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Abstract: The wavefront control of spin or orbital angular momentum (OAM) is widely applied in the optical and radio fields. 

However, most passive metasurfaces provide limited manipulations, such as the spin-locked wavefront, a static OAM combination, 

or an uncontrollable OAM energy distribution. We propose a reflection-type multi-feed metasurface to independently generate 

multi-mode OAM beams with dynamically switchable OAM combinations and spin states, while simultaneously, the energy 

distribution of carrying OAM modes is controllable. Specifically, four elements are proposed to overcome the spin-locked phase 

limitation by combining propagation and geometric phases. The robustness of these elements is analyzed. By involving the 

amplitude term and multi-feed technology in the design process, the proposed metasurface can generate OAM beams with a 

controllable energy distribution over modes and switchable mode combinations. OAM-based radio communication with four 

independent channels is experimentally demonstrated at 14 GHz by employing a pair of the proposed metasurfaces. The powers of 

different channels are adjustable by the provided amplitude term, and the maximum crosstalk is −9 dB, proving the effectiveness 

and practicability of the proposed method.
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1  Introduction

Orbital angular momentum (OAM) has received 

great interest since it was applied in the optics field 

(Allen et al., 1992). Vortex beams carrying OAM are 

characterized by a doughnut-shaped pattern and a heli‐

cal phase wavefront with the azimuthal phase term of 

ejlφ, where l is the OAM mode and φ is the azimuthal 
angle around the propagation axis. Compared with 
the spin angular momentum associated with the left 
and right circularly polarized (CP) waves that offer 
only limited channels, OAM can provide more orthog‐
onal modes (Mohammadi et al., 2010). Therefore, 
OAM beams have been applied in optical (Wang J 
et al., 2012), fiber (Bozinovic et al., 2013), radio 
(Tamagnone et al., 2012; Yan et al., 2014; Zhang WT 
et al., 2017), and acoustic (Jiang X et al., 2018) commu‐
nications to further expand communication capacity. 
Although there are still controversies concerning OAM 
far-field communication and OAM communication 
advantages over the multiple-input-multiple-output 
technology (Edfors and Johansson, 2012; Yuan SSA 
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et al., 2021), many useful applications have been re‐
ported in the literature including super-resolution imag‐
ing (Liu K et al., 2017), structure field formation (Bar‐
buto et al., 2017, 2021), optical tweezers (Han and 
Grier, 2003), and astronomy (Uribe-Patarroyo et al., 
2011). Thidé et al. (2007) proposed uniform circular 
antenna arrays to generate vortex beams in the micro‐
wave frequency range. Since then, many microwave 
OAM generators have been proposed, such as traveling-
wave antennas (Zhang ZF et al., 2017), spiral phase 
plates (Chen YL et al., 2016), and antenna arrays (Liu 
K et al., 2016; Lin et al., 2017; Kang et al., 2019). How‐
ever, there is an urgent need to minimize the size, mass, 
and power requirements of the generators. Recently, 
some artificial interfaces named metasurfaces have 
been proposed to address those problems.

Metasurfaces, composed of artificial elements with 
subwavelength thicknesses, show great potential in 
manipulating the polarization, phase, and amplitude of 
electromagnetic fields (Yu NF et al., 2011; Sun et al., 
2012; Zhang XG et al., 2020; Pitilakis et al., 2022; Vel‐
lucci et al., 2022; Yang et al., 2022). Many OAM meta‐
surfaces (Yu SX et al., 2016a, 2016b; Chen MLN et al., 
2017, 2019; Zhang K et al., 2018; Akram Z et al., 
2019; Ma et al., 2019; Tian et al., 2019; Bai et al., 2020; 
Sroor et al., 2020) have been proposed to convert plane 
waves into expected vortex beams. Those metasurface-
based ultra-thin devices offer significant advantages 
over conventional OAM generators. In particular, based 
on the geometric phase theory, some ultra-thin meta‐
surfaces have been proposed to generate broadband 
OAM beams for a specific CP wave (Luo et al., 2017; 
Xu et al., 2017; Tang et al., 2019; Akram MR et al., 
2020; Yang et al., 2023). Nevertheless, the obtained 
phase profiles for two orthogonal CP waves are inversed 
due to the intrinsically opposite signs for the two spins, 
constraining the other CP wave to be in the opposite 
OAM mode. This spin-locked control would signifi‐
cantly hinder actual dual-CP applications. Recently, 
spin-decoupled metasurfaces were proposed to inde‐
pendently control different CP waves, where the phase 
profiles for orthogonal CP waves can be indepen‐
dently designed by combining the geometric phase with 
the propagation phase (Devlin et al., 2017; Mueller 
et al., 2017; Xu et al., 2020; Wang ZX et al., 2021; 
Ding et al., 2022). In the microwave region, those 
ultra-thin spin-decoupled metasurfaces can be easily 

