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Recently, tremendous attention has been focused on the vortex
electromagnetic waves for their potential to increase the data
transmission rate in modern communications. The spiral phase
front of the vortex beam carries orbital angular momentum
(OAM). Theoretically, OAM has an infinite number of
eigenstates that are orthogonal to each other. This
orthogonality of OAM modes can be used as a diversity
resource for increasing the communication channel capacity
[1]. Moreover, since the vortex beam is a localized wave that
carries orbital angular momentum OAM, it is suitable for
several other applications as well, such as small particle
tweezing, and high accuracy short-range imaging.
Vortex beams have a progressive helical phase of exp(ilϕ), in
which ϕ is the azimuthal transverse angle and l is the
topological charge which is an unbounded positive or negative
integer that determines the mode of the OAM [2].
Several techniques have been recently proposed for vortex
beam generation, including circular phased-array antenna [3],
open cylindrical resonant cavity [4], and spiral-phase plates
[5]. The non-planar spiral phase-plate in [1] utilizes machined
helical dielectric cylinders. The reflectarray presented in [2]
has a planar structure and consists of two fully metallic plates
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This paper presents a concept to generate vortex beams and
their inter-mode conversion into each other using
transmitarrays (TAs) consisting of circularly polarized
elements. The novel circularly polarized unit-cell operates
between 22.5-23.5 GHz of the ka-band. The novel presented
unit cell has a compact profile and composed of three
identical metallic sections which are placed on top and
between a double-layer dielectric substrate. The designed
TAs are composed of 12 × 12 elements, in which each unitcell is rotated individually in order to generate the related
phase distribution of the desired vortex mode. Through
rotation of the unit-cells a full 360-degree spiral phase
progression on the TA can be obtained. Using several TAs
with different phase distributions, the mode of the resultant
propagating vortex wave can be changed in space. The
simulated results for vortex beams of modes 1, 2, and 3 show
desirable inter-mode conversion.

but it suffers from the blockage problem which is a common
issue in all center-fed reflectarray based designs. The
perforated dielectric spiral-phase plate in [5] works as a TA in
order to generate the desired spiral phase distribution.
However, substrate perforation requires drilling holes with
various diameters on dielectric materials which can be a
challenging and time-demanding process.
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Figure 1. The concept of inter-mode conversion for vortex
beams
In this paper, in order to generate vortex beams of various
modes, planar TAs based on printed circuit board technology
(PCB) are utilized. In the design of all TAs, a single unit-cell
is used as the array element. The required phase distribution is
obtained by rotating the individual unit-cells employed on the
array. The designed TAs are capable of generating vortex
beams with various OAM modes, while having a compact and
planar structure. Then, the inter-mode conversion of the
vortex beams in space is achieved by integrating and
combining multiple TAs into the wave transmission system.
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Discussion

The OAM carrying vortex beam has unique properties that can
be used in various applications. However, vorticity generation
using a compact and small size device can be a challenging
task, especially for higher-order modes. The mode state of the
helical phase front of vortex beams which is determined by l
in exp(ilϕ), is corresponding to the number of times that the
wave experiences full 360° phase rotation on a plane
transverse to the direction of propagation, for example, a

vortex beam of mode 2 shows two 360° rotations at any
transverse plane of observation. This means that in order to
generate higher-order vortex beams with acceptable phase
alteration resolution by a single spiral-phase device, larger
apertures with denser elements distribution on the device must
be employed. However, other techniques and measures can be
employed and investigated in order to mitigate this drawback.
In this paper, we propose and discuss the multi-stage in space
inter-mode conversion of vortex beams in order to achieve
higher-order mode distributions. The concept of this method
is illustrated in Fig. 1. As can be observed in this figure, at the
first stage, a spiral-phase alteration of nth mode is imposed to
the plane wave by passing it through a TA with the required
phased distribution on its aperture. Then at the next stage, the
resultant nth order vortex beam is passed through another TA
of mth mode, which in turn changes the spiral-phase
distribution of the propagating wave and consequently the
wave leaving the second TA will be a vortex beam of (n+m)th
mode. This procedure can be continued and performed several
times in order to generate any desirable inter-mode conversion
of a vortex beam. The design procedure and the achieved
results for the proposed technique are presented and discussed
in the next sections.
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and 2b, respectively. According to these results, the unit-cell
is able to change the hand of circular polarization of the
incident wave and also by its rotation, a full range of 360°
phase shift is achievable. The insertion loss for all rotation
angles of unit cell is less than 1.78 dB which is acceptable.
Table 1. Design parameters for unit-cell
ell
Parameter Value Parameter Value
LSub
8 mm
R1
2.2 mm
R2
1.1 mm
W1
1.1 mm
W2
0.8 mm
W3
1.4 mm
W4
0.2 mm
W5
0.5 mm
β
47º

