
Received August 12, 2019, accepted August 26, 2019, date of publication September 9, 2019, date of current version September 23, 2019.

Digital Object Identifier 10.1109/ACCESS.2019.2939806

Analysis and Design of a Broadband Metasurface-
Based Vortex Beam Generator
WEN-LONG GUO , GUANG-MING WANG , (Member, IEEE), HAI-PENG LI ,
HAI-SHENG HOU, AND HE-XIU XU , (Senior Member, IEEE)
Air and Missile Defend College, Air Force Engineering University, Xi’an 710051, China

Corresponding authors: Guang-Ming Wang (wgming01@sina.com) and He-Xiu Xu (hxxuellen@gmail.com)

This work was supported in part by the National Natural Science Foundation of China under Grant 61871394, and in part by the Key
Program of National Natural Science Foundation of Shaanxi Province under Grant 2017KJXX-24.

ABSTRACT Metasurface-based vortex beam generators are very promising and applicable to enhance
transmission data capacity in wireless communication system. However, most designs to date are ceased to
predict their far-field characteristic, which is actually in demand when applied to wireless communication.
Here, we find for the first time a deterministic and robust strategy to fastly estimate the exact far-field
patterns and gain limit of a vortex beam based on the theoretical analysis of aperture field with spiral phase
profile. For verification, a broadband metasurface-based vortex-beam generator based on geometric phase is
designed, numerically calculated and experimentally measured at microwave regime. Excellent agreements
are observed among far-field results obtained based on the proposed method, numerical simulations and
experimental measurements, firmly demonstrating the validity and correctness of the proposed strategy.
Such a deterministic and robust strategy of predicting far-field characteristics of a vortex beam may
pave the way for its applications in many engineering scenarios, such as conical beam design, wireless
communication, et al.

INDEX TERMS Metasurface, orbital angular momentum, conical beam.

I. INTRODUCTION
According to optical theory, momentums of electromagnetic
(EM) wave primarily correspond to spin angular momen-
tum (SAM) and orbital angular momentum (OAM) [1]–[10].
Mainly associated with the polarized status of a beam, SAM
only holds two possible modes that are orthogonal to each
other [2]. But for OAM, it has unlimited topological charges
since different charges are mutually orthogonal to each other,
which finally results in the OAM’s capability of increas-
ing communication channels [3]–[8]. Based on this, massive
efforts are devoted to generating vortex beams carrying OAM
in microwave region [9]–[15].

To date, various methods, such as employing circular-
phased arrays [16], spiral phase plate [17] and metasurfaces
[18]–[21], et al, have been reported to exhibit spiral phase
distribution to generate OAM beams with single or multiple
modes. It is particularly true for a circular-ring phased array to
generate vortex beam carryingOAMand unambiguously esti-
mate its far-field characteristic by using vector field-sensing
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electric and magnetic triaxial antennas [22]. But it can not
be neglected that complicated architecture and high cost of
the phased arrays highly restrict their applications [22], [23].
For a spiral phase plate, it is mostly realized by the accu-
mulation of phase delays during wave propagation, which
suffers from large profile and significant thickness especially
in microwave region. Nevertheless, the recently developed
metasurfaces that are able to flexibly tailor wavefront by
introducing abrupt phase change have been proved to be an
effective method to generate a vortex beam carrying OAM
with low profile, low loss, low cost and easy fabrication
[24]–[29]. And to date, numerous meta-devices implemented
by metasurfaces have been demonstrated in microwave
region to generate broadband OAM, [30] high-efficiency
OAM, [31] multi-mode OAM [32] and even circularly decou-
pledOAM, [33] et al. But almost all the reportedmetasurface-
based OAM generators are ceased to predict their far-field
performances. Besides, it should be noted that the reported
prediction method of a circularly phased array to generate
OAM is not suitable for a metasurface-based vortex beam
generator because performances of metasurfaces all rely on
the periodic or quasi-periodic boundary condition that is a
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difficult requirement for a circularly phased array to meet
[22], [29]. That is, the huge potential for OAM to enhance
data capacity in wireless communication and the powerful
capability of metasurface to generate OAM both beckon for
a new strategy to theoretically predict far field characteristics
of a vortex beam implemented by metasurfaces.