fabricated using conventional printed circuit board 
(PCB) techniques. For instance, Ding et al. (2022) pro‐
posed a two-dielectric-layer metasurface with a thick‐
ness of 3.26 mm to generate spin-decoupled OAM vor‐
tices independently. Some single-layer spin-decoupled 
metasurfaces have also been reported with thick‐
nesses of 3.5 mm (Guo et al., 2020b) and 2.5 mm (Guo 
et al., 2020a). Despite these successful implementa‐
tions, the detailed design of the element texture and 
thickness is worthy of further investigation, and efforts 
should be devoted to designing a robust element.

On the other hand, independent control of multi‐
ple OAM modes is essential for multi-mode multiplex‐
ing in modern wireless communications. Unfortunately, 
the multi-mode vortex beams generated by single-feed 
passive metasurfaces have a static mode combina‐
tion (Liu HQ et al., 2018; Bao et al., 2020; Jiang ZH 
et al., 2020; Yuan YY et al., 2020), limiting their prac‐
tical applications. A programing metasurface loaded 
with active components can generate OAM beams 
with electronically controlled modes (Li LL et al., 
2017; Shuang et al., 2020). However, such loading 
makes the element more complicated, especially for 
multi-bit coding elements. More recently, some multi-
feed metasurfaces have been proposed to indepen‐
dently control OAM modes (Li SQ et al., 2020; Zhang 
S et al., 2020; Feng et al., 2022), but they work in 
either single polarization or the optical band. More‐
over, their energy distribution between OAM modes 
is uncontrollable.

In this paper, we propose a multi-feed spin-
decoupled metasurface to independently tune two CP 
wavefronts with dynamic OAM combinations and con‐
trollable OAM energy distribution. In particular, four 
ultra-thin geometric-phase elements are proposed to 
engineer a spin-decoupled metasurface that can inde‐
pendently generate energy-controllable OAM beams 
in two orthogonal circular polarizations (Fig. 1a). Fur‐
thermore, by involving the multi-feed design in the 
metasurface, the OAM modes and CP states of gener‐
ated beams are dynamically switchable. This meta‐
surface ultimately achieves independent control over 
both spin and orbital angular momenta. Eventually, 
an OAM-based four-channel system is experimentally 
demonstrated with controllable channel powers and low 
crosstalk in dual-CP states, verifying our independent 
control of spin states and OAM states.
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2  Theory and methods

This section aims to present the theory and meth‐
ods for engineering a multi-feed spin-decoupled multi‐
mode metasurface.

2.1  Theory of independent control over circularly 
polarized wavefronts

The theory of independent control over CP waves 
(also called the spin-decoupled strategy) has been pro‐
posed by combining the geometric phase and propa‐
gation phase. The geometric phase also known as the 
Pancharatnam–Berry phase (Berry, 1984) is an addi‐
tional phase factor of scattered waves triggered by 
rotating the orientation angle ϕ of the scattering ele‐
ment. It is convenient to illustrate the link between the 
geometric phase and the orientation angle ϕ using the 
Jones calculus. Based on the Jones calculus, the re‐
flected and incident fields can be connected by the re‐
flection coefficients in the reflected Jones matrix. If the 
element is mirror-symmetric with respect to the yz- or 
xz-plane, the cross-polarized reflection coefficients 

rxy and ryx satisfy rxy=ryx=0 (Menzel et al., 2010). By 
adjusting the amplitude of co-polarized reflection coef‐
ficients to unity (|rxx|=|ryy|=1) but with a π phase differ‐
ence (φxx−φyy= π), the CP reflection coefficients can 
be simplified as

r ll = 0.5 ( rxx − ryy )e− j2ϕ = ej(φxx − 2ϕ ), (1a)

r lr = 0.5 ( rxx + ryy ) = 0,                 (1b)

rrl = 0.5 ( rxx + ryy ) = 0,                 (1c)

rrr = 0.5 ( rxx − ryy )ej2ϕ = ej(φxx + 2ϕ ),  (1d)

where subscripts l and r refer to left-handed circularly 
polarized (LHCP) and right-handed circularly polar‐
ized (RHCP), respectively. Eqs. (1a) and (1d) show 
the ideal phase responses for a geometric-phase ele‐
ment, where the CP phases of co-polarized reflection 
coefficients (φll and φrr) can be determined by the ori‐
entation angles ϕ and φxx. We can write down the odd 
and even phases for the CP phases as follows:

