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Vortex beams carrying orbital angular momentum (OAM) have recently attracted great interest due to
their capability for providing a new method to increase the communication channels in wireless commu-
nications. It is expected that the unbounded eigenstates of OAM can bring a large number of channels
to enhance the transmission capacity. Here, we propose an effective strategy to generate vortex beams
by using spoof surface plasmon polaritons (SSPPs) in the microwave region. A periodically modulated
SSPP ring resonator is applied to convert near-field SSPP waves into radiating a vector vortex beam. The
emitted beam can possess different OAM modes at different frequencies through rational design. In addi-
tion, circularly polarized vortex beams are demonstrated. Both numerical simulations and experimental
characterizations confirm the theoretical predictions. Owing to the deep subwavelength characteristic of
SSPP, the proposed device can be readily integrated into miniaturized circuits and systems. We anticipate
that our design will enable a wide range of applications for future wireless communication technologies.
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I. INTRODUCTION

Vortex beams, which carry orbital angular momentum
(OAM), are manifested by a helical phase front and an
azimuthal component of the wave vector [1]. Optical
vortex beams have recently attracted considerable inter-
est, because of their promising application perspectives,
including optical microscopy [2], superresolution imaging
[3,4], and optical tweezers [5]. After a series of profound
researches in optics, the basic physical properties and char-
acteristics of OAM have been translated to microwave
and millimeter waves [6—12]. In contrast to the spin angu-
lar momentum (SAM) that can only take two orthogonal
states, the OAM has unbounded eigenstates. Therefore,
in principle, OAM beams can offer many channels and
tremendously enhance communication capacity without
increasing the bandwidth in wireless communication sys-
tems [8]. To date, various approaches have been developed
to generate OAM beams, including spiral parabolic anten-
nas [13], antenna arrays [9,14], metasurfaces [15—18],
leaky-wave antennas [10,19,20], and ring resonators [21].

*luoguoging@hdu.edu.cn
Thfma@seu.edu.cn
1y liu@northeastern.edu

2331-7019/20/13(5)/054013(8)

054013-1

These methods, however, have several limitations. For
instance, it is difficult to implement multiplexing and
demultiplexing using spiral parabolic antennas for beam
generation. Although it is easy to produce electromagnetic
vortex with the circular antenna array, the exact controlled
phase-shift feeding network is necessary, which increases
the cost and the complexity of the system. Meanwhile,
microscale ring resonators have been used to generate light
beams carrying OAM. The design idea is to make the
ring resonator surrounded by scatters, which have a spe-
cific phase delay with respect to the neighboring scatter,
resulting in a helical phase front [22—24].

In recent years, the concept of spoof surface plas-
mon polaritons (SSPPs) has been developed by using
structured metals, such as one-dimensional grooves or
two-dimensional hole arrays drilled into metals. These
structured metal surfaces support highly confined surface
electromagnetic (EM) waves at low frequencies. Their
properties are very similar to those of conventional sur-
face plasmon polaritons (SPPs) at optical frequencies. As
we know, SPPs start to lose the strong-field confinement
when the frequency is below the mid-infrared. The rea-
son is that metals behave as perfect electric conductors
at low frequencies. However, by structuring metals to
form one-dimensional or two-dimensional metallic waveg-
uides and operating at the frequency below the cutoff

© 2020 American Physical Society
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frequency of these waveguide, EM fields exponentially
decay along the surface normal direction. Such a feature
imitates conventional SPPs, while the dispersion charac-
teristics and spatial confinement of the SSPP can be readily
controlled by geometrical means [25-27].

SSPPs have been used to produce compact microwave
components in wireless communication systems in the
microwave and millimeter wave region. For instance,
Su et al. fabricated a well-designed deep-subwavelength
metaparticle, generating near-field electromagnetic vor-
tex modes at the microwave frequency [28]. In addition,
SSPP-based vortex-beam emitters have started to attract
attention. Not only can these SSPP-based vortex-beam
emitters be easily integrated to communication systems,
but also have the potential to solve the challenge of
transmission data rate in wireless communications. For
example, Yin et al. proposed a looped SSPP waveguide
surrounded by a series of circular patches to generate vor-
tex beam. Each patch works as a radiation unit, while
gives rise to the phase shifts required by the vortex beam
[29]. The SSPP waves travel on the waveguide and couple
to the patches, while the patches radiate waves. How-
ever, it is difficult to implement multiplexing and demul-
tiplexing because this device only generates single-type
vortex beam at each frequency. The double-layer config-
uration used in the device can result in the OAM order
inconsistencies in upward and downward directions. In
addition, the double-layer layout and affiliated patches
increase the complexity of the proposed structure, which
are not favorable for the design and fabrication of sys-
tem.