-1.78 dB

Designs and Results
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The phase of a wave passing through a unit-cell can be
controlled by rotating the unit cell about its origin, if two
criteria are satisfied. First, the unit-cell must be illuminated by
a circularly polarized (CP) wave, and second, the hand of the
polarization must change while passing through the unit cell.
Then according to the calculus in [2] it can be shown that
through rotating the unit cell about its origin by an angle of θr
a phase shift of φ = 2×θr will occur in the phase of the
transmitted wave.
y
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Figure 3. Simulated results for unit-cell with the rotation of
the unit-cell for normal incidence of CP waves (“output”
and “input” indicate the polarization of the transmitted and
incident waves, respectively), (a) transmission amplitude,
and (b) transmission phase.
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Figure 2. Proposed circular polarization converter unit-cell
CST Microwave Studio software is used for simulation
studies. Fig. 1 illustrates the geometry of the proposed circular
polarization converter unit-cell and its design parameters are
provided in Table 1. The unit cell consists of two dielectric
substrates (thickness of 1.575 mm and dielectric constant of
2.2) and three metallic sections are placed symmetrically
above the substrates and between them. The simulation results
at 23 GHz for amplitude and phase of the transmitted wave as
a function of the unit-cell rotation angle when it is illuminated
by normal circularly polarized waves are depicted in Figs. 2a

Several TAs consisting of 12 × 12 elements for the generation
of vortex beam with various OAM modes are designed based
on the proposed unit-cell. For the generation of a vortex beam
with a topological charge of l = 1, the unit cells were rotated
along with their origin based on Equation (1) [2]:
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nulls in its center which are equal to the vortex beam.
Moreover, as depicted in Fig. 3e, the phase of the radiation
pattern for mode 1 experiences a single 360° variation on the
transverse plane to the propagation direction, while the result
for mode 2 reveals two full 360° phase rotation on the
transverse plane.
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Figure 4. Simulated farfield phase distribution on the u-v
plane for various TAs in Fig. 3.
This can be more clearly distinguished in Fig. 4, where the
phase of the radiation patterns is plotted on the u-v plane.
Consequently, it can be concluded that the designed TAs
based on the proposed unit-cells are able to generate vertex
beams of various modes by only changing the unit-cell
elements rotation angles (θr).
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Figure 3. Designed vortex beam generator TAs based on the
proposed unit-cell and simulated farfield results at 23 GHz:
(a) mode 1 TA, (b) mode 2 TA, (c) 3D farfield radiation
pattern for mode 1, (d) 3D farfield radiation pattern for mode
2, and (e) farfield radiation pattern phase distribution for
modes 1 and 2.

Additionally, the polar radiation pattern at two other
frequencies for the TAs in Fig. 3 are presented in Fig. 5 and
based on these results the designed TAs have consistent
behavior through their frequency band of operation.

The simulated farfield results for designed vortex beam
generator TAs of mode 1 and 2 are depicted in Fig. 3. As can
be observed in Fig. 3, the radiation pattern for mode 1 has a
null at its center while the radiation pattern for mode 2 has 2

At the next step of this study, the integration of two TAs
together and the possibility of generating a combined mode
are investigated. Based on the configuration illustrated in Fig.
1, two different combinations are considered.

Figure 5. Polar radiation pattern for TAs in Fig. 3 at phi =
90°.

l = 1 and a mode l = 2 spiral phase TAs). The results in Figs.
6 a-d show that integrating two spiral TAs of mode l = 1, a
vortex beam of mode l = 2, can be effectively generated in
space.
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The consequent beam characteristics depicted in Figs. 6 c-d
show that the generated output beam has two nulls in its
radiation pattern and also the phase variation experiences two
fully covered 360º coverage which both verify the generation
of vortex beam of mode 2. The corresponding results in Figs.
6 e-h verifies the generation of mode l = 3 OAM by combining
a TA of mode 1 with a TA of mode 2. The results depicted in
Figs. g-h show that there exist three nulls in the radiation
pattern while the phase of the radiation pattern experiences
three full 360º variation on the transverse plane to the direction
of the propagation.
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Conclusion

In this paper the generation of vortex beams using
transmitarrays has been discussed. Moreover, a method based
on the integration of multiple transmitarrays for the intermode conversion of vortex beams in space has been proposed.
The performed simulations show that by utilizing the
proposed method, various OAM modes can be generated and
altered just by implementing various transmit arrays with
different aperture phase distributions. Vortex beam carrying
angular momentum can be a good and promising solution to
several modern applications such as high data rate
communication systems and high-resolution imaging systems
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