φodd = (φrr − φ ll ) /2 = 2ϕ, (2a)

φeven = (φrr + φ ll ) /2 = φxx. (2b)

The two CP phases are decomposed into odd and 
even phases. Arbitrary CP phases can be obtained if 
one can freely design both the even and odd phases 
across a 2π range. As seen from Eq. (2a), the geomet‐
ric phase provides arbitrary odd phase control, in which 
phase difference can be freely controlled over a 2π 
range by the angular orientation ϕ. Thus, an indepen‐
dent CP wave can be obtained if one can freely design 
the even phase (φeven or φxx) over a 2π range.

2.2  Specific design of elements

This subsection aims to fabricate a set of robust 
elements with a 2π range of even (propagation) phase 
simultaneously possessing a high-efficiency geomet‐
ric phase character. The robust performance is reflected 
in a high conversion efficiency and minor phase sen‐
sitivity. The specific design procedure is demonstrated 
step-by-step as follows.

2.2.1  Arrangement and structure of elements

A single-dielectric-layer substrate is applied to 
maintain simple and ultra-thin features. The broadband 
single-dielectric-layer element with rectangular-ring 
texture (Yang et al., 2020) is a good candidate for our 
design, in which the 180° phase difference and the 

Fig. 1  Schematic of vortex wave generation device: (a) 
schematic of a multi-mode metasurface with independent 
spin-to-orbital angular momentum conversion; (b) topological 
structure of the arrangement; (c) specific element structure 
(LHCP: left-handed circularly polarized; RHCP: right-handed 
circularly polarized)
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flat phase response are satisfied in a broad bandwidth. 
On the other hand, the triangular arrangement of hexag‐
onal elements is widely used in antenna arrays (Pogor‐
zelski, 2004) and metasurfaces (Sievenpiper et al., 1999) 
by virtue of its compact structure and isotropy. Com‐
pared with the square lattice in geometric-phase meta‐
surfaces, the triangular arrangement of hexagonal ele‐
ments has been shown to weaken the coupling fluctu‐
ation (Yang et al., 2021). Consequently, the triangular 
arrangement of the rectangular-ring structure is a good 
prototype for designing our spin-decoupled elements; 
the specific topological structure is shown in Fig. 1b.

2.2.2  Analysis of the thickness and substrate

Fig. 1c shows the specific rectangular-ring ele‐
ment. The rectangular-ring structure on the top is cop‐
per with a thickness of 0.018 mm, which is supported 
by a substrate layer with a thickness of h. The bottom 
of the substrate layer is metal ground to achieve a total 
reflection. The initial parameters are p=10 mm, b1=
7.6 mm, s1=1.5 mm, b2=3.6 mm, and s2=0.3 mm. A 
proper selection of thickness (h) and substrate (εr) is 
crucial to meet the flat phase response for our robust 
elements. Simulation results are calculated in com‐
mercial software High Frequency Structure Simulator 
(HFSS), and the specific setup can be found in Yang 
et al. (2021). Fig. 2 shows the simulation results of the 
reflection coefficient as a function of εr and h (only ryy 
is demonstrated due to similarity). As seen in Fig. 2a, 
the real part of the dielectric Re(εr) mainly affects the 
resonance frequency. However, a substrate with Im(εr)=
0.02 can trigger a more than 4 dB amplitude attenuation 
at the resonant frequency. Thus, a low-loss substrate is 
necessary. On the other hand, the thickness (h) of the 
substrate significantly affects the resonance, as seen 
in Fig. 2b. The phase responses at the resonant fre‐
quency become steeper as the thickness decreases. 
The flat phase response is highly expected to shape 
the robust elements, whereas the phase error triggered 
by fabrication is tiny. To balance the robust and ultra-
thin feature, we select the substrate as F4B (εr=2.65+
0.002i) with a thickness of h=2 mm in this study.

