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The vortex beam provides a promising alternative for next-
generation wireless communication, but it is a long-standing
challenge to generate a multi-mode and robust vortex beam.
In this Letter, a multi-mode vortex beam emitter is intro-
duced and experimentally verified based on spoof surface
plasmon polaritons (SSPP). The SSPP on a helical grating
carries multi-mode orbital angular momentum and can be
converted into a high-purity vortex beam via the diffraction
of a ring array. The operation frequency and topological
charge are determined by that of the SSPP. This emitter
can achieve the function of beam-scanning in each radia-
tion band. The beam-scanning and vortex characteristics
are experimentally verified. The designed emitter is com-
pact and robust, and we are confident that this work will
have great application prospects in communication systems.
© 2022 Optica Publishing Group
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The vortex beam, which carries the orbital angular momentum
(OAM) mode, has attracted much interest since its first discovery
[1–5]. In particular, the vortex beam has unbounded orthogo-
nal eigenstates and can be used to multiplex communication
channels without increasing the cost of bandwidth [6]. To fur-
ther explore its underlying physical characteristics and potential
applications, generating vortex beams has attracted consider-
able attention from both science and engineering. To date, there
are several ways to achieve it. Initially, the spiral phase plate is
widely used to convert the incoming wave into a vortex beam
[7]. The antenna array and metasurface are flexible to produce a
vortex beam by arranging the angular phase distribution [8–10].
Additionally, the ring resonators are used to produce the vortex
beam at resonant frequencies [11]. However, there are still sev-
eral limitations to generating non-resonant multi-mode vortex
beams.

The spoof surface plasmon polariton (SSPP) is also a desirable
candidate for generating the vortex beam as its physical charac-
teristics can be manipulated by structural parameters [12–14].
The looped SSPP leaky waveguide has been proposed to achieve
an integrated vortex beam emitter [15,16]. However, it relies on
the resonant effect of the structure and the bandwidth is strictly
limited. The helical structure is an ideal candidate to generate a

vortex beam as the azimuthal physical structure can modulate the
wavefront. For example, the vortex beam from a helical system
is reported in our previous work [17–19]. It is worth pointing
out that these emitters are irrelevant to the SSPP and are mainly
manipulated by the diffraction order. Encouragingly, the SSPP
on the helical grating carries the OAM mode, providing an excel-
lent solution to generate a vortex beam [20,21]. In this Letter,
a tunable multi-mode vortex beam emitter based on SSPP is
introduced. The SSPP on the helical grating can be transformed
into vortex beams via a ring array. The frequency ranges can
be divided into several bands, and the beam-scanning charac-
teristic can be realized in each band. The topological charge
(TC) is related to the mode index of the SSPP mode. A physical
prototype is fabricated, and the experimental results agree well
with the simulation one. The demonstrated vortex beam emitter
expands the application of SSPP and provokes several advanced
applications.

The helical grating is shown in Fig. 1(a). The width, period,
and inner and outer radii are set as a= 1.5 mm, d = 3 mm,
R1 = 2 mm, and R2 = 12 mm. The dispersion properties are inves-
tigated primarily by CST STUDIO, as shown in Fig. 1(b) [22].
The dispersion curves of a cylindrical grating with the same
structural parameters are also presented by the gray lines. Differ-
ent from the cylindrical grating, the adjacent dispersion curves
of the helical grating exhibit distinct characteristics and the
cross emerges at the propagation phase. As a helical struc-
ture, the phase of the SSPP varies with the azimuthal angle.
The transverse eigen electric field and phase distributions with
the phase are shown in Fig. 1(c). The SSPP is confined to the
grooves and propagates helically along the grating. The elec-
tric field distribution in air is presented and the other half is
hidden by the metal in the cross section. As the electric dis-
tribution is stronger in air than that on the metal surface, the
distribution is consequently asymmetric. The gradient angu-
lar phase change indicates that the SSPP carries OAM modes.
Generally, the TC “l” is employed to differentiate the OAM
mode:

l = ±|m|, (1)

where m indicates that the phase changes by |2mπ | when the
angular angle changes by 2π, and the sign ± indicates that
the OAM mode rotates clockwise (+)/counterclockwise (−).
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Fig. 1. (a) and (b) Schematic structure and dispersion character-
istics of the helical grating. Dispersion curves of the cylindrical
grating are marked in gray. Structural parameters are set as
a= 1.5 mm, d = 3 mm, R1 = 2 mm, and R2 = 12 mm. (c) Trans-
verse electric and phase distributions with various modes. The
corresponding points are marked in panel (b).

Table 1. TCs of OAM Modes Carried by the SSPP

Index M1 M2 M3 M4 M5 M6 M7 M8

TC 0 +1 −1 +2 −2 +3 −3 +4

According to the phase variation in Fig. 1(c), l increases with
the mode index of the SSPP modes, and is listed in Table 1.

As shown in Fig. 1(b), the wavenumber of the SSPP is larger
than that of light, and the SSPP is confined to the grating surface.
In this section, the transformation of an SSPP into a vortex
beam in the free space is investigated. To change the radiation
characteristic, the dispersion curve must be shifted to the fast
wave region from the slow wave region in the Brillouin diagram.
In this way, an asynchrony ring array is introduced to provide the
phase compensation. The emitter is composed of SSPP couplers,
helical grating, and ring array, as shown in Fig. 2. The phase
compensation is related to the harmonic order and is expressed
as 2πn/p, where integer n represents the spatial harmonic order,
and p is the period of the ring array. Hence, the wavenumber of
the SSPP diffracted by the ring array is revised as

kz = kSSPP + 2πn/p, (2)

where kSSPP is the wavenumber of the SSPP. Generally, n always
has a small absolute value because the power of high-order har-
monics is weak enough to be ignored, and the −1st harmonic
wave is considered here as it has maximum harmonic inten-
sity [23]. The modulated Brillouin diagram system is shown
in Fig. 3(a), and the dispersion curve moves −2π/p along the
kz axis compared with the origin curves. Part of the dispersion
curve is exposed to the fast wave region, which indicates that the
corresponding SSPP wave can be converted to the vortex beam
while radiating into the free space. The radiation angle θ is with
respect to the propagation and derived based on the wavenumber
matching principle as

θ = arccos(kz/k0). (3)

Considering the near-field confinement of the SSPP, the
electric field intensity exponentially decays along the radial
direction. The gap between the ring array and helical grating has
a considerable effect on the radiation characteristic. If the gap

Fig. 2. Schematic model of the vortex beam emitter, where p= 7d,
R3 = 14 mm, and R4 = 12 mm

Fig. 3. (a) Brillouin diagram of the compound system. (b) The-
oretical radiation direction and (c) directivity gain and efficiency
at different frequency bands. (d) Polarization characteristics at
10 GHz.

is narrow, the dispersion properties of the SSPP are inevitably
impacted by the ring array, which may lead to multi-frequency
radiation owing to the Brillouin-zone folding effect [24]. In this
regard, the optimized gap is set as R3 −R2 = 3 mm. If the diam-
eter is large, the ring acts like a metal wall. Then, the SSPP
is suppressed to the surface of the helical grating and cannot
efficiently generate radiation. The tiny ring gives rise to a small
coupling area, and the radiation effect is weak.

To achieve a high-purity vortex beam, the frequency region
with a single dispersion line is employed in this system, as
shown in Fig. 3(a), and is marked in shadow regions, as shown
in Fig. 3(b). For clarity, the bands are marked as I (6–7.5 GHz),
II (9.8–12 GHz), and III (13.7–16.5 GHz). The TCs in these
bands are l=−1, l=−2, and l=−3, respectively. The elec-
tric distributions on the x-y and y-z planes are presented in
Figs. 4(a)–4(c), and the observation areas are 140 mm× 140 mm
and 140 mm× 350 mm, respectively. In a conventional vortex
beam, the transverse electric intensity presents a hollow distribu-
tion, and there is a phase singularity in the center. As the grating
is located at the center, the phase singularity is overlapped and is
absent. The vortex characteristics can be verified through mode
purity. Based on the principle of Fourier transform, the purity
of each mode can be obtained as

p[l] = (1/2π)
2π∫

0

ψ(φ)dφ exp(−jφ), (4)
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Fig. 4. (a)–(c) Electric distributions and (d) normalized mode
purities at different frequencies.

where ψ is the phase distribution and φ represents the azimuthal
angle. The calculated data are extracted from a circle with R= 40
mm. As shown in Fig. 4(d), the normalized purities are 0.88,
0.82, and 0.89 at 7 GHz, 10 GHz, and 14 GHz, respectively. It
shows that this system can generate high-quality vortex beams.

Moreover, the directivity gain and efficiency of the emitter are
shown in Fig. 3(c). The maximum directivity gain and efficiency
of the emitter are approximately 12 dB and 90% respectively.
The efficiency goes through fluctuation and decreases with the
increasing working efficiency in each band. This phenomenon
is explained as follows. When the working frequency increases,
the confinement is enhanced, and the SSPP is tightly confined
to the surface as a result. Then the diffraction effect induced by
the ring array is weak, and consequently the working efficiency
drops. The efficiency can be improved by extending the array
length. However, it will increase the fabrication challenge. The
optimized ring array is set as L= 8p. Additionally, the radiation
pattern is omnidirectional with linear polarization. For example,
the far-field radiation pattern at 10 GHz is shown in Fig. 4(d).
The gain of the co-polarization and cross-polarization is 10 dB
and−5 dB, respectively, which implies that the emitter has linear
polarization with a low cross-polarization. The co-polarization
also shows that the radiation pattern is omnidirectional.

