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We propose a cylindrical conformal transmitted metasurface for orbital angular momentum vortex wave generation.
Formulas for calculating the phase distributions of cylindrical conformal transmitted metasurface is presented. A prototype
of the proposed conformal transmitted metasurface is designed, fabricated and measured. Measured results shows that the
proposed conformal transmitted metasurface can effectively generate vortex waves, which verifies the effectiveness of our

method. The proposed method may pave the way of vortex wave generation with cylindrical conformal devices.
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1. Introduction

With the rapid development of wireless communication
technology, data transmission rates in areas such as big data
and cloud computing are growing exponentially. It is a matter
of the utmost urgency to improve capacity of wireless com-
munication systems with limited spectrum resource. Vortex
waves carrying orbital angular momentum (OAM) are ex-
pected to solve this issue.!!! It can simultaneously transmit
multiple orthogonal modes in the same channel without in-
creasing the bandwidth, which can provide an extra dimen-
sion for the information modulation.”! OAM vortex waves are
characterized by a wavefront phase factor as exp(i/@), where
¢ is the azimuth angle, and / is the OAM mode number. Es-
pecially, the OAM mode number / can be arbitrary, and differ-
ent modes are orthogonal to each other without interference.
Therefore, using OAM modes for encoding and multiplexing
can greatly improve spectrum utilization and increase channel
capacity in optic domain and radio domain,>#! also enhance
wireless data transmission rate and reduce the crosstalk in ra-
dio domain.P! In addition, OAM vortex waves can be used
to elevate target detection in radar applications and research
has shown that OAM vortex waves can improve resolution of
radar imaging.[%7! Now, radio vortex waves have become a hot
topic. How to efficiently generate OAM vortex waves is a key
issue widely concerned by researchers.

OAM was originally studied in optics. Until 2007, Thidé
et al. introduced OAM from optics to radio frequency.'®! In
2012, the first experiment of OAM communication in radio do-
main was implemented successfully.[* At present, researchers
have proposed a variety of antennas for generating OAM
waves, such as spiral phase plates,®! spiral reflectors,!'% cir-
cular arrays,['! traveling wave antennas,['?! dielectric reso-
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nant antennas, '3 and metasurfaces.[142%1 In particular, there
are two types of metasurfaces: reflective metasurfaces!>!]
22231 Compared with reflective
metasurfaces, transmitted metasurfaces can reduce blockage
of feed antennae.

and transmitted metasurfaces. !

Researchers have shown that transmit-
ted metasurfaces can effectively generate OAM vortex waves.
However, the generated OAM vortex waves are all in planar
structures.

Recently, metasurfaces studies have gradually extended
from the planar to the conformal.’?*-2° Conformal transmit-
ted metasurfaces can fit the shape of various installation plat-
forms. Due to advantages of conformal transmitted metasur-
faces, they have attracted great attention. A 3-bit double-
layer conformal transmitted metasurface with high aperture
efficiency is reported for generating high gain waves. *° How-
ever, the generation of OAM vortex waves with conformal
transmitted metasurfaces has not yet been discussed. There-
fore, in this paper we propose a design of cylindrical con-
formal transmitted metasurface for generation of OAM vor-
tex waves. A theoretical formula of phase distribution to gen-
erate OAM vortex waves is derived with cylindrical confor-
mal transmitted metasurfaces. A prototype of the cylindrical
conformal transmitted metasurface is design, fabricated and
measured. The OAM vortex wave is effectively generated by
the conformal transmitted metasurface, which verifies the pro-
posed theoretical formula and the feasibility of the conformal
configuration.

2. Conformal transmitted metasurface design

Consider a cylindrical transmitted metasurface fed by a
horn antenna to generate OAM waves, as shown in Fig. 1.
Here, wug represents the propagation direction of the main
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wave, T, is the position vector at the mn-th unit cell, and
r¢ represents the position vector of the feed horn. &, is the
required phase shift value of mn-th element on the transmitted
metasurface,

Dy = 1 Qyun + ko [|rmn_rf|+"'mn'u0+d:| ) (1)

where [ is the OAM mode number, kg is the wave number
in free space, @, is the azimuth angle of mn-th unit cell,
and d is the distance from the mn-th element of the cylin-
drical transmitted metasurface to the reference plane. Equa-
tion (1) is the proposed formula to calculate the phase distribu-
tions of the cylindrical conformal transmitted metasurface for
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generation of OAM vortex waves.

The unit cell of the transmitted metasurface is printed on a
substrate with double-layer metal-clad fractal squares and four
metal vias connecting the two metal layers, as shown in Fig. 2.

