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Quasi-Continuous Metasurfaces for Orbital Angular
Momentum Generation

Menglin L. N. Chen

Abstract—A  quasi-continuous composite perfect electric
conductor-perfect magnetic conductor metasurface and a sys-
tematic metasurface design process are proposed for the orbital
angular momentum (OAM) generation. The metasurfaces reflect
the incident left circularly polarized (LCP)/right circularly polar-
ized (RCP) plane wave to RCP/LCP vortex beams carrying OAM
at normal or oblique direction. Unlike conventional metasurfaces
that are composed of discrete scatterers, the scatterers on the pro-
posed metasurface form a quasi-continuous pattern. The pattern-
ing of the metasurface is calculated through grating vectors, and
no optimization of single scatterer is required. Furthermore, the
distortions from local-response discontinuity of discrete scatterers
are avoided. This letter provides great convenience to high-quality
OAM generation.

Index Terms—Grating vector, orbital angular momentum
(OAM), quasi-continuous metasurface.

I. INTRODUCTION

T IS KNOWN since 1992 that Laguerre—Gaussian modes
I carry well-defined orbital angular momentum (OAM). Those
modes have an azimuthally dependent phase factor, ¢/'?, where
¢ is the azimuthal angle and [ is the OAM index [1]. Since then,
OAM has been applied in communications [2], imaging [3],
[4], and so on. For example, OAM-based multiplexing and
demultiplexing have been implemented at different frequency
regimes [5], [6]. As a simple and newly discovered multiplexing
approach, OAM multiplexing needs to be studied to overcome
the issues of power decay, sensitivity to misalignment, and mode
crosstalk for practical applications [7]-[9]. Furthermore, OAM
is promising for applications related to the light-matter inter-
action, such as the manipulation of particles and detection of
spinning objects [10], [11].

To introduce OAM to a plane wave, the azimuthal phase factor
¢''? needs to be added along the wave path. Devices for OAM
generation include spiral phase plate [12], g-plates [13], grat-
ings [14], metasurfaces [15]-[17], and photonic crystals [18].
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Fig. 1. Schematic pattern of the PEC-PMC metasurface. (a) Top view of the
whole metasurface. The inclination angle of the metal strips is denoted by a.
(b) Scatterer in the metasurface.

With high flexibility, metasurfaces have been widely used in
wave manipulation [19]-[21]. Particularly, as one type of meta-
surface, geometric-phase-based metasurface changes the local
phase of electromagnetic waves by scatterers with varying ori-
entations. This phase modification originates from the change
in the polarization state along different paths on the Poincaré
sphere [22]. The key point to produce OAM waves by using
geometric-phase-based metasurface is to make the local phase
change equal to e'!?. Various prototypes of scatterers on these
metasurfaces have been proposed for OAM generation, such as
split-ring resonators [23], [24] and L-shaped and elliptical nano
antennas [25], [26]. However, the performance could be de-
graded due to the unwanted coupling among scatterers and high-
order diffraction. Hence, a lot of efforts need to be taken in the
design and optimization of scatterers.

In this letter, we present a quasi-continuous metasurface for
OAM generation. The metasurface contains an anisotropic per-
fect electric conductor (PEC) layer and an isotropic perfect
magnetic conductor (PMC) layer. It reflects the incident left cir-
cularly polarized (LCP)/right circularly polarized (RCP) plane
wave to a RCP/LCP wave, along with a locally modulated geo-
metric phase. The phase distribution on the whole metasurface
satisfies e’ (/9 +5:2+k,9) 5o that an OAM of order [ can be gen-
erated at the k-space position (k,,k,), where k, and k, are
the transverse wavenumbers. The PEC layer presents a quasi-
continuous pattern, and the PMC layer can be realized using any
artificial high-impedance surface.

II. METHODOLOGY

Fig. 1(a) illustrates one type of composite PEC-PMC meta-
surface to produce vortex wave with [ = +2 [27]. The top PEC
layer is composed of concentric metal loops. A mushroom-like
high-impedance surface acting as the PMC layer is put beneath
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the PEC layer. Any local area on the metasurface can be con-
sidered as a PEC scatterer on top of a PMC scatterer. One unit
cell is extracted and shown in Fig. 1(b). The geometric and
material parameters are the same as in our previous work [27].
The size of one mushroom structure is around %, /7. Therefore,
the periodically distributed mushroom can be considered as an
isotropic, homogeneous plane. Complex Jones matrix (J,, Jzy;
Jyz Jyy) 18 used to model the scatterer. Since it is symmetric
about the z- and y-axes, we have J,, = J,, = 0. The metal-
strip array behaves like a parallel-plate waveguide. The cutoff
frequency of corresponding TE; mode is 1/(2g,/Jz€), where g
is the gap between adjacent metal strips [28]. Below the cutoff
frequency, the y-polarized component will be totally reflected
with a 7 phase shift (J,, = —1). The penetrated z-polarized
component will be reflected by the PMC plane without phase
shift (J,, = 1). When the composite structure is illuminated
by a circularly polarized wave, the polarization state will be
changed from left to right and vice versa. It should be noticed
that the whole metasurface is composed of those scatterers with
different orientations. Therefore, besides the polarization flip,
the reflected wave is accompanied by an additional phase that
is equal to e*?“, where « is the inclination angle between the
metal-strip tangent and x-axis. The plus/minus sign is taken
when the incident wave is LCP/RCP. As can be read from the
figure, &« = ¢ + /2. Thus, the reflected wave carries an OAM
of order £2. Usually, for geometric-phase-based metasurfaces,
rotation of the discrete scatterers breaks the periodicity along
the x- and y-directions, resulting in the undesired mutual cou-
pling between the nearest-neighbor scatterers. However, in the
composite PEC-PMC metasurface, individual control of the
two orthogonal polarizations is realized by the PEC and PMC
layers, respectively. No rotation operation is required for the
scatterers on the PMC layer. Meanwhile, induced current is
continuously guided along the smoothly connected metal strips
on the PEC layer. From this point of view, compared to the
discrete geometric-phase-based scatterers, the unwanted mu-
tual coupling among the PEC-PMC scatterers is significantly
reduced. Moreover, by keeping the local period small enough,
no high-order diffraction exists.

Regarding vortex beams carrying arbitrary orders of OAM, in
conventional metasurfaces, discrete scatterers are placed at spe-
cific locations with predesigned orientations [23]-[26]. How-
ever, the discontinuity and aperiodicity induced by the discrete
scatterers will distort the near-field pattern [27] and lower the
efficiency. To achieve a continuous phase shift on the metasur-
face, the discrete scatterers should be continuously and smoothly
connected. For practical implementation, we consider the metal
strips as a grating and model them using grating vectors. An ar-
bitrary metal-strip pattern is drawn in Fig. 2. The grating vector
is perpendicular to the tangent of metal strips. In other words,
the grating vector is the normal vector of the curve of the metal
strips. In polar coordinates, it is written as

K,(r,¢) = K,# + K,
= Ky(r, ¢) cos[0(r, ¢) — o] (H
+ Ko(r, ¢) sin[0(r, ¢) — ¢]op

where K (r, ¢) is the local spatial frequency at (r, ¢).

Y, K,

Fig.2.  Arbitrary metal-strip pattern modeled by the grating vector K, which
is normal to the tangent of the metal strips.

Fig. 3.
bym=05,a=b=0,D=m/

Calculated g when (a) m = 0.5,
LA
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As discussed, the orientation of the local metal segments
characterized by 6 determines the geometric phase, which will
contribute to the phase shift for the wave manipulation. To pro-
duce vortex beams radiating at the desired direction, ¢ should
satisfy

O(r,¢) =me¢ + arcos ¢+ brsin¢ + D (2)

where m = [/2 and is also called the topological charge of the
structure. The second and third terms in 0(r, ¢) are introduced
for realizing oblique reflection. a =k, /2, b=k, /2. D is a
phase constant that determines the direction of K at the origin.

To ensure the continuity of the grating, it is required that V x
K, = 0 [29]. By substituting (2) into (1), the general solution
of K fulfilling the zero divergence condition is of the form

ear sin ¢ —br cos ¢
Ky = AT 3)
where A is a scaling factor.

It is supposed that the closed metal strip could be mathe-
matically described by a curve equation g(r, ¢) = C. Vg is the
normal vector of the curve. Therefore, Vg = K, and itis solved
by integrating K, over an arbitrary path

(r:¢0) (r.9)
g(r,0) = / K, dr + / rKydo. )
(ro,¢0) (r,d0)

In Fig. 3, we show the calculated g when 6(r, ¢) = m¢ + D.
As expected, the orientation of the contour line coincides with
O(r, ¢). The grating vector is perpendicular to the contour line,
and its initial orientation at ¢ = 0 is determined by D, which is
horizontal when D = 0 and vertical when D = 7/2.
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(a) (b)

Fig. 4. Binary grating generated from the calculated g in Fig. 3(b) when the
scaling factor (a) A = 100 and (b) A = 300.

A Lee-type binary grating is then generated from g [30].
Fig. 4 shows two gratings with different scaling factors A.
The grating is a desired pattern for the PEC layer. The local
orientations of the two patterns are identical, while the local
periods are different. Since adjacent metal strips function as a
parallel-plate waveguide, proper value of A needs to be chosen
so that their gap is small enough to guarantee that the oper-
ating frequency is far below the cutoff frequency of the TE;
mode.

III. SIMULATION

For the PEC layer in Fig. 4(b), the outer radius of the pat-
tern is 100 mm, and the inner radius is 5 mm. Two scenar-
ios are compared in which the ideal PMC boundary and the
mushroom-like high-impedance surface are applied beneath the
PEC layer, respectively. Simulations are done in CST MWS.
The metasurface is illuminated by an LCP Gaussian wave with
the beam waist of 50 mm at 6.2 GHz. Fig. 5 shows the amplitude
and phase distributions of the reflected RCP field component at
a transverse plane 20 mm away from the metasurface. We see
the field distribution of an OAM wave with [ = 1. A clear phase
singularity is observed. The phase encounters a total 27 change
along a closed path enclosing the center. The simulated fields in
the two scenarios show a good agreement with each other.