This paper focuses on a novel strategy to predict and
assess the far-field characteristic of a metasurface-based vor-
tex beam generator. We consider the spiral phase profile as
a discrete sampling of a continuous counterpart, and believe
it is true that the far-field characteristics are well agreed
when sampling interval of a discrete phase profile satisfies
Shannon sampling theory. Then we find that with analysis
of the continuous field of an aperture with vortex phase
profile, a compact and robust strategy can be established to
fast estimate far-field characteristic of a metasurface-based
vortex beam generator. Furthermore, the configured strategy
is well validated by antenna array theory, FDTD simulations
and carefully implemented experiments. The proposed strat-
egy as well as the design and analysis of a metasurface-
based vortex beam generator in this paper may pave the way
for the application of vortex beam generators to wireless
communications.

II. ANALYSIS FOR VORTEX PHASE PLATE
To generate a vortex beam by employing a metasurface,
the key is to introduce a spiral phase profile described
by ejlϕ , in which l is the topological mode or charge. In this
way, the phase distribution imposed on the surface can be
described as

Φ (x, y) = l tan−1(
y
x
). (1)

When described in a polar coordinate system, the required
phase profile in (1) can be written as

Φ (r, ϕ) = lϕ. (2)

With this in mind, we correspondingly show the theoretical
background and the proposed strategy for estimating far-field
characteristic of a vortex phase plate.

A. THEORETICAL BACKGROUND
For a circular-ring phased array, [22] reported a method
to unambiguously estimate the OAM in radio beams with
the use of vector field-sensing electric and magnetic tri-
axial antennas. As depicted in Fig. 1, the element in the
phased array is characterized with a spiral phase of 8 =
2lπn/N (discretized form of (2)), in which n depicts the nth
element while N shows the element number. Based on the
antenna array theory and an assumption that N is sufficiently
large, the array factor can be approximately written as [22]

9l (θ, ϕ) =

N∑
n=1

e
−j
(
Ek·Ern−lϕn

)

≈
Nejlϕ

2π

∫ 2π

0
e−jka sin θ cosϕ

FIGURE 1. (a) Circular-ring phased array in [22] and (b) multi rings
distribution of a metasurface-based conical beam generator in [29].

= Nj−lejlϕJl(ka sin θ ), (3)

in which l corresponds to the topology mode whereas a and k
represent the ring radius and wave number in free space. It is
particularly true for this method to estimate the OAM in radio
beams, but it is also true that this method is only appropriate
to the configuration of a circular phase ring. To expand a ring
to a circular surface, multiple rings are assembled to form a
surface like [29] as depicted in Fig. 1(b). Therein, the array
factor ofFl(θ , ϕ) can be calculated by integrating the equation
in (3) with different radius as [29]

Fl (θ, ϕ) ≈
M∑
m=1

Nmj−lejlϕJl(kam sin θ ), (4)

in which Nm and am correspond to the element number and
radius of the mth ring. We emphasize that this method may
destroy the quasi-periodic boundaries for meta-atoms when
it is applied to metasurface-based vortex beam generator.
Moreover, it’s still a sophisticated strategy to estimate the vor-
tex beam in radio frequencies and may be more complicated
and time consuming when elements in each ring are different
from each other.

B. PROPOSED STRATEGY FOR FAST ANALYSIS
To establish a strategy for estimating far-field characteristic
of a metasurface-based vortex beam generator, the quasi-
periodic boundaries should be always satisfied to ensure
each element holding a precise and stable phase response.

FIGURE 2. (a) Discrete spiral phase profile in steps of a confirmed lattice
constant. (b) Continuous spiral phase profile with topological charge of 6.
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For this reason, we are prone to adopt the configuration of
lattice distribution as unambiguously depicted in Fig. 2(a).
As is well known, the resulting far-filed characteristic of the
discrete phase distribution in Fig. 2(a) well matches that of the
continuous phase profile in Fig. 2(b) under the condition that
lattice spacing satisfies Shannon sampling theory. In view of
this, we first assume that the phase plate in Fig. 2(b) is with
uniform E- and H-field distribution. Then an infinitesimal
panel on the surface, which is always defined as a Huygens
panel, is equivalent to the superposition of a current element
and a magnetic current element, which can be denoted by

JS = en ×H, JmS = −en × E, (5)

in which en denotes the normal vector of the surface. This
kind of infinitesimal panel characterized by (5) is well known
for its normalized far-field pattern as shown as below

F(θ ) =
1+ cos θ

2
. (6)

By integrating the infinitesimal panels on the surface as
depicted in Fig. 3, we can derive out the E-field at the point
of P that is located in the far-field region.