2.2.3  Spin-decoupled elements and the correspond‐
ing phase stability

The rectangular-ring elements in mentioned paper 
(Yang et al., 2021) are geometric phase only. Here, we 

involve the dimension-related change of the rectangular-
ring structure to achieve additional propagation-phase 
control. By scanning the parameters of b1 and b2, the 
linearly polarized phase responses at 14 GHz are shown 
in Fig. 3. “∠” is to measure the argument of a complex 

Fig. 2  Simulated reflection amplitudes and phase responses 
of element for y-polarization: (a) with different dielectric 
constants and losses; (b) with different thicknesses

Fig. 3  Simulated reflection phase responses of the element 
with different geometric parameters of b1 and b2: (a) ∠rxx; (b) 
∠ryy; (c) ∠rxx−∠ryy; (d) d(∠rxx)/db2
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number. The dashed lines in Fig. 3 depict the geomet‐
ric phase elements, where a π phase difference is sat‐
isfied precisely between the x- and the y-polarization 
as seen in Fig. 3c. Simultaneously, four specific ele‐
ments (marked by four stars) can be selected to quan‐
tize a π phase range of even phase, as seen in Fig. 3a. 
Although four elements are selected in this case, more 
additional elements on the dashed lines could be in‐
volved to reduce the quantization error. Here, the phase 
stability of these elements is investigated. As depicted 
in Fig. 3d, the partial derivative of the phase response 
to the geometric parameter is below 15°/0.1 mm (take 
d(∠rxx)/db2 as an example in this study). It is crucial 
for practical applications because the low phase sen‐
sitivity will minimize phase errors caused by fabrica‐
tion tolerances.

Two tips can be useful for selecting these high-
robustness elements: designing elements with flat 
phase response and avoiding selecting elements with 
sharp phase gradients.

The parameters of the four selected elements are 
b1=5.0, 5.0, 6.0, and 7.6 mm, b2=4.4, 3.6, 1.4, and 3.6 mm. 
By rotating the element with ϕ=90°, a π phase differ‐
ence can be imparted to the original even phase. 
Therefore, we can apply the eight elements to cover 
the even phase from −π to π. The corresponding phase 
responses and polarization conversion ratio (PCR) of 
the eight elements are shown in Fig. 4. PCR is used 
to reflect the conversion efficiency of elements. 
This parameter can be calculated in the following 
equation:

PCR =
|r ll|

2

|r ll|
2 + |rrl|

2
. (3)

Note that all the PCR is higher than 99.5% (nearly 
100% efficiency) in Fig. 4, which is particularly impor‐
tant for dual-CP applications.

2.3  Theoretical verification of multi-mode vortex 
beams

According to the Huygens–Fresnel theory, the 
radiation field generated by the metasurface could be 
estimated by the superposition of the secondary wave‐
lets emanating from different elements. We can theo‐
retically calculate the radiation field as follows:

ì

í

î

ïïïï

ïïïï

E rad ( r ) = E rad ( r )ecp =∑
i

N t B
4πR

e− jkR + jΦ ( r′i ) ecp,

R = | r − r′i | ,                                                             
(4)

where r′i is the position vector of the ith element, r is 
the position vector of the field point, and ecp is the 
unit vector of the interested CP. Nt is the total number 
of elements, which can be calculated once the aper‐
ture (with diameter D) of the metasurface is deter‐
mined. According to the Huygens–Fresnel theory, the 
inclination factor B given by Kirchhoff satisfies B=jk
(1+cosθ). Φ(r′i) is the phase profile of metasurfaces, 
which is the key point for generating vortex beams. 
In this study, the magnitude variation is neglected for 
our phase-only metasurface, which may trigger some 
crosstalk modes in generating the superimposed OAM 
beams (Zhu and Wang, 2015; Yang et al., 2022). This 
choice is good enough to generate the desired 
OAM beams. By imparting a multi-mode phase pro‐
file Φ(r′i)=Φl(φ′i) on metasurfaces, a multi-mode vor‐
tex beam can be generated:

Φl (φ′i ) = ∠ (∑m amejlmφ′i), (5)

where m is the number of channels, and lm is the corre‐
sponding OAM mode. am is the corresponding ampli‐
tude term, which can be used to control the energy 
weight of different modes. θ and φ are the polar angle 
and azimuth angle under spherical coordinate, respec‐
tively. Substituting Eq. (5) in Eq. (4), a theoretical 
result of the radiation field can be predicted by means 
of which one can precisely design the parameters of 
the metasurface rather than using a time-consuming 
simulation. Fig. 5 shows three normalized radiation 

Fig. 4  Corresponding phase responses and polarization 
conversion ratio (PCR) of the selected eight elements
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fields in the xz-plane generated by Eq. (4) for l=1 
metasurfaces with different apertures. It can be seen 
in Fig. 5 that the generated OAM beams have a cone-
shaped pattern with zero intensity in the center. An en‐
larged aperture (D) of our transmitting metasurface 
will reduce the divergence and increase the field den‐
sity of the generated vortex beams. Importantly, the 
cone angles and the beam paths in different cases can 

be displayed vividly, which is significant for select‐
ing an appropriate position and a sufficiently sizeable 
receiving plane to receive the main lobe of the generated 
conical OAM beam. For example, a receiving aper‐
ture of 300 mm is large enough to receive the l=1 
vortex beam generated by a transmitting aperture of 
300 mm at a distance of 2000 mm.