In this paper, we propose and demonstrate an alterna-
tive route to emit the vortex beams with multiplexing and
demultiplexing capabilities, by utilizing a SSPP ring res-
onator based on a planar corrugated microstrip line. The
SSPP ring resonator is manufactured by folding a straight
SSPP leaky-wave antenna (LWA) into a circular loop. In
this way, the radiated beam transforms into a cylindrical
vector vortex (CVV) beam. The radiated CVV beam can
carry OAM, which is demonstrated by theoretical analy-
sis and numerical simulations. The electric field scanning
pattern is measured. The measured results agree very well
with the simulations. We show that the different OAM
modes are generated at different frequencies without any
changes in the structure. Furthermore, we present numer-
ical and experimental far-field results to demonstrate that
our device can emit two kinds of circular-polarized vor-
tices with different topological charges. Our work provides
an effective way to convert SSPP waves to OAM-carrying
spatial waves, which can easily be integrated into wireless
communications systems and integrated circuits operating
in the low frequency regions. The demonstrated multi-
plexing and demultiplexing of the OAM-carried waves
substantially advances the practical applications of OAM-
based wireless communication.

II. RESULTS

A. Structure and design

Recently, corrugated metal structures were proposed and
investigated to support SSPPs confined in a subwave-
length scale, while periodically modulated SSPP waveg-
uide LWA composed of nonuniform corrugated metallic
strip can convert traveling SSPPs to radiating waves [30—
32]. Figure 1(a) shows the top view of the SSPP waveguide
LWA. The substrate with metal ground is F4B, with a rel-
ative permittivity of 2.5 and loss tangent of 0.003. The
thickness of the dielectric substrate is 3 mm. The geom-
etry of the SSPP waveguide is designed as a=2 mm,
d=4 mm, and p =20 mm. In order to efficiently con-
vert SSPP to radiating waves, the surface impedance of the
waveguide is modulated by changing the depths of metal
grooves in one period. The groove depths are 4y, hy, h3, ha,
and 45, respectively.

In this particular design, the triangular-modulated sur-
face impedance in one period can be written as

X (1 B =AY i
JX (1= B 200) i
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where X; is the average surface reactance, and M is the
modulation factor. The —first-order harmonic, which is the
first spatial harmonic, is usually used to generate the leaky-
wave radiation [33]. The phase constant 8, of the first
radiating harmonic mode can be calculated as

2w
IBX = k—l = kx — T (2)
P

where k, is the wavenumber of the SSPP wave along the
propagating direction in the waveguide. The angle of the
radiation beam is given by o = sin~! (B, /ko), where ky is
the vacuum wavenumber. Here, we set o« = 0 to observe
the leaky waves propagating along the normal direction
(i.e., along the z axis) at 8 GHz, which means 8, =0
and k. = 27 /p. Furthermore, the average surface reac-
tance of the corrugated metallic strip can be calculated to
be X; = 598 Q through

Z = oy 1 — (ke/ko)?, 3)

where 7y is the wave impedance in free space. In our
design, we choose M =0.5 to get an efficient radiation.
Solving Eq. (3), we can find that the surface impedance of
the triangularly modulated SSPP waveguide LWA in one
period equals 448, 598, 748, 598, and 448 2, respectively,
at the location of the five metallic grooves.

In order to find the geometry of the grooves to match
the desired surface impedance, the dispersion curves of the
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unit cell with different groove depths are numerically simu-
lated, and plotted in Fig. 1(b) with solid lines. It is apparent
that the SSPP exhibit different propagating constants k,
when the groove depth £ varies. The surface impedances
of the corrugated conductors with groove depths #=1,
2, 3, 4 mm at 8 GHz are calculated by Eq. (3). Then
the data are fitted by the dashed line in Fig. 1(b). We
can observe that the surface impedance ranges from the
425 to 7502 as the groove depth changes from 0.4 to
4.2 mm, which can be used to design the depth of the sub-
wavelength corrugated metal structure. Consequently, the
groove depths can be determined through the relationship
between surface impedance and groove depth / at 8 GHz.
The groove depths thus are defined as ) = /s =1.56 mm,
hy =hs=3.41 mm, i3 =4.24 mm.

