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Generation of orbital angular momentum and focused beams
with tri-layer medium metamaterial∗
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We propose a metal/dielectric tri-layer metamaterial for wavefront shaping. By arranging the element in an array with
a constant phase gradient and irradiated it with a plane wave, focused and focused vortex beams can be obtained. The
designed metamaterial features the excellent capability of focused/focused vortex beams generation within the operating
frequency range of 30 GHz–34 GHz. The simulation results are consistent with the theoretical analyses.
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1. Introduction
Metamaterial, a kind of synthetic material, has mate-

rial properties including negative refraction, electromagnetic
cloaking which are not available in natural materials.[1,2] Di-
electric/metal metamaterials allows tailored electromagnetic
properties flexibly and effectively such as amplitude and phase
by controlling the size, shape, and relative arrangement of
it.[3–5] Few-layered metamaterials have shown excellent elec-
tromagnetic properties for wavefront shaping.

Firstly, we designed an array for generating a focused
vortex beam[6,7] carrying orbital angular momentum (OAM).
The orbital angular momentum carried is one of the fun-
damental physical properties of electromagnetic waves.[8]

With various orthogonal OAM modes, vortex beams can
greatly increase the information capacity.[9] Therefore, vor-
tex beams have recently been considered for high-capacity
communications.[10,11]

There are several conventional methods of generating
vortex waves, such as spiral phase plate, antenna arrays,[12,13]

holographic diffraction gratings,[14] circular traveling-wave
antenna,[15–17] circular polarized patch,[18] dielectric resonate
antenna, [19–22] and multi-arm spiral patch.[23] However, these
systems are bulky and could not be integrated.[24,25] Therefore,
optical metamaterials have attracted progressively increasing
attention because of the advantages of compactness, unprece-
dented ability to modulate electromagnetic waves, and low
cost.[26]

In addition, we have fabricated a tri-layered metamate-
rial to generate a focused beam. In recent years, reflectors
and lens antenna focusing are the main means of electromag-
netic focusing. However, both of them have advantages and
disadvantages.[27,28] The focal spot of the reflector focusing
antenna is tiny, but its working efficiency is low due to the

feed shielding and is generally bulky.[29,30] Although the lens
focusing antenna has no feed shielding loss, its protruding lens
structure is not suitable for some flat antenna. In conclusion,
designing a low-profile, high-density, and small-volume meta-
material plays a significant role in accelerating the develop-
ment of nanophotonics technology.[31–36]

In this paper, we have designed a metamaterial element
that covers the full phase range by adjusting the parameters.
We achieved effective simulation results by making use of a
few unit cells. Our focusing metamaterial exhibits a measured
gain of 25 dBi and focused vortex array achieved a working
efficient of 85% at the central operating frequency of 32 GHz.
The simulation results show consistency with the analysis and
reach the design expectation.

2. Geometries of unit and metamaterial design
In our case, we use three layers of aluminum (Al) and

two dielectric substrates for the design of the metamaterial el-
ement. During early design phase, we have considered other
structures, such as single layer and other multi-layer. How-
ever, after simulated, we found that the single-layer metasur-
face cannot cover 2π phase in the frequency we designed,
and other multi-layer metamaterials’ transmission efficiency is
low. Finally, we adopted the three-layers metamaterial. Con-
cerning Fig. 1, the period length of the unit cell is p = 3 mm.
The thickness d1 of each Al layer is 0.035 mm and perforated
with two arrays of coaxial annular apertures (CAAs). The di-
electric layer has a thickness of d2 = 0.8 mm and a permittivity
of 2.0. After repeated simulations, the outer radius of the outer
ring and the inner radius of the inner ring are respectively fixed
at 1.5 mm and 0.1 mm. Then we adjusted the inner radius a of
the outer ring to obtain the full range of phases. The outer ra-
dius b is one half of a. The plane waves are propagating along
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+z direction, by tuning the radius of CAAs, the transmitted
waves are refracted in the prescribed direction to generate fo-
cused or OAM beams.

b 

a 

. 

P 

d2

d1

(a) (b) 

Fig. 1. (a) Scheme of the unit used in the design, (b) top view of the unit.

Table 1. The radius a corresponding to the phase and transmission am-
plitude of our designed model.

a/mm Transmission phase/(◦)
Theoretical transmission

Amplitude
phase/(◦)

1.4 –156.0 –157 0.73
1.347 –110.0 –112 0.75
1.121 –66.2 –67 0.79
0.997 –21.5 –22 0.82
0.924 22 23 0.86
0.868 68.3 68 0.88
0.794 112 113 0.92
0.732 156 158 0.93

We start by investigating the transmission of the prototype
of a tri-layered metamaterial concerning the different inner
radii of CAAs. As shown in Table 1 and Fig. 2, when a ranges
from 0.732 mm to 1.4 mm, the phase decreases smoothly from
158◦ to −157◦. As an efficient resonant unit, it provides full

control of the phase of the transmitted wave without sacrific-
ing the transmittance.

Arbitrary phase distribution can be obtained by reason-
ably arranging the unit cells with different radius. To obtain
the focused or OAM beams, eight phases with 45◦ difference
are selected to form the metamaterial array. Here are the val-
ues of a corresponding 8 phases and transmission amplitudes
at 32 GHz.
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Fig. 2. The radius a corresponding to the phase shift and transmission am-
plitude at 32 GHz.