In this study, the apertures of transmitting and 
receiving metasurfaces are with D=300 mm. The ob‐
servation or receiving plane is selected at z=2000 mm, 
which is located at a radiative near-field region. The 
distance can be further increased by enlarging the size 
of the transmitting or receiving metasurface. Fig. 6 
further demonstrates some theoretical results at the 
observation plane calculated by Eq. (4) under differ‐
ent cases for lm and am. Case Ⅰ shows the generated 
single-mode vortex beam, and the amplitude profile 
presents as a doughnut-shaped pattern. The pictures in 
cases Ⅰ, Ⅱ , and Ⅲ depict the generated vortex beams 
from single-mode to multi-mode case (doughnut-shape 
to chipped-doughnut-shape pattern). As the amplitude 

Fig. 6  Numerical results of multi-mode vortex beams generated by Eq. (4). Three columns of pictures depict different 
phase profiles of metasurfaces, the corresponding amplitude and phase profiles of the generated E-field at the observation 
plane, and the orbital angular momentum (OAM) spectra of the generated E-field, from left to right

Fig. 5  Numerical results of the l=1 vortex beam in the 
xz-plane generated by Eq. (4) with different apertures of 
transmitting metasurfaces. θm is the cone angle (main lobe) 
of the generated vortex beams
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term of mode l=0 increases, the mode energy of mode 
l=0 increases accordingly. Case Ⅳ shows another 
two-mode case, and we can conclude that the num‐
ber of chipped parts in the amplitude pattern is equal 
to |l1− l2| for two-mode OAM beams. In addition, we 
can implement Fourier transform for the generated 
E-field along φ at different sampling radii (rs) to further 
quantify the purity and distribution of the OAM modes. 
The corresponding equation for OAM spectral analy‐
sis is as follows:

Al ( rs,l ) =
1

2π ∫
0

2π

E ( rs,φ )e− jlφrsdφ. (6)

As seen in Fig. 6, the OAM spectra not only verify 
the expected mode generation with a controllable energy 
weight (by am), but also depict the OAM energy dis‐
tribution at different sampling radii (rs). These numeri‐
cal results predict our generated OAM beams, and are 
significant for the design of metasurfaces.

2.4  Design of circularly-polarized multiplexing 
multi-mode metasurface

Here, we aim to implement a CP multiplexing 
multi-mode metasurface using the aforementioned ele‐
ments and the odd–even-phase manner. Due to the 
spherical wave incidence of the feed antenna, an addi‐
tional compensated phase is necessary for this meta‐
surface. The compensated phase for the ith element is 
depicted as follows:

Φc = k0| r′i − rf |, (7)

where rf is the position vector of the feed antenna. 
The final phase profiles (ΦL and ΦR) for the dual-CP 
waves can be obtained by phase superposition as

ΦL = Φ l
L + Φc

L, (8a)

ΦR = Φ l
R + Φc

R. (8b)

The superscripts l and c represent the mode and com‐
pensated phases, respectively

Owing to the spin-decoupled design, the meta‐

surface can be fabricated with independent OAM beams 

and compensated phases for LHCP and RHCP. As 

seen in Fig. 1a, two offset-feed antennas (LHCP and 
RHCP) are employed to activate the metasurface and 

avoid feed blockage, generating expected vortex 
beams for LHCP and RHCP separately. Fig. 7 
shows the specific configuration of the metasur‐
face, which can be designed by the following pro‐
cess: First, the phase profiles of LHCP and RHCP 
(ΦL and ΦR) can be figured out by Eqs. (5), (7), (8a), 
and (8b). Second, the even- and odd-phase profiles of 
the metasurface (Φeven and Φodd) can be calculated as 
follow:

Φeven = (ΦL + ΦR )/2, (9a)

Φodd = (ΦL − ΦR )/2. (9b)

Finally, the metasurface can be implemented by ar‐
ranging these coding elements according to the even-
phase profile Φeven and then rotating these coding ele‐
ments according to the odd-phase profile Φodd.

2.5  Simulated results for multi-mode metasurface

To verify our proposed metasurface, we model the 

metasurface in commercial software HFSS and obtain 

the reflected field under LHCP and RHCP excitation 

separately (the schematic can be seen in Fig. 1a). The 

Fig. 7  Design route and specific configuration of metasurface. 
The parameters are lL=0, aL=1 and lL=1, aL=1, rfL= [100, 
−150, 200] for LHCP and lR=−2, aR=1 and lR=1, aR=1, rfR=
[−100, −150, 200] for RHCP
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amplitude profiles, phase profiles, and the correspond‐
ing spectral analysis of E-fields at the observation plane 
(z=2000 mm) are depicted in Fig. 8. We leave out the 
phase patterns and OAM spectra of the cross-polarized 
fields since the amplitude of the cross-polarized fields is 
low in this case. Under the excitation of the LHCP 
spiral antenna at 14 GHz, the LHCP beam dominates the 

energy of the reflected field and carries with expected 
modes with expected modes lL={0, 1} (Fig. 8a). Fig. 8b 
shows the source switched to RHCP, where the main 
reflected field is switched to RHCP wave, and the car‐
rying OAM modes are replaced with lR={−2,1} as 
desired. The energy of the cross-polarized field is sig‐
nificantly low in Figs. 8a and 8b, which contributes 
to the robustness and high PCR of the proposed ele‐
ments. In addition, both the simulated co-polarized 
E-fields and the OAM spectra in Fig. 8 are highly con‐
sistent with the theoretical results in Fig. 6, which ver‐
ifies the design route of dual-CP metasurface and inde‐
pendent generation of multi-mode vortex beams. Al‐
though the multi-mode vortex beams can be generated 
independently in LHCP and RHCP, the mode combi‐
nations in each CP beam are dependent or static. Inde‐
pendent and dynamic control over different OAM modes 
is still necessary for multi-mode multiplexing.

2.6  Independent OAM control by multi-feed 
metasurfaces

Multi-feed reflectarrays have been applied to shape 
multiple beams or build multi-function devices (Arre‐
bola et al., 2008). Inspired by multi-feed design, we 
draw a schematic of an OAM communication system in 
Fig. 9, where each feed antenna is assigned to manipu‐
late different OAM modes individually. In this case, the 
multi-feed metasurface is configured as a multi-mode 
multiplexer to create a multi-cast of OAM modes. The 
phase profiles ΦL and ΦR for the dual-CP beams can 
be written as

ΦL ( r′i ) = ∠ (∑n

aLnejlLnφ′i + jk0 || r′i − rfLn ), (10a)

ΦR ( r′i ) = ∠ (∑n

aRnejlRnφ′i + jk0 || r′i − rfRn ), (10b)

where n is the number of independently controllable 
modes for LHCP and RHCP. lLn, lRn and aLn, aRn are 
the OAM modes and the corresponding amplitudes, 
respectively. rfLn and rfRn are the position vectors of 
the nth feed antenna for LHCP and RHCP, respectively. 
The incident waves from different position vectors are 
used to generate different OAM modes, and thus 2n 
independently controllable channels can be obtained. 
Note that the amplitude terms (aLn and aRn) are involved 
for each OAM mode, providing a new degree of freedom 

Fig. 8  Observation E-field at z=2000 mm (in HFSS) and the 
corresponding spectral analysis generated by spin-decoupled 
metasurface under excitation of different polarizations 
at 14 GHz: (a) left-handed circularly polarized (LHCP); 
(b) right-handed circularly polarized (RHCP)
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for OAM-channel control. For a proof of concept, we 
design a four-channel (n=2) communication system 
with parameters lL1=lR1=−1, lL2=lR2=1, rfL1= [−150, 
−150, 200], rfR1=[−100, −150, 200], rfL2=[100, −150, 
200], rfR2=[150, −150, 200], and initial amplitude terms 
aLn=aRn=1. Then, the proposed multi-feed metasur‐
face can be configured according to Eqs. (10a) and (10b), 
and the proposed design route is shown in Fig. 7.

The metasurface is fed by four offset-feed spiral 
antennas at the corresponding position vectors rfLn 
and rfRn. All antennas are aligned to the center of the 
metasurface. Next, we can dynamically switch differ‐
ent OAM modes and polarization of generated beams 
by exciting different antennas. Fig. 9 shows the results 
of the generated OAM modes in simulation software, 
where the E-fields are sampled at the observation 
plane (z=2000 mm) with a size of 250 mm×250 mm, 
and the corresponding spectral analysis is character‐
ized according to Eq. (6). By exciting LHCP anten‐
nas from different position vectors rfL1 or rfL2, the lL1=−1 or lL2=1 OAM mode is generated in LHCP reflected 
field (Fig. 10a). Similarly, switching the RHCP an‐
tenna between different position vectors rfR1 and rfR2 
can achieve the independent generation of OAM 
mode lR1=−1 or lR2=1. The precise 2π phase shift in 
phase patterns and the high purity of OAM spectra 
verify the performance of this generator, with which 
we can independently generate high-purity and low 
cross-polarization OAM beams in the z-direction 
reflected field. Note that all the above phenomena are 
integrated on a single metasurface. Additionally, all 
these four OAM beams are orthogonal to each other 
and can be controlled independently. It means that 

