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Orbital angular momentum (OAM) is a promising degree of freedom for fundamental studies in

electromagnetics and quantum mechanics. The unlimited state space of OAM shows a great

potential to enhance channel capacities of classical and quantum communications. By exploring

the Pancharatnam-Berry phase concept and engineering anisotropic scatterers in a metasurface

with spatially varying orientations, a plane wave with zero OAM can be converted to a vortex

beam carrying nonzero OAM. In this paper, we proposed two types of novel perfect electric

conductor-perfect magnetic conductor anisotropic metasurfaces. One is composed of azimuthally

continuous loops and the other is constructed by azimuthally discontinuous dipole scatterers. Both

types of metasurfaces are mounted on a mushroom-type high impedance surface. Compared to pre-

vious metasurface designs for generating OAM, the proposed ones achieve nearly perfect conver-

sion efficiency. In view of the eliminated vertical component of electric field, the continuous

metasurface shows very smooth phase pattern at the near-field region, which cannot be achieved

by convectional metasurfaces composed of discrete scatterers. On the other hand, the metasurface

with discrete dipole scatterers shows a great flexibility to generate OAM with arbitrary topological

charges. Our work is fundamentally and practically important to high-performance OAM

generation. VC 2016 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4941696]

I. INTRODUCTION

Electromagnetic (EM) momentum density can be decom-

posed in terms of orbital momentum and spin momentum den-

sities.1 They are, respectively, responsible for the generation

of the orbital angular momentum (OAM) and spin angular

momentum (SAM) of EM waves. Left and right circularly

polarized EM waves carry SAM of 6�h that is intrinsic (ori-

gin-independent) physical quantity. Fundamentally different

from SAM, OAM is an extrinsic origin-dependent quantity,

which can be carried by vortex beams with a helical wave-

front.2 On the other hand, the unbounded eigenstates of OAM

could enhance capacities of radio, optical, and quantum com-

munications.3–7 Additionally, OAM has various potential

applications involving super-resolution imaging,8 optical

tweezers,9 etc.

There are several approaches to generate OAM of EM

waves. One common approach is to introduce desired phase

retardation by spiral phase plates,10 antenna arrays,11 holo-

graphic plates,12 etc. Another way is to harness abrupt phase

changes by exploiting Pancharatnam-Berry phase con-

cept.13–19 Using anisotropic scatterers in a metasurface, with

spatially varying orientations, a vortex beam with the helical

phase can be created. The main pitfall in current OAM

designs by metasurface is the low conversion efficiency from

a plane wave with zero OAM to the vortex beam with nonzero

OAM. For example, a metasurface composed of V-shaped

scatterers with varied geometric parameters15,16 was proposed

to generate OAM in the cross-polarized component of scat-

tered field under a linearly polarized wave incidence. The

design achieved a polarization conversion of 30%. Another

example is to employ the aperture antennas19 that act as linear

polarizers. An azimuthally polarized OAM beam was gener-

ated under a circularly polarized incident wave. The conver-

sion efficiency limit is bounded by 50%.

In this paper, we propose two types of novel PEC (per-

fect electric conductor)-PMC (perfect magnetic conductor)

anisotropic metasurfaces to overcome the low efficiency

issue existing in current OAM designs. One of proposed

metasurface could perfectly convert a left (right) circularly

polarized plane wave carrying zero OAM to a right (left) cir-

cularly polarized vortex beam carrying arbitrary order OAM.

With azimuthally continuous loops, the other proposed meta-

surface generates much smoother near-field phase pattern

than conventional metasurfaces with discrete scatterers.