In this paper, eight CAAs with different radii are selected
to form the focused metamaterial. The radius a decreases from
inside out from 1.4 mm in region one to 0.732 mm in re-
gion eight, corresponding to the phase increases from −157◦

to 158◦. Then for the focused vortex metamaterial, the array
is also split into eight regions. The phase linearly increases
from −157◦ in region one to 158◦ in region eight clockwise
with a fixed increment of 45◦. The schematic diagram of the
metamaterials are shown in Fig. 3.
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Fig. 3. Panels (a) and (b) are the planes of focused and focused vortex metamaterial, panels (c) and (d) are the three-dimensional (3D)
view of metamaterial arrays.

3. Simulation and analysis
The theoretical predictions stated above are verified by CST simulations. We characterize the near-field and far-field EM

performances of metadevices. The designed focused metamaterial is excited by a plane wave in the x–y plane. Firstly, we
characterize the focused metamaterials’ property.

Referring to the simulated electric and far-field distribution as shown in Fig. 4, we can clearly see the focused metamaterial
perfectly focused the beam at the focal point which are about 15 mm away from the metamaterial with a high gain. The results
show that the focused wave can be generated effectively from 30 GHz to 34 GHz, which works best at 32 GHz. We also
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plot two-dimensional (2D) gain patterns at different frequencies for the sake of clarity to show the performance of the focused
metamaterial. As shown in Fig. 5, the device achieved a total gain of about 25 dBi from 30 GHz to 34 GHz. Moreover, the side
lobe is small indicating good collimation of the radiative power along the z axis from the feed source and the far-field results
further verify the characteristic of the focused metamaterial.
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Fig. 4. (a)–(c) Focused electric field distribution of the y–z plane at 30, 32, and 34 GHz. (d)–(f) Focused electric field distribution of the x–y plane at 30,
32, and 34 GHz. (g)–(i) Focused far-field pattern of the metamaterial at 30 GHz, 32 GHz, and 34 GHz.
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Fig. 5. (a)–(c) Simulation gains at 30 GHz, 32 GHz, and 34 GHz.

Secondly, we calculated the radiation performances of
OAM focused vortex beam. The generation of OAM beam
requires to combine the initial phase and the spiral phase. For
position A (x,y) on the array, the initial phase ϕ1 which radi-
ated by feed source can be calculated as

ϕ1 =
2π

λ

(√
x2 + y2 +d2 −d

)
+ϕ0 (1)

with d being the focal length, ϕ0 being the reference phase,
and λ is the wavelength of our design frequency. Here we set
ϕ0 = 0◦ and d = 15 mm. The second part of the calculation is
in order to make the beam carry the spiral phase, and it can be
expressed by the following formula:

ϕ2 = l · arctan
(

x
y

)
, (2)

where l is the mode number of topological charge and we
choose l = 1. Thus, the total phase distribution transmitted
by metamaterial can be simplified to

ϕOAM = ϕ1 +ϕ2. (3)

Then, the phase distributions for l = 1 are shown in Figs. 6(a)–
6(c).

After simulating calculation, we simulated its far-field
property by CST. In general, the far-field refers to the spatial
range with the feed source as the center and the radius beyond
three times of the wavelength. In this paper, the wavelength
ranges from 8 mm to 10 mm. We used linearly polarized plane
waves as the feed source. Referring to the electric field energy
distributions and phase profiles (35 mm behind the metamate-
rial) which recorded by a field monitor at x–y plane as shown
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in Figs. 6(d)–6(i), our simulation intuitively displays the un-
precedented performance of the metamaterial.

As expected in the operating frequency, the amplitude in-
tensity of focused vortex beams at the centre is the minimum,
due to the vector singularity, thus showing their capability of
converting plane waves into focused vortex beams. Based on
the simulation results, we can calculate the working efficiency
of the focused vortex beam which is defined as the ratio of the

power within the focused vortex beam to that of the incident

wave. Therefore, the numerical efficiencies we measured are

more than 85% for all the frequencies varied from 30 GHz to

34 GHz. This lays a foundation for the further study of the

wireless communication system. In this paper, we only take

the mode number l = 1 as an example to illustrate the effi-

ciency and feasibility of the metamaterial.
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Fig. 6. (a) Incident initial phase; (b) spiral phase; (c) total phase; (d)–(f) Focused vortex electric field distribution at 30, 32 and 34 GHz; (g)–(i)
Simulation results of focused vortex phase at 30 GHz, 32 GHz, and 34 GHz.

4. Conclusion
In conclusion, we arranged the metamaterial unit cells in

concentric circles or distributed in 8 quadrants by gradient,
and proposed a simple design which is based on the metama-
terial to generate focused beam and focused vortex wave at
30 GHz–34 GHz. We improve the working efficiency by de-
liberately selecting the geometric parameters of the unit cell,
the locations of CAAs at different layers, and the arrangement
of the phase gradient. The simulation results agree well with
the theoretical prediction. The designed metamaterials sam-
ple exhibits excellent capabilities of focused and focused vor-
tex beams generation. To sum up, the proposed metamaterials
provide a new method in the application of communication
systems.
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