an arbitrary combination of these beams can be gen‐
erated, transmitted, and demultiplexed with low cross‐
talk by a single metasurface.

Fig. 9  Schematic for generating and receiving a multi-mode 
vortex beam with independent mode control based on multi-
feed design

Fig. 10  Observation E-fields at z=2000 mm (in HFSS) and 
the corresponding spectral analysis generated by multi-feed 
metasurface under the offset-feed excitation at different 
position vectors: (a) LHCP excitation from position vector rfL1 
and rfL2 separately; (b) RHCP excitation from position vector 
rfR1 and rfR2 separately

1784



Yang et al. / Front Inform Technol Electron Eng   2023 24(12):1776-1790

3  Results

To verify the proposed metasurface experimen‐
tally, we fabricate the whole OAM generator according 
to the aforementioned parameters in Section 2.5. Due 
to the reciprocity of electromagnetic waves, the gen‐
erated multi-mode vortex beams can be demultiplexed 
and received by the same device placed reversely at 
the observation plane (z=2000 mm). Fig. 11 shows the 
whole communication system including the front and 
back views of the metasurface. The ports of the trans‐
mitters and receivers are named T1–T4 and R1–R4, 
respectively. We transmit a continuous-wave signal 
over one OAM channel (T1 port), while all the other 
three T ports are turned off. Four S-parameters (SRiT1) 
can be recorded by vector network analyzer. As seen 
in Fig. 12, SR1T1 is 9 dB higher than those of the other 
crosstalk channels (SR2T1, SR3T1, and SR4T1) at operating 

frequency 14 GHz, implying that the T1-generated 
vortex beam can be demultiplexed and received by 
the R1 spiral antenna. This result also suggests that 
the T1 port can generate l=−1 LHCP vortex beam 
with low crosstalk. Four groups of S-parameters can be 
obtained by repeating the above procedure for all 
transmitter ports. Then, we can calculate the power 
transfer from recorded S-parameters for all channels 
as follow:

PRiTj = 10SRiTj /10. (11)

The value of PRiTj represents the measured power 
at port Ri under incident 0 dBm power from port Tj. 
Fig. 13a shows the corresponding powers. All the pow‐
ers transmitting between different channels (PRiTj, i≠j) 
are significantly smaller than that in identical chan‐
nels (PRiTj, i=j). It not only demonstrates the natural 
OAM-state isolation in multiplexing/demultiplexing, 
but also verifies the independent control of spin and 
OAM states by the proposed multi-feed metasurface. 
A high axial ratio of the feed antennas and appropriate 
position vectors could further reduce the inter-mode 
crosstalk. Another problem that can be solved is the 

Fig. 13  Received power under the excitation of different 
ports at 14 GHz: (a) results of the original metasurface with 
amplitude terms aL1=1, aR1=1 and aL2=1, aR2=1; (b) results of 
the received metasurface with amplitude terms a′L1=1.05, 
a′R1=0.91 and a′L2=0.95, a′R2=1.09

Fig. 12  Experimental S-parameters (SRiT1) under the excitation 
at T1 port, while all the other three ports are turned off

Fig. 11  Photograph of the front and back views of the 
fabricated metasurface, the specific multi-feed OAM generator, 
and the whole communication system
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unequal received powers for the four main channels due 
to the impacts including the gain difference between 
fed antennas, distance difference of position vectors, 
and misalignment between two metasurfaces. How‐
ever, as seen in Fig. 6, we can adjust the amplitude 
terms an of different OAM modes to balance those 
channel powers. Here, the power-related adjustments 
of amplitude terms are provided as follows:

a′L1 = aL1 − C
PR1T1 − PR3T3

PR1T1 + PR3T3

, (12a)

a′L2 = aL2 − C
PR3T3 − PR1T1

PR3T3 + PR1T1

, (12b)

a′R1 = aR1 − C
PR2T2 − PR4T4

PR2T2 + PR4T4

, (12c)

a′R2 = aR2 − C
PR4T4 − PR2T2

PR4T4 + PR2T2

, (12d)