II. THEORY

For an anisotropic scatterer in metasurface, linear polar-

ized Jones vectors of the incident and scattered (transmitted

or reflected) fields can be connected by the Jones matrix �J

Es
x
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y

� �
¼ Jxx Jxy
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where Ei
x and Ei

y are the x and y components of the incident

electric field. Es
x and Es

y are the corresponding components of
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the scattered electric field. If Jyy¼�Jxx and Jyx¼ Jxy, azimu-

thally rotating the scatterer by an angle of a will result in a

new Jones matrix

�JðaÞ¼
Jxx cosð2aÞ� Jxy sinð2aÞ Jxx sinð2aÞþJxy cosð2aÞ
Jxx sinð2aÞþ Jxy cosð2aÞ Jxy sinð2aÞ�Jxx cosð2aÞ

 !
:

(2)

Under circular basis, �JðaÞ will convert to

�JcðaÞ ¼
0 e�2iaðJxx � iJxyÞ

e2iaðJxx þ iJxyÞ 0

 !
; (3)

where �JcðaÞ connects the incident circular polarized Jones

vectors to the scattered circular polarized ones. When

Jxy¼ Jyx¼ 0 by mirror symmetry,20 the scatterer flips the

polarization state of an input beam from left (right) to right

(left) circular polarization.13,14 Simultaneously, an additional

uniform phase factor e62ia called Pancharatnam-Berry

phase18 is introduced, which is able to produce an OAM

value of 62q�h.

Ideally, one can obtain a perfect (100%) conversion if Jxx

and Jyy have the same unit amplitude and 180� phase differ-

ence.22 It is well known that PEC and PMC surfaces reflect

EM waves perfectly but with a reverse phase. If a metasurface

functions as a PEC plane for x-polarized EM waves, then we

got Jxx¼�1. Likewise, if the metasurface functions as a

PMC plane for y-polarized EM waves, then we arrive at

Jyy¼ 1. Therefore, a mirror-symmetric and anisotropic PEC-

PMC scatterer will achieve 100% efficiency for the OAM

conversion. Inspired by this concept, we propose a novel

metasurface as shown in Fig. 1. Figure 1(b) presents a scat-

terer of the metasurface comprising two dielectric layers, two

artificial metal surfaces, and one ground plane. Periodic boun-

daries and floquet ports are imposed, respectively, at the lat-

eral and longitudinal sides of the scatterer.

The top-right inset in Fig. 1(c) shows the artificial aniso-

tropic PEC surface. Each metal strip with a width of t is sep-

arated by a gap g. The metal strip array behaves like a

parallel-plate waveguide. Plane waves polarized along the

y direction freely pass through the strip array because there

is no cutoff frequency for the excited TEM, while for

x-polarized plane waves, TE modes need to be considered,

which have cutoff frequencies. Here we choose a sufficiently

small gap so that the operating frequency is well below the

cut-off frequency of the fundamental TE1 mode. By employ-

ing the artificial PEC surface, the x-polarized plane wave is

totally reflected with an offset phase of p. The bottom-right

inset in Fig. 1(c) is the artificial PMC surface realized by

the mushroom-like high-impedance surface.21 A via inductor

links the square patch to the ground plane. The gap capaci-

tance exists between adjacent patches. When the mushroom

structure is on resonance, the formed high-impedance sur-

face can be regarded as a PMC plane. In view of a fact that

the PEC surface is on top of the PMC surface, the x polarized

wave is perfectly reflected back by the PEC surface

(Jxx¼�1), and the y polarized wave passing through the

strip array is then perfectly reflected back by the PMC sur-

face with a zero phase shift (Jyy¼ 1).

III. RESULTS

A. Metasurface with azimuthally continuous loops

All the simulations are conducted by the commercial

software CST MWS. Figure 2 shows the simulated reflection

coefficients of the scatterer as depicted in Fig. 1(b). As

expected, the amplitudes of the co-polarized reflection coef-

ficients are 1, while the amplitudes of the cross-polarized

reflection coefficients are zero due to the symmetric scat-

terer. In contrast to the strip array with a constant reflection

phase of 180�, the mushroom structure behaves like an LC

resonator with a varying reflection phase. The expected 180�

phase difference can be realized at 6.9 GHz.