Fig. 2. The unit cell of the transmitted metasurface.
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Fig. 3. Magnitude and phase of transmission coefficient with different L.
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Fig. 4. The bending angle analysis of the conformal transmitted metasurface, (a) the geometry of the conformal transmitted metasurfaces with
different bending angles, (b) the simulation results of the electric field phase distributions with different bending angles, (c) the simulated 3-D
far-field radiation patterns of the metasurfaces with different bending angles.
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The length of the outer square is L, and the length of the
center square is 0.25L. The distance from the original point O
to center of via holes is r. The size of the transmitted meta-
surface unit cell is 6.2 mmx6.2 mmx2 mm. The substrate
is Wangling F4B teflon woven glass fabric copper-clad lami-
nates with dielectric constant & = 2.65 and dissipation factor
tand = 0.003. The simulated transmission coefficient of the
unit cell is shown in Fig. 3. When changing L from 0.8 to
2.6 mm, the transmitted element has a wide transmission phase
shift range of 363.2°. The transmission phase shift range is
from —100.6° to —463.2° with transmission magnitude below
—1.6 dB.

In order to analysis the bending angle influence of the
conformal transmitted metasurface, we generate vortex waves

Z,
i Y =1 =2 =3
X. . .

at different bending angles with the fixed OAM mode / = 1.
Figure 4(a) shows the geometry of the conformal transmitted
metasurfaces with different bending angles on the X OZ plane.
Here, sizes of the metasurfaces are the same, whereas the dis-
tances from feed horns to the metasurfaces are difference. The
working frequency is set at 24.125 GHz. Figure 4(b) shows the
simulation results of the electric field phase distributions with
different bending angles. Figure 4(c) shows the simulated 3-D
far-field radiation patterns of the metasurfaces with different
bending angles. We find that the larger bending angle of the
metasurface will cause the worse far-field radiation pattern and
electric field phase distributions of the generated OAM vortex

wave.

Fig. 5. The cylindrical conformal transmitted metasurface distributions with different OAM modes.
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Fig. 6. Simulation result of the cylindrical conformal transmitted metasurfaces of different OAM modes (a) electrical field phase distributions
on the observational plane, (b) 3-D far-field radiation patterns.

We further choose the bending angle of 67.5° to verify
our conformal transmitted metasurface design, where the dis-
tance between the feed horn and the cylindrical transmitted
metasurface is 105 mm. A cylindrical transmitted metasur-
face with 20 x 20 elements operating at 24.125 GHz is de-

—180°

signed. The size of the observation plane is 400 mm x400 mm
at z = 1.5 m. Based on Eq. (1), the phase distributions on
the cylindrical conformal transmitted metasurface with dif-
ferent OAM modes can be calculated. By compensating the
phase distributions with corresponding transmitted unit cells,
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we can obtain topologies of cylindrical conformal transmitted
metasurfaces, as shown in Fig. 5. The simulated electric field
phase distributions of different OAM modes on the observa-
tion plane is shown in Fig. 6(a), where the characteristics of
different OAM modes can be easily recognized. Figure 6(b)
shows the simulated 3D far-field radiation patterns of different
OAM modes, and a key feature of OAM wave amplitude null
can also be observed. Simulation results verify that the pro-
posed cylindrical conformal transmitted metasurface can ef-
fectively generate OAM vortex waves.

3. Experimental verification

In order to verify the above analysis, a prototype of the
proposed cylindrical transmitted metasurface with OAM mode
number / = 1, 2 and the bending angle 8 = 67.5° is fabricated
and measured. The electric field amplitude and phase distribu-
tions on the observation plane are obtained by the planar near-
field scanning measurement method, as shown in Fig. 7. Pho-
tograph of the conormal transmitted metasurface prototypes is
shown in Fig. 8. The amplitude distribution and phase distri-
bution on the observation plane are shown in Figs. 9(a)-9(d).
We can see amplitude nulls and spiral phase distribution in the
simulated and measured results, which are consistent with the-
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Fig. 8. Photograph of the conormal transmitted metasurface prototype:
@l=1,(0b)l=2.
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Fig. 9. Simulated and measured electrical field results on the observational plane at 24.125 GHz, (a) / = 1 magnitude distributions, (b) / =1
phase distributions, (c) / = 2 magnitude distributions, (d) / = 2 phase distributions.

4. Conclusion

In summary, we have reported a design for generating
OAM vortex waves with cylindrical conformal transmitted
metasurface whose element can achieve an excellent phase
shift range over 360°. A formula for calculating the phase
distributions of cylindrical conformal transmitted metasurface
is proposed to generate OAM vortex waves. Simulated and
measured results verify that the proposed cylindrical confor-
mal transmitted metasurface can effectively generate OAM
vortex waves. The proposed method and design can give a
reference for OAM vortex wave generation in cylindrical con-

formal platforms.
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