EP = j
1

2λr
(1+ cos θ)

∫
S
e−jkr

′

e
−jlϕ

′

dS. (7)

FIGURE 3. Schematic of the relative location relationship between the far
field point P and the circular source surface.

Considering that the resulting conical beam is with global
rotational symmetric, we only need to calculate the E-field
distribution on the plane with azimuth angle of ϕ = 90◦. Thus
the distance between the far-field pointP and the infinitesimal
panel of dS will be

r
′

= r − ρ
′

sin θ sinϕ
′

. (8)

By combining equations (7) and (8), EP can be written as

EP
∣∣
ϕ=90 = j

e−jkr

2λr
(1+cos θ )

∫
S
ej(kρ

′
sin θ sinϕ

′
−lϕ
′
)ρ
′

dϕ
′

dρ
′

.

(9)

Mathematically, such a form of EP in (9) can be further
simplified as

EP
∣∣
ϕ=90 = j

πa2e−jkr

λr
·
(1+ cos θ )

2

·
2ψ0Jl+1(ψ0)+ 2l

∫ ψ0
0 Jl+1(x)dx

ψ2
0

(10)

in which 90 = ka sin θ and a is denoted by the radius of the
circular surface, J represents the Bessel function and k is the
wave number in free space. Finally, we configure the direc-
tional function of a circular plate with spiral phase profile as
demonstrated as below

F (θ, ϕ) =
(1+ cos θ)

2
·
2ψ0Jl+1(ψ0)+ 2l

∫ ψ0
0 Jl+1(x)dx

ψ2
0

,

90 = ka sin θ, (11)

in which F(θ , ϕ) represents the directional function whereas
θ and ϕ show the elevation and azimuth angle. Herein, the
directional function is normalized to the case of l = 0 which
actually represents a plate in phase and with uniform E-field
distribution. That is, the case of l = 0 illustrates the gain
limit of an aperture. In this way, the compact expression of
directional function can not only predict far-field pattern of
a vortex beam, but also illustrate its theoretical gain limit
compared with a same area in phase with uniform E-field
distribution.

III. VALIDATION OF THE PROPOSED STRATEGY
Based on abovementioned analysis, a metasurface-based vor-
tex beam generator will be devised, simulated and then mea-
sured to strongly validate the proposed strategy from both
EM simulation and physical experiment. Before that, the pro-
posed compact strategy will be first verified by the time-
consuming theory of antenna array.

A. VALIDATION BY ANTENNA ARRAY THEORY
We first employ the antenna array theory to validate the
proposed strategy. Generally, the directivity of an array can
be written as

F(θ, ϕ) = f (θ, ϕ) · S(θ, ϕ). (12)

in which f (θ, ϕ) is the directivity of the meta-atom, whereas
S(θ, ϕ) is the array factor. Considering the source as a
Huygens panel, we will obtain

f (θ, ϕ) =
1+ cos θ

2
(13)

S(θ, ϕ)=
N−1∑
m=0

N−1∑
n=0

ej8mnejkd sin θ (m cosϕ+n sinϕ), r≤r0 (14)

Herein, r0 denotes the radius of the circular array while
8mn represents the phase shift of the element in m-th row
and n-th column. Besides, d represents the element interval.
In this way, the functional direction of an array with circular
boundary can be obtained by combining (12) – (14)

F(θ, ϕ)=
1+cos θ

2
·

(
N−1∑
m=0

N−1∑
n=0

ej8mnejkd sin θ (m cosϕ+n sinϕ)

)
,

r ≤ r0. (15)
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We first contribute our attention to the radiation intensity
at the maximum radiation direction and the direction itself
versus topology charge of a vortex beam. Due to the resulted
conical beam of a vortex phase plate, the maximum radia-
tion direction just corresponds to an elevation angle. With
elements number set as 45 and lattice spacing fixed at 5mm,
the results at 14GHz calculated by antenna array theory,
as shown in Fig. 4, are in excellent agreement with those
predicted by (11), both indicating a decline of intensity at
the direction of maximum radiation and a gradual increase
of radiation angle when topology of a vortex beam ranges
from 1 to 10. Since the intensities are all normalized to the
case of l = 0 which represents the gain limit of an aperture,
the results depicted in Fig. 4 also illustrate the gain limit of
an aperture with spiral phase profile. In Fig. 5(a) and (b),
we show how the maximum radiation angle changes when
operating frequency and aperture diameter vary with topol-
ogy charge l setting as 0, 4 and 6. Clearly, the well matched
results not only prove the validity of our proposed strategy
for estimating a vortex beam but also show that the radiation
angle decreases with both frequency and aperture diameter.
This can be interpreted that the larger electrical size will
contribute to smaller beam width of an aperture thus to lit-

FIGURE 4. The maximum radiation direction (elevation angle) and
intensity versus topology mode of the vortex beam carrying OAM. Herein,
η depicts the amplitude of E-field at the maximum radiation direction
that is normalized to l = 0. PS represents the results from the proposed
strategy in this paper, while AA depicts those obtained from antenna
array theory.