In order to generate OAM of 62�h with a helical wave-

front, the reflection phase shall be varied from 0� to 720�,
and the reflection amplitude is required to be a constant at

different positions of the metasurface. The varying phase, as

described in Eq. (3), is fulfilled by azimuthally rotating the

FIG. 1. Schematic pattern of the PEC-PMC anisotropic metasurface for OAM generation. With a nearly 100% conversion efficiency, the metasurface perfectly

converts a left (right) circularly polarized plane wave carrying zero OAM to a right (left) circularly polarized vortex beam carrying 62�h OAM. (a) Top view of

the whole metasurface; (b) and (c) a scatterer in the metasurface. The scatterer is composed of artificial PEC (purple) and PMC (blue and red) surfaces. The period

of the scatterer is p¼ 7 mm. The permittivity and thickness of the dielectric substrate are set to �r¼ 2.2, d1¼ 2 mm, and d2¼ 3 mm. For the artificial PEC surface

(top-right inset), the width and gap for the strip are t¼ 1 mm and g¼ 2.5 mm, respectively. For the mushroom based artificial PMC surface (bottom-right inset),

the square patch size is a¼ 6 mm. A metallic via with the radius of r¼ 0.25 mm and height of d1¼ 2 mm connects the patch to the ground plane.
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scatterers (or manipulating the orientations of the scatterers).

Considering the mushroom structure functions as an iso-

tropic PMC surface, no rotation implementation is needed.

For the PEC surface, if the length of the strip array along the

x direction is infinitely small, rotation of the tiny strip scat-

terers will lead to a series of concentric loops. The spacing

between adjacent loops is just the strip gap g as illustrated in

Fig. 1(c). Interestingly, the composite PEC metasurface

(concentric loops) does not have any geometric discontinu-

ities along the azimuthal direction. The whole PEC-PMC

anisotropic metasurface [see Fig. 1(a)] is rotationally invari-

ant about the concentric origin. Due to the angular momen-

tum conservation by rotational invariance, the metasurface

allows spin-to-orbit coupling, where a change of the SAM

will modify the OAM. In other words, the metasurface per-

fectly converts a left (right) circularly polarized plane wave

carrying 6�h SAM to a right (left) circularly polarized vortex

beam carrying 7�h SAM and 62�h OAM.

For simplicity and a comparative study, we first sim-

ulate concentric loops on top of an ideal PMC plane.

The incident wave is a right circularly polarized plane

wave at the frequency of 6.2 GHz. Figure 3 shows the

amplitude and phase distributions of electric fields at a

transverse plane of z¼ 10 mm. The incident and reflected

fields are extracted by projecting the total electric field

onto two orthogonal circular-polarized Jones vectors. A

clear electromagnetic vortex (phase singularity) is

observed at the origin of the reflected field as shown in

Fig. 3(b). The field amplitudes for both incident and

reflected waves are around 1 V/m, indicating that the

reflection amplitude is 1 (where the dielectric losses of

substrates are ignored). For the reflected field, phase con-

tinuously increases from 0 to 4p around the vortex.

Integrating the phase of the reflected field around a path

enclosing the vortex yields an integer multiple of 2p.

This integer 2 is known as the topological charge of the

FIG. 2. Simulated reflection coeffi-

cients of a scatterer in the proposed

metasurface at Fig. 1. (a) Magnitude

and (b) phase.

FIG. 3. The amplitude and phase dis-

tributions of electric fields at a trans-

verse plane. The operating frequency

is 6.2 GHz. The plane is 10 mm above

an ideal metasurface. The metasurface

is constructed by concentric loops on

top of an ideal PMC plane. (a) and (b)

Amplitude (V/m); (c) and (d) phase in

radian; (a) and (c) incident electric

fields; and (b) and (d) reflected electric

fields.
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OAM beam, which is generated by the PEC-PMC meta-

surface with the topological charge of 1.

Figure 4 shows the position-dependent amplitude and

phase distributions of reflected electric fields away from the

proposed metasurface (see Fig. 1). The observation planes are

placed at z¼ 10 mm and z¼ 20 mm above the metasurface.

After comparing Fig. 4 to Fig. 3, the maximum amplitude,

electromagnetic vortex, and helical phase front obtained by

the proposed metasurface are almost identical to those by the

ideal metasurface. This strongly confirms that the proposed

design generates OAM with a nearly perfect conversion effi-

ciency. Moreover, for the z¼ 10 mm case, the abnormal phase

distribution near the vortex is caused by undamped evanescent

modes excited by the mushroom structure. When the distance

between the observation plane and metasurface becomes

large, the evanescent modes are significantly decayed. Under

this situation, the reflected field from the mushroom structure

is almost the same as that from the ideal PMC plane.