The inset of Fig. 1(a) represents the simulated far-field,
two-dimensional (2D) radiation pattern of this design,
which shows that the periodically modulated corrugated
structure can radiate a beam along the normal direction at
8 GHz. Please note that the single-strip corrugated metal-
lic structure without ground can also be used as LWA.
However, the major lobe of its radiation pattern does not
point along the z axis, owing to the asymmetric structure.
Therefore, we use SSPP structures along with a metallic
ground plate to ensure the upward radiation. On the other
hand, the SSPP waves have different wave numbers at dif-
ferent frequencies, so the radiation angle can be steered
by changing the frequency. In the proposed design, the
wave front of the radiating beam is tilted except at 8 GHz.
When the frequency is below 8 GHz, the main lobe of
radiation is backward, while the radiation beam is forward

at the frequency above 8 GHz. If the waveguide LWA is
designed with circular shape, the tilted phase front of the
radiating beam is twisted into a spiral about the direction
perpendicular to the structure progressively.

Subsequently, we bend the designed straight SSPP
waveguide LWA into a ring, whose circumference is n
times the length of the modulated period p. Here we set
n =14, as shown in Fig. 1(c). In this way, the SSPP waves
are guided around the ring, leading to whispering-gallery
modes (WGMs). The resonant condition should satisfy the
equation [34]

2R = m\ /ne, “4)

where m denotes the mode number of the ring resonator,
nesr 1S the effective index of the SSPP mode, which can
be described as nesr = k,/ko, and A stands for the wave-
length in free space. In order to couple the wave into
the ring resonator, a linear SSPP waveguide with groove
depth £ =3.24 mm is placed near the ring resonator. The
distance between the ring resonator and the waveguide
is g=0.5 mm. The linear SSPP waveguide is fed from
the back by coaxial connector. At each terminal (ports
A and B) of the linear SSPP waveguide, a notch groove
with %, =1.5 mm is employed for impedance match-
ing between the corrugated metallic strip and the coaxial
connector (see the enlarged diagram of port A).

Because the radius R is much bigger than the groove
width of the ring, the wavenumber k, in the azimuthal
direction is nearly equal to the wavenumber k, of the
original straight SSPP waveguide LWA. Meanwhile, the
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periodically modulated ring resonator can also emit the
first radiating harmonic beam. Here the wavenumber of the
—first-order harmonic mode in azimuthal direction is

2
ko1 =ky — —. 5)
@ » »

Substituting Eq. (4) into Eq. (5), we can obtain the
azimuthal propagation constant (i.e., phase shift per unit
azimuthal angle) of the radiating beam

2 2R 2R
ﬁwzk_l,sz(kw__ﬂ>R= nRngr 27R
p A p
(©6)

at the resonance frequency, where m is the azimuthal order
of the resonance, and » is the number of modulated periods
around the resonator.

Note that the radiated wave is a rotationally symmet-
ric beam with respect to the z axis. Therefore, the beam
should be a CVV beam. As mentioned in Ref. [30], the
polarization of the radiating beam is parallel with the
SSPP propagation direction. Thus, the CVV beam emerg-
ing from the ring is predominantly azimuthally polarized
in our particular design. When port A is excited, the trav-
eling WGMs propagate along the anticlockwise direction,
the —first-order harmonic radiation field can be written as
the following form:

E, = Eo(r,2)e7Pe%g, (N

where Ey(r, z) is the azimuthal amplitude of the far field
and ¢ is the azimuthal angle. This radiating wave is a
vector vortex beam with spatial inhomogeneous polariza-
tion distribution. Following the discussion in Ref. [35],
the phase of the CVV is characterized by e, where [ is
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FIG. 2.

the Pancharatnam topological charge. Moreover, the vec-
tor vortices have intriguing spiral wavefronts that carry
OAM. The topological Pancharatnam charge should cor-
respond with the OAM vortices [36]. Therefore, in our
periodically modulated SSPP ring resonator, OAM carried
by the radiating wave is / = B, = m — n at the resonance
frequencies.

B. Simulations and measurements

In order to validate our design, we perform numerical
simulations by CST Microwave Studio, a commercial elec-
tromagnetic solver. The simulated S parameters, that is, Sy
as reflection and S;; as transmission, are plotted as solid
lines in Fig. 2(a). One can see that the transmission spec-
trum has several dips in the frequency range from 6.5 to
9.5 GHz, resulting from the resonances. It should be noted
that the reflection coefficient at 8§ GHz is bigger than other
frequencies, which is due to the open stopband (OSB)
at broadside radiation [37—40]. We fabricate the porotype
using printed-circuit-board technology for measurements.
The materials and geometries in experiments are the same
as those in simulations. The experimental results are plot-
ted as dashed lines in Fig. 2(a), which show very good
agreement with the simulations. To explain the phenom-
ena, we simulate E.-field distributions in the x-y plane
3 mm above the structures at these resonance frequen-
cies. From Figs. 2(b)-2(h), we can see that the near-field
patterns correspond to WGMs of the ring resonator, with
mode number m ranging from 11 to 17. Following the
aforementioned discussion, the wavenumber of the trav-
eling WGMs k, should be equal to 27 /p at 8 GHz.
Therefore, the number of optical periods m =14 in the
resonator circumference at 8 GHz. Here the experimen-
tal and simulated results match well with the theoretical
prediction, verifying the accuracy of the design.

(a) Simulated and measured S parameters of the proposed structure. (b)—(h) indicate the near field at 6.53, 7.06, 7.55, 8, 8.45,

8.87, and 9.23 GHz, corresponding to mode number m =11, 12, 13, 14, 15, 16, 17.
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A

FIG. 3. Experimental setup in an anechoic chamber.

In order to further verify that the radiating wave carry
OAM, we perform electric field scanning measurement
using the setup shown in Fig. 3. An open-end waveg-
uide is adopted as the probe. The waveguide is connected
to the Agilent VNA. The fabricated sample is fixed, in
which port A of the access waveguide is connected to
the VNA and port B is connected with 50  matching
impedance. The distance between the structure and probe
is set at 400 mm (ten times of the wavelength at the central
frequency 8 GHz). The probe can move along the hori-
zontal and vertical directions step by step controlled by
a 2D stage, and record the electric field data. During the
measurement, the field distribution with horizontal polar-
ization is first scanned, then we rotate the probe by 90 °
to record the field distribution with vertical polarization.
By the vector coordinate transforms, the normalized phase
distributions of azimuthal component can be plotted. The
comparisons between the simulated and measured normal-
ized phase distributions at 6.53, 7.06, 7.55, 8, 8.45, 8.87,
and 9.23 GHz are presented in Figs. 4(a) and 4(b). As we
discuss, the azimuthal order of the resonance is m =14 at
8 GHz. Therefore, the OAM carried by the emitting beam
is predicted by / =m —n = 0 at 8 GHz, which has no
Pancharatnam topological charge. From Fig. 4, it is evi-
dent that this beam exhibits no spiral phase and no OAM at
8 GHz as the theory predicts. For other frequencies, phase
gradient along the azimuth direction are obtained, in which
the phase changes by —6m, —4m, —2m, 27, 4, 6 upon
one full circle around the center of the vortex at 6.53, 7.06,
7.55, 8.45, 8.87, and 9.23 GHz, respectively. The phase is
continuous everywhere except near the center, presenting a
phase singularity at the beam axis. The results confirm that
the emitted field from our system carries OAM of /= —3,
—2,—1,0, 1, 2, and 3 at each of the resonance frequen-
cies, respectively, consistent with the theoretical analysis.
The excellent agreement can be further observed from the

comparison between measurement and full-wave simula-
tion. The results demonstrate that the proposed method of
emitting vortex beams carrying OAM modes by SSPP ring
resonator is effective. Moreover, the variable OAM can be
generated by tuning the azimuthal order m on the reso-
nance and the number of modulated periods n around the
resonator.

Given the knowledge above, when port A is fed and port
B is matched, the anticlockwise-traveling WGMs appear in
the ring and emit the beam carrying OAM of /. Because
of the symmetry of this device, the clockwise-traveling
WGM distributed fields can be excited by coupling wave
into port B. In this case, the device radiates the helix beam
with the OAM modes of —/ with respect to clockwise-
traveling WGMs at the same resonance frequencies. The
radiated wave of our design will carry +/ or —/ OAM
mode according to the feeding option of the input port A
or B for the access waveguide. It means that this device is
an intrinsic dual OMA mode antenna without extra multi-
plexing devices. More interestingly, based on the proposed
structure, multiple SSPP rings can easily be integrated into
one system by linear array or multiple concentric rings,
which are coupled to the access waveguide. With a deli-
cate design, more than two OAM modes’ multiplexing and
demultiplexing can be conveniently achieved.

C. Scalar vortex beams

Furthermore, we show that the CVV beam can be
considered as a combination of left-hand circularly polar-
ized (LHCP) and right-hand circularly polarized (RHCP)
radiated OAM beams given by [23,41-43]

E, = Eo(r,z)e_ﬂ‘/’@ = _]5 [—Eo(fc _j)g)e—j(l—l)w
+Eo(x _|_j);)e—j(l+1)s0] . (8)

Therefore, the far-field radiation from the ring resonator
can be decomposed into two scalar vortices, which are
LHCP beams with topological charge of /+ 1 and RHCP
beams with /— 1. Note that the circular polarization is
defined from the point of view of the source. Two different
polarization OAM states exist at the same frequencies. By
the cooperation with the input, four OAM modes’ (/—1,
—I[—1 for RHCP and /41, —/+ 1 for LHCP) multiplex-
ing can be conveniently achieved. This feature could result
in more channels and communication capacities compared
with traditional OAM antennas.