FIGURE 5. Maximum radiation angle (elevation angle) of a vortex beam
versus (a) frequency with element spacing set as 5mm and aperture
diameter of 225mm and (b) diameter with element spacing set as 5mm
and frequency of 14GHz.

FIGURE 6. Normalized E-field patterns versus elevation angle at (a) 8 GHz
(b) 12 GHz (c) 14 GHz and (d) 18 GHz calculated by the proposed
strategy (PS) and antenna array (AA) theory with azimuth fixed at 90◦.

tle conical angle of a vortex beam. We finally validate the
validity of our proposed strategy by calculating far-field pat-
terns at different frequencies with (11) and (15) respectively.
As unanimously depicted in Fig. 6, the coincident curves
vividly show that our proposed method is a powerful strategy
to predict both far-field pattern andmaximum radiation angle.
All in all, the proposed strategy is well validated by antenna
array theory and will be further proved by FDTD simulations
and firmly validated by experiment in what follows.

B. VALIDATION BY SIMULATION
As shown in Fig. 7, a classical quasi-I-shaped meta-atom is
first optimized to meet the requirement of geometric phase
principle. In particular, the element consists of a quasi-I-
shaped metallic pattern and a metallic ground separated by
a dielectric substrate of FR4 with relative dielectric constant
of 4.3, dissipation factor of 0.003, and a thickness of h =
2.5mm. Concrete parameters of the element are denoted by
d = 0.2mm, d1 = 0.4mm, p = 5mm and ϕ = 104◦. The
metallic pattern and ground are both made of copper thin film
with thickness of 0.036mm. As is well known, the complex

FIGURE 7. (a) Top and (b) perspective view of the optimized meta-atom
with geometric phase.
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reflection coefficient of an arbitrary reflective meta-atom for
right hand circularly polarized (RHCP) wave and left hand
circularly polarized (LHCP) wave excitations can be obtained
by [30]:

rrr =
1
2

[
(rxx − ryy)+ j(rxy + ryx)

]
ej2α. (16)

rll =
1
2

[
(rxx − ryy)− j(rxy + ryx)

]
e−j2α. (17)

in which α represents the rotation angle of the element, and
rxx and ryy are the co-polarized reflection coefficients under
x- and y-polarized normal incidence, whereas ryx and rxy are
the cross-polarized reflection coefficients. Since the element
depicted in Fig. 7 is symmetrical about x and y axes, none of
crosstalk will be excitedwhen the surface is impinged by x- or
y-polarized incidence. Thus the primary target of optimizing
the element is to achieve a phase difference of 180◦ between
rxx and ryy. In Fig. 8(a), we simulate the meta-atom in CST
Microwave Studio with unit cell boundaries set in x and y
directions and then calculate and depict the phase difference
between rxx and ryy. Clearly, the relative parallel phase curves
can always hold a near 180◦ phase difference across the
bandwidth of 8 - 18 GHz. Based on (17) and an assumption
of lossless case for the meta-atom, the reflection coefficient
of the element under LHCP incidence can be simplified as
rll =

∣∣1− ej18∣∣ /2 with 18 indicating the phase difference
of8xx and8yy. In this regard, the reflectivity under circularly
polarized incidence can be deduced above 0.9 across the
whole band of 8-18 GHz from Fig. 8(a), which has been
firmly verified from Fig. 8(b) that illustrates the reflective
amplitude and phase of the element with LHCP wave exci-
tation. And as expected, the reflective phase variation is
precisely twice the rotation angle, which well matches the
predicted angle variation shown in (17).

FIGURE 8. (a) Co-polarized phase response of the meta-atom under
x- and y-polarized incidence. (b) Reflectivity and phase response of the
element changing with different rotation angles under the incidence of
LHCP wave.

To implement vortex beams by the proposed element,
a LHCP phase profile characterized by e−j4ϕ as depicted
in Fig. 9(a) is imposed on the surface. Notably, 360◦ has
been subtracted from any phase exceeding 360◦ for easy
realization. Based on the phase profile and the relationship
between phase shift and the rotation angle, a metasurface
is first configured to a square array with 45 × 45 elements
and then simplified to an array with circular boundary by
deleting elements out of the circle with diameter of 225mm,

FIGURE 9. (a) Phase profile and (b) layout of the designed
metasurface-based vortex beam generator.

which finally results in a circular phase plate of diameter
of 225mm. In Fig. 9(b), we only show a part view of the
circular phase plate to give a clear view of the structure
of the configured metasurface. To illustrate performances
of the configured metasurface, we numerically characterize
the designed metasurface through FDTD simulations in CST
Microwave Studio. Fig. 10 depicts the calculated near-field
distribution on the observed plane of z = 200mm and the far-
field patterns at 8, 12, 14 and 18GHz. Notably, the results
referred to Re(Ex) and abs(LHCP) are all normalized to their
maximal intensity for convenience and clear identification.
Unambiguously, the near field results well illustrate a vortex
beam with topology charge of 4 from 8 to 18GHz, which is
further validated by the far-field results that exhibit amplitude
null at the central region and a full 8π spiral phase range
during one revolution.

FIGURE 10. Numerically calculated near-field (top row) and far-field
(bottom row) patterns of the configured vortex metasurface.

C. VALIDATION BY EXPERIMENT
To further prove the generated conical beam, a metasurface
prototype is fabricated by the printed-circuit-board (PCB)
technology and then measured in an anechoic cham-
ber to avoid unwanted interference from surroundings.
Figs. 11(a) and (b) show the fabricated metasurface sam-

VOLUME 7, 2019 129533



W.-L. Guo et al.: Analysis and Design of a Broadband Metasurface-Based Vortex Beam Generator

FIGURE 11. (a) Part view of the fabricated prototype and (b) far-field
measurement setup of the metasurface-based vortex beam generator.

FIGURE 12. Normalized E-field patterns at (a) ∼ (b) 8GHz, (c) ∼ (d) 12GHz,
(e) ∼ (f) 14GHz, (g) ∼ (h) 18GHz. Notably, (a), (c), (e) and (g) correspond to
the patterns on xoz plane, while (b), (d), (f) and (h) refer to the patterns
on yoz plane.

ple and the experimental setup to measure the far-field
pattern. In particular, the prototype is placed on a rotated
platform (made by foam) to be rotated in azimuth angle
and impinged by a beam of quasi plane wave emitted from
a horn source. In addition, another horn source is placed

in the same horizontal plane with the prototype so as to
record the scattering pattern of the metasurface. In Fig. 12
we show the most concerned issues of far-field patterns that
are first theoretically calculated by the proposed strategy, then
numerically simulated and finally experimentally measured.
It should be noted that the results are all E-patterns which
are normalized to the theoretical case of l = 0. The case of
l = 0 is implemented by impinging a same-sized metallic
plate with a beam of plane wave, which actually shows the
gain limit of a plane aperture. To exhibit the pattern stability
of the conical beam resulted from the spiral phase profile,
the measured results from 8GHz to 18GHz are all depicted in
Fig. 12. Despite fluctuation existing in some directions, the
measured and simulated far-field results both well match the
theoretically calculated ones, which further verify the validity
of the proposed strategy for estimating far-field patterns of a
vortex plate and firmly prove the operating bandwidth of the
generator. Combining the demonstrated results in simulation
setup, we further believe that the MS performs well in gen-
erating conical beam carrying OAM for circularly-polarized
wave over a broad frequency range from 8 GHz to 18 GHz.
Besides, far-field performances of such kind of metasurface-
based vortex beam generators can be fast and easily predicted
by the proposed strategy.

IV. CONCLUSION
In conclusion, a novel strategy is proposed to exactly estimate
far-field patterns of vortex beams that are especially carried
out by metasurfaces. Verified by antenna array theory, FDTD
simulations and experimentally measured results, the pro-
posed strategy can not only predict far-field patterns but
also exactly illustrate the maximum radiation direction as
well as the gain limit of a metasurface-based vortex beam.
Furthermore, the illustrated design of a broadband
metasurface-based vortex beam generator well shows pow-
erful capabilities of metasurfaces for wavefront engineering.
All in all, the analysis and the design of a metasurface-
based vortex beam generator in this paper may promote the
application of metasurface to vortex beam generator carrying
OAM and further promote application of vortex beams to
wireless communication to improve transmission data rate.
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