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Unprecedented control of an electromagnetic wave front is demonstrated with reflectionless meta-
surfaces that can manipulate vector Bessel beams: cylindrical vector beams with a Bessel profile. First,
two metasurfaces are developed to convert linearly and circularly polarized Gaussian beams into vector
Bessel beams. Each unit cell of the metasurfaces provides polarization and phase control with high
efficiency. Next, the reciprocal process is demonstrated: an incident radially polarized Bessel beam is
transformed into collimated, linearly and circularly polarized beams. In this configuration, a planar Bessel
beam launcher is integrated with a collimating metasurface lens to realize a low-profile lens-antenna. The
lens-antenna achieves a high directivity (exceeding 20 dB) with a subwavelength overall thickness. Finally,
a metasurface providing isotropic polarization rotation is used to transform a radially polarized Bessel beam
into an azimuthally polarized Bessel beam. This work demonstrates that metasurfaces can be used to
generate arbitrary combinations of radial and azimuthal polarizations for applications such as focus shaping
or generating tractor beams.
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I. INTRODUCTION

Vector Bessel beams play a critical role in many optical
systems [1]. These beams maintain a high-intensity focus
over a considerable distance for applications such as
particle trapping, tractor beams, near-field probes, laser
machining, lithography, and optical data storage [2–4].
In addition, their azimuthal and radial polarizations are
useful for the spectroscopy of magnetic dipole transitions in
quantum dots [5]. Such beams also provide information
about the orientation of a single molecule and are ideal
sources for exciting surface plasmons in axially symmetric
structures [5,6]. Therefore, developing a simple means of
transforming a commonplace Gaussian beam into a vector
Bessel beam is highly desirable. However, this transfor-
mation requires both polarization and phase control, which
typically involve multiple lenses, spatial light modulators,
dielectric wave plates, or other bulky components [1,6,7].
Recently, ultrathin metasurfaces have shown great prom-

ise for controlling electromagnetic wave fronts [8,9].
Metasurfaces are the two-dimensional equivalent of meta-
materials and receive much attention, since they can offer
reduced losses, are lower profile, and are simpler to
fabricate than bulk metamaterials [10]. Single-layer meta-
surfaces with resonant geometries, such as V antennas, are
used to control optical wave fronts [11–13]. However, such
metasurfaces possess only an electric response. This
response results in significant reflection, since electric
dipoles are bidirectional radiators [14]. In addition, only

a single component of the polarization can be manipulated,
which severely limits polarization control. Realizing a
vector Bessel beam requires both polarization and phase
control, which introduce added challenges. To date, limited
control of both polarization and phase has been demon-
strated. However, the reported structures typically suffer
from low efficiencies, since their impedance is mismatched
to free space [15].
In this work, two metasurfaces are introduced to effi-

ciently convert normally incident Gaussian beams into
Bessel beams. The first metasurface transforms x- and
y-polarized Gaussian beams into transverse magnetic (TM
or radially polarized) and transverse electric (TE or azimu-
thally polarized) polarized Bessel beams, respectively. The
second metasurface transforms an incident left-handed-
circularly-polarized Gaussian beam into a transmitted TM-
polarized Bessel beam, as shown in Fig. 1. Correspondingly,
the twometasurfaceswill be referred to as the linear-to-Bessel
and the circular-to-Bessel metasurfaces. The unit cells com-
prising both metasurfaces utilize three anisotropic sheet
admittances cascaded along the direction of propagation (ẑ).
Thecells are individuallydesigned to realizeastipulatedphase
shift along their respective spatially varying principal axes
while at the same time maintaining high transmission. Thus,
the metasurfaces are low loss and impedance matched to free
space to maximize efficiency.
Next, the reciprocal process is demonstrated: a

TM-polarized Bessel beam is transformed into a collimated
beam. In addition to providing further experimental veri-
fication, this configuration is used to develop a low-profile
lens-antenna. The lens-antenna combines a planar Bessel
beam launcher with collimating lenses (the proposed
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metasurfaces). This low-profile lens-antenna has a sub-
wavelength overall thickness to realize a high directivity
(exceeding 20 dB). The design achieves an order-of-
magnitude size reduction over previously reported lens-
antenna [16]. Finally, a metasurface providing polarization
rotation (polarization rotator) is placed directly above the
Bessel beam launcher to transform the incident TM-
polarized Bessel beam into a transmitted TE-polarized
Bessel beam. This polarization rotator is isotropic and
rotates any linear electric field polarization by π=2. In the
future, metasurfaces providing a polarization rotation of
angles less extreme than π=2 can be used for exciting
arbitrary combinations of TM and TE polarizations for
focus shaping or generating tractor beams [2,17].

II. REVIEW OF VECTOR BESSEL BEAMS

Vector Bessel beams are axially symmetric beam
solutions to Maxwell’s equations [18,19]. They can be
written as

E ¼ e−jkzz
�
CTMJ0ðkρρÞẑ − CTE

kη
kρ

jJ1ðkρρÞϕ̂

þCTM
kz
kρ

jJ1ðkρρÞρ̂
�
;

H ¼ e−jkzz
�
CTEJ0ðkρρÞẑþ CTM

k
ηkρ

jJ1ðkρρÞϕ̂

þCTE
kz
kρ

jJ1ðkρρÞρ̂
�
; ð1Þ

where CTM and CTE represent the coefficients of the
TM- (radially) and TE- (azimuthally) polarized Bessel
beams, respectively. A time-harmonic progression of ejωt

and propagation in the ẑ direction is assumed. In Eq. (1), kρ
and kz are the transverse and longitudinal wave numbers,
respectively, which satisfy the separation relation
k2z þ k2ρ ¼ k2 ¼ ω2ϵμ, and J0ðkρρÞ and J1ðkρρÞ are the
zeroth- and first-order Bