. Zhao et al., “Single-end adaptive optics
compensation for emulated turbulence in a bi-directional
10-Mbit/s per channel free-space quantum communication
link using orbital-angular-momentum encoding,” Research,
vol. 2019, article 8326701, 10 pages, 2019.
[36] L. Q. Jing, Z. J. Wang, X. Lin et al., “Spiral ﬁeld generation in
Smith-Purcell radiation by helical metagratings,” Research,
vol. 2019, article 3806132, 8 pages, 2019.
[37] Z. Wei, Y. Cao, X. Su, Z. Gong, Y. Long, and H. Li, “Highly eﬃcient beam steering with a transparent metasurface,” Optics
Express, vol. 21, no. 9, pp. 10739–10745, 2013.
[38] K. Liu, H. Liu, Y. Qin et al., “Generation of OAM beams using
phased array in the microwave band,” IEEE Transactions on
Antennas and Propagation, vol. 64, no. 9, pp. 3850–3857, 2016.
[39] N. Yu, G. Patrice, M. A. Kats et al., “Light propagation with
phase discontinuities: generalized laws of reﬂection and refraction,” Science, vol. 334, no. 6054, pp. 333–337, 2011.
[40] X. Ni, N. K. Emani, A. V. Kildishev, A. Boltasseva, and V. M.
Shalaev, “Broadband light bending with plasmonic nanoantennas,” Science, vol. 335, no. 6067, p. 427, 2012.