Because of the wavenumber mismatch, the SSPP cannot be
excited directly [25–27]. By this means, a coupler is specially
designed to bridge the SSPP and the coaxial mode [26]. In this
design, a gradient helical grating is employed to achieve high-
efficiency conversion between the coaxial mode and the SSPP.
The coupler is composed of an outer conductor and an inner
grating. The left port is used to connect the vector network
analyzer (VNA), and the size is consequently the same as the
connecter. The corresponding structural parameters are r0 = 1.52
mm and R0 = 3.5 mm, respectively. The inner and outer radii are
increased from r0 to R1 and R2 with a length of 12d. With the
decrease of the outer radius, the dispersion curve is close to
the light line, and the mismatch of wavenumber is eliminated
[25]. The outer conductor is employed to suppress the electro-
magnetic wave to achieve an efficient conversion. Meanwhile,
it can receive or release the SSPP to improve transmission per-
formance. A pair of couplers are set at both ends of the grating
to verify the transmission properties, and the result is shown in

Fig. 5. (a) Schematic design of the coupler, where r0 = 1.52 mm
and R0 = 3.5 mm. (b) Transmission properties of the couplers. Inset
shows the electric distribution at 10 GHz.

Fig. 5(b). The transmission property is poor in the low-frequency
range and near 0 dB from 3 GHz to 18 GHz. Additionally, the
energy leakage in the low-frequency range may be caused by
the diffraction of fast-wave components in high-order mode and
can be ignored as the working frequency band is 6–16.5 GHz.
It is worth noting that there are several fluctuations in the trans-
mission curves. The phenomenon is explained by the dispersion
curves. When near the asymptotic frequency, the group velocity
approaches zero, and part of the energy fails to transmit to the
receiving port. The problem can be eliminated by extending the
calculation times. In addition, the electric distribution at 10 GHz
is presented in the inset of Fig. 5(b).

For experimental verification, the helical grating is fabri-
cated via high-precision 3D metal printing technology, and the
machining tolerance is at the 0.1-mm level. The fabrication
material is stainless steel GH3625. To reduce the metal loss,
the fabricated prototype is polished and coated with copper by
electroless plating. The coupler is made of oxygen-free copper,
and the ring array is made of aluminum to reduce the weight. To
facilitate assembly, two fixed holes are drilled symmetrically. In
addition, spacers that are made of aluminum tubes are used to
keep the uniform distribution of ring elements. Moreover, two
fixed rods are designed to assemble the ring array with the heli-
cal grating, and the fabricated vortex beam emitter is shown in
Fig. 6(a). It is pointed out that fixed rods have less impact on the
generation of vortex beams via simulation verification.

In the experimental setup, one port of the emitter is connected
to the VNA, and the other port is connected to a matching com-
ponent. The beam-scanning functions are primarily verified. The
experimental setup is shown in Fig. 6(b), and the probed result is
shown in Fig. 6(c). The theoretical result is also presented with
the dotted white line. The experimental results agree well with
the theoretical ones in various bands. There are also other radia-
tion modes in the radiation intensity distribution. It is explained
that other SSPP modes are converted into spatial radiation.
Despite this, the beam-scanning function of the emitter is less
impacted. The fabrication error may cause the dispersion curves
of the high-order mode to shift from the theoretical one, giving
rise to small deviations between the measured and simulation
results. Then, the vortex property is experimentally proved. As
the electric distribution cannot be detected directly, the angular
phase distributions at 7 GHz, 10 GHz, and 14 GHz are meas-
ured and presented in Figs. 6(d)–6(f). The phase decreases by
2π, 4π, and 6π in the angular direction, which indicates the TCs
are −1, −2, and −3, respectively. There are excellent agreements
between the experimental and simulation results. In this way,
both the beam-scanning and vortex functions are verified.
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Fig. 6. (a) and (b) Pictures of the fabricated vortex beam emitter
and experimental setup. (c) Radiation intensity distribution. The
normalized experimental result is presented by the pseudocolor
map, and the simulation result is marked with the white dotted line.
(d)–(f) Angular phase distributions at 7 GHz, 10 GHz, and 14 GHz.

The proposed vortex beam emitter shows several advantages.
Compared with emitters based on the resonant SSPP antenna,
the bandwidth is widely extended, and the radiation direction
can be tuned flexibly [15,16]. The structure is also much sim-
pler and more robust than the free-electron-driven vortex emitter
[17,18]. The electric-optic system for focusing the electron beam
is removed. Additionally, this emitter may find numerous appli-
cations in communication systems. The multi-mode vortex beam
can be used to multiplex the signal. The beam-scanning may find
applications in point-to-point communication, and the radiation
pattern can also be converted into directional radiation via a
parabolic surface.

In summary, a multi-mode vortex beam emitter based on the
SSPP is demonstrated in this Letter. The SSPP on the helical
grating is used to convert into the high-purity vortex beam via
a ring array in several frequency ranges, and the TC varies
with the radiation band. Frequency-controlled beam scanning is
achieved in each band. A physical prototype is fabricated, and
the experiment agrees well with the simulation. This multi-mode
vortex beam emitter is compact and promising for OAM-based
communication systems.
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