where C is a constant (adjustment factor) equaling 0.2 
in this case. By submitting the recorded results in 
Fig. 13a, the adjusted amplitude terms (a′L1=1.05, a′R1=
0.91 and a′L2=0.95, a′R2=1.09) can be obtained accord‐
ing to Eq. (12). Then we fabricate a newly adjusted 
metasurface to replace the original one at the receiver. 
Fig. 13b shows the received power in the adjusted case, 
where the adjusted amplitude terms balance the powers 
in four main channels. Although exactly equal powers 
cannot be obtained by one replacement of static meta‐
surface as we did, one can iterate this adjusted pro‐
cess to further balance those channel powers by using 
a reconfigurable intelligent surface or a programma‐
ble metasurface.

4  Discussions

In this section, we further discuss the bandwidth 
and independent channels of our multi-feed commu‐
nication system.

4.1  Bandwidth analysis for multi-feed OAM 
communication system

Some broadband OAM metasurfaces have been 
proposed under the normal incidence of a single-feed 
antenna. The frequency-independent phase gradient can 
shape broadband OAM beams. However, in the multi-
feed offset case, the compensation phases in Eqs. (7) 

and (10) are frequency-dependent (k0-related); the scat‐
tered wave in the offset case will deviate from the z-axis 
as frequency changes as seen in Fig. 14. This devi‐
ation (misalignment) is catastrophic for OAM demul‐
tiplexing. Therefore, how to integrate the frequency-
independent OAM phase and the frequency-dependent 
compensation phase is the key point for the broad‐
band design.

4.2  Number of OAM modes independently generated

The multi-feed technology will inevitably involve 
an additional sidelobe in the generated OAM beams, 
leading to energy decay and crosstalk modes for each 
independently generated mode. Fig. 15 shows the l=
−1 OAM beams generated by three multi-feed metasur‐
faces with different numbers of multiplex modes. The 
number of independently generated modes are n=1, 
n=2, and n=4. The parameters of position vectors are 
rf R1=[−100, −150, 200], rf R2=[150, −150, 200], rf R3=
[100, 150, 200], and rf R4= [150, 150, 200]. Although, 
three metasurfaces can independently generate the ex‐
pected l=−1 beam, the amplitude pattern and the purity 
of mode decrease as the number of multiplex modes 
(n) increases. It suggests that we cannot arbitrarily 
extend multiplex modes (n) under the metasurface 
with a fixed size. On the other hand, the configuration 
of position vectors is related to crosstalk modes. For 
example, a short distance between antennas 1 and 2 in 
Fig. 14 (a bad configuration of the position vectors) 
will make two modes indistinguishable or dependent; 
that is to say, no additional (distinguishable) OAM 

Fig. 14  Broadband performance of the off-feeding 
metasurfaces
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mode can be generated independently. Therefore, a 
more suitable configuration of the n position vectors 
(rf1, rf2, … , rfn) can reduce crosstalk in the multi‐
plex system.

5  Conclusions

We have successfully generated vortex beams 
with dynamically switchable modes and polariza‐
tion combinations using a single-layer multi-feed 
metasurface. We have proposed eight single-layer ele‐
ments to control two CP phases independently. The 
robustness and thickness of elements have also been 
investigated. Additionally, the multi-feed technique has 
been involved to dynamically manipulate the multi-
mode vortex beams and overcomes the limitation of 
the static OAM combination in conventional meta‐
surfaces. Some near-field theoretical predictions and 
radius-related OAM spectrum analysis have been pro‐
vided. Theoretical equations offer practical guidance 
in designing the OAM generator and receiver. Eventual‐
ly, we established a four-OAM-mode communication 
system. The maximum crosstalk among all channels is 
−9 dB, verifying the high-purity OAM generation and 
independent CP and OAM control by the proposed 

OAM generator. In real-world applications, crosstalk can 
be further lowered by channel estimation and precod‐
ing schemes (zero-forcing, etc). Moreover, the proposed 
metasurface integrates the amplitude term to bal‐
ance the energy distribution in different OAM modes. 
Since the beam patterns vary for different modes, this 
energy control over those modes is significant for multi-
channel communication. Although the proposed sys‐
tem is a narrowband design working at 14 GHz, one 
can further improve the bandwidth by introducing a 
broadband design for both the compensated phase and 
the spin-decoupled elements. The proposed metasurface 
integrates dynamic multi-mode and multi-polarization 
manipulation, improving the compactness of devices, 
and can be naturally extended to other multi-function 
systems.
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