To illustrate the OAM-carrying vortex behavior, Fig. 5
presents the simulated LHCP and RHCP far-field radiation
pattern and phase distribution in a three-dimensional plot
at 6.53, 7.06, 7.55, 8, 8.45, 8.87, and 9.23 GHz, respec-
tively. For convenience and clear identification of the
far-field characteristics, all the patterns at each frequency
are normalized to their maximal intensity. As expected,
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@6.53GHz @7.06GHz @7.55GHz

FIG. 4.
frequencies.

the LHCP far field [Fig. 5(a)] have spiral phase change
equal to (/+ 1) x 27 at resonances. Figure 5(b) shows
that the LHCP far-field pattern is a pencil-like beam at
7.55 GHz and an amplitude null in the central region at
other resonance frequencies. Thus, the LHCP beams cor-
respond to topological charge of —2, —1, 0, 1, 2, 3, 4 at the
seven resonance frequencies. On the other hand, the RHCP
phase patterns [see Fig. 5(c)] have spiral arms equal to /—1
and the handedness determine the sign of the topological
charge, which reveal that the emitting RHCP beams exhib-
ited OAM modes of —4, —3, —2, —1, 0, 1, 2 at resonances.

@6.53GHz
| +1=22

@7.06GHz
| +1=-1

@7.55GHz
/| +1=0

FIG. 5.

@8GHz

@8GHz
I +1=1

@8.45GHz @8.87GHz

@9.23GHz
=3

360

(a) Simulated and (b) measured phase distribution of emitted wave with the azimuthal polarization at the resonance

For the case when the topological charge is nonzero, the
far-field radiation patterns of the RHCP beam form a donut
shape, as shown in Fig. 5(d). When the topological charge
is 0 at 8.45 GHz, the emitted RHCP beam does not possess
a net OAM value as predicted.

Figures 6(a) and 6(b) plot the LHCP and RHCP normal-
ized 2D far-field radiation patterns at the seven resonance
frequencies. The simulated and measured far-field patterns
show very good agreement. For LHCP beam at 7.55 GHz,
an ordinary beam is obtained since the mode number is
zero, as predicted before. Hollow radiation patterns are

@8.45GHz
| +1=2

@8.87GHz
/| +1=3

@9.23GHz
| +1=4

LHCP

RHCP

Numerically calculated far-field (a) phase patterns and (b) radiation patterns of the emitted LHCP beams at 6.53, 7.06, 7.55,

8, 8.45, 8.87, and 9.23 GHz. Numerically calculated far-field (c) phase patterns and (d) radiation patterns of the emitted LHCP beams

at resonances frequencies.
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(a) @6.53GHz @7.06GHz

@7.55GHz

30

@8GHz

@8.45GHz @8.87GHz @9.23GHz

FIG. 6. Measured and simulated far-field 2D radiation patterns of (a) LHCP and (b) RHCP. The solid line indicates the simulated

results, while dashed lines are measured results.

achieved at other frequencies as expected. The RHCP
far-field radiation pattern exhibit a pencil-like beam at
8.45 GHz, whereas there is an angle between the two main
lobes at other frequencies. Both simulated and measured
results of LHCP and RHCP far-field patterns prove that the
previous analysis is accurate, and our design can be used
to emit circular-polarized vortices.

ITII. CONCLUSION

We propose and demonstrate an efficient approach to
convert SSPP waves to vortex beams by SSPP ring res-
onators. Simulations and experimental characterizations
confirm the theoretical prediction that the emitted CVV
beams from the present configuration carry well-defined
OAM. These vortex beams with different OAM modes
are observed at different frequencies. The mode num-
bers of [I=-3, =2, —1, 0, 1, 2, 3 appear at 6.53, 7.06,
7.55, 8, 8.45, 8.87, and 9.23 GHz respectively. Moreover,
it is confirmed with simulations and measurements that
this device can be used to emit LHCP and RHCP vor-
tex beams simultaneously. This structure can possess more
flexible OAM modes by adjusting the azimuthal order
of the resonance and the number of modulated periods
around the resonator. Our results enable many potential
applications, including but not limited to the multiplexing
and demultiplexing of the OAM radio waves in wire-
less communication and detecting the OAM of CVV and
circular-polarized vortices.
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