Figure 5 illustrates frequency-dependent phase distribu-

tion along the azimuthal coordinate at a constant radius of

50 mm. The observation plane is placed at 10 mm above the

proposed metasurface. A desired linear dependence between

the spatial phase and azimuthal angle is achieved at 6.2 GHz.

The operating frequency is shifted from 6.9 GHz for the scat-

terer as depicted in Fig. 2 to 6.2 GHz for the whole PEC-

PMC metasurface. Different from the scatterer configuration,

in the composite metasurface, the concentric loops in the cir-

cular cylindrical space are not aligned to the periodic mush-

room structure in the Cartesian space (see Fig. 1). Hence,

original Floquet modes in the scatterer with lateral periodic

boundary conditions are broken, which is responsible for the

frequency shifting. Moreover, the frequency-dependent

phase-azimuthal angle diagram offers a powerful tool to

examine the generated OAM pattern.

B. Metasurface with azimuthally discontinuous loops

For comparison, an azimuthally discontinuous metasur-

face is constructed by similar PEC-PMC scatterers. The

dipole PEC scatterers are depicted in Fig. 6(a), and the

reflected field is recorded at a transverse plane of z¼ 40 mm.

To make a fair comparison, the distribution of the dipole

scatterers satisfies the same rotational symmetry as the con-

centric loops (see Fig. 1). In this simulation, we make use of

an ideal PMC at the bottom to better clarify the influence of

the discontinuous dipole scatterers. The operating frequency

of 6.2 GHz is identical to the concentric loops (see Fig. 3).

The field pattern shows that the azimuthally discontinuous

loops also obtain the vortex beam carrying the OAM of 2�h.

However, due to the influence of the discontinuous

FIG. 4. The position-dependent ampli-

tude and phase distributions of

reflected electric fields at a transverse

plane. The operating frequency is 6.2

GHz. The plane is z mm above the pro-

posed metasurface at Fig. 1. (a) and (b)

Amplitude (V/m); (c) and (d) phase in

radian; (a) and (c) z¼ 10 mm; and (b)

and (d) z¼ 20 mm.

FIG. 5. The frequency dependence of phase distribution along the azimuthal

coordinate at a constant radius of 50 mm. The observation plane is 10 mm

above the proposed metasurface at Fig. 1.
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scatterers, ripples are observed in the phase pattern. The rip-

ples are caused by the z component of electric field generated

from the edges of the discontinuous scatterers. The distor-

tions will become more serious when the observation plane

moves closer to the discontinuous metasurface. Particularly,

the Ez component of near-field can be completely eliminated

by using the continuous loops. For the metasurface with the

continuous loops, no resonant scatterers exist and thus

smooth phase distribution can be achieved at both near- and

far-field regions.

By using the discontinuous dipole scatterers, vortex

beams with high-order OAM can be generated. Figure 7(a)

shows the schematic pattern. Obviously, the topological

charge of the metasurface is 2 and that of corresponding

OAM beam is 4. In Fig. 7(b), the spatial phase experiences

a linear increase from 0 to 8p along a full circular path.

IV. CONCLUSION

In conclusion, we propose two types of PEC-PMC ani-

sotropic metasurfaces for generating vortex beams carrying

OAM at the microwave frequency. Both types of metasurfa-

ces achieve nearly 100% conversion efficiency. One meta-

surface is composed of azimuthally continuous loops,

which achieves smoother phase distribution than the other

metasurface with azimuthally discontinuous dipole scatter-

ers. The continuous metasurface converts a left (right) cir-

cularly polarized incident plane wave with zero OAM to a

right (left) circularly polarized reflected vortex beam with

62�h OAM. Furthermore, the discontinuous metasurface

generates the vortex beam with arbitrary-order OAM. Our

work provides a great convenience to high-efficiency OAM

generation. In future, we could explore emerging digital

metamaterials23 to generate vortex beam with arbitrary top-

ological charges.
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