The efficiency of the unit cell can be used to evaluate the
performance of the design. The parameters for the mushroom-
like high-impedance surface remain the same for all meta-
surfaces. Hence, we can assume J,, = 1 all the time. The
y-polarized component will be totally reflected due to pres-
ence of the ground plane. However, the reflection phase de-
pends on the gap between the metal strips. Here, we write
J,y = €'P. For the incidence of a circularly polarized wave,
incident components are i, = 1, 7, = %i. The reflected wave
components r, = J,, = 1, r, = +iJ,, = +ie”. The ampli-
tude of the converted cross-circularly polarized component is
a=(r, +ir,)/v2 = (1 — ¢?)/\/2. The efficiency of the unit
cell, which is equal to the ratio of the power of the converted
wave to that of the incident wave, is |1 — e’?|? /4. Clearly, for
the ideal case that p = m, the efficiency is 1. The metasurface
shown in Fig. 1 has been demonstrated to exhibit nearly per-
fect efficiency [27]. For the metasurface with nonuniformly
distributed metal strips, we calculate the efficiency using the
power of the reflected RCP wave divided by that of the in-
cident wave. The efficiency of the metasurface for Fig. 5
is 94%. The far-field radiation patterns of both the copolar-

(b)

Fig. 5. Simulated field distributions at a transverse plane 20 mm away from
the metasurface with m = 0.5. (a) Amplitude and (b) phase of the field when
the metal strips are placed on an ideal PMC boundary. (c) Amplitude and
(d) phase of the field when the metal strips are placed on the mushroom-like
high-impedance surface.

Fig. 6. Simulated far-field radiation patterns for the metasurface with m =
0.5. (a) Directivity and (b) phase of the cross-polarized (RCP) component;
(c) directivity and (d) phase of the copolarized (LCP) component.

ized component and cross-polarized component are plotted in
Fig. 6. The maximum directivity for the RCP component is
12.7 dBi and it is only 5.5 dBi for the LCP component. More-
over, the directivity for the converted component presents a
donut shape with a gradual phase change around the vortex
axis, while the copolarized component does not show such
feature.
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Fig.7. Quasi-continuous PEC-PMC metasurfaces to produce OAM at normal
direction and their far-field radiation patterns. When m = 1.5, (a) the top view
of the PEC layer, (c) directivity, and (e) phase of the RCP component. When
m = 2, (b) the top view of the PEC layer, (d) directivity, and (f) phase of the
RCP component.

In following simulations, we will use the ideal PMC boundary
for simplicity. Metasurfaces for generating OAM with other
orders can be built based on the same procedure. The top metal-
strip layers with the topological charge m = 1.5 and m = 2
are shown in Fig. 7. The far-field directivity and phase patterns
indicate the successful generation of OAM with order [ = 3 and
=4

Regarding oblique reflection to be manipulated, transverse
wavenumbers &, and &, need to be introduced. They are calcu-
lated based on the desired reflected wave direction (6y, ¢g) as
follows:

ke = kocos¢gsinty k, = ko sin ¢ sin . 5)

Then, the required orientation (7, ¢) of metal strips is found
from (2). By following the calculations in (3) and (4), the pat-
tern of the PEC layer can be generated. Fig. 8 displays the
reflected OAM waves at different directions. As expected, the
OAM indexes are 1 in Fig. 8(a) and 3 in Fig. 8(b). The simulated
directivity is consistent with our objective. It is worth noting that
the proposed design is not limited to radio regime, as long as
the responses of the PMC and PEC layers are replicated. For
example, in terahertz regime, graphene-based high-impedance
surfaces [31] and dielectric metasurfaces [32] can be used as

Fig. 8.
directions and their far-field radiation patterns. Whenm = 0.5,6y = 20°, ¢ =
0, (a) the top view of the PEC layer, (c) directivity, and (e) phase of the RCP
component. When m = 1.5, 0y = 10°, ¢9 = 90°, (b) the top view of the PEC
layer, (d) directivity, and (f) phase of the RCP component.

Quasi-continuous PEC-PMC metasurfaces to produce OAM at oblique

magnetic mirrors. In optical regime, dielectric metamaterials
acting as perfect reflectors with the reflection phases of 7 and
zero could be applied [33].

IV. CONCLUSION

We have proposed a quasi-continuous PEC-PMC metasur-
face with a systematic design route to generate vortex beams
at normal and oblique directions. The introduction of spatial
phase to the incident plane wave is based on the concept of
geometric phase. Specifically, the local phase shift depends on
the orientation of the metal strips of the PEC layer. Patterning of
the metal strips is accomplished with the assistance of grating
vector, which offers a simple and effective way to design the
whole metasurface. Different from existing design protocols for
geometric-phase-based metasurfaces, complicated optimization
process of single scatterer is not needed. Furthermore, thanks
to the quasi-continuous geometries, high-order diffraction from
discrete scatterers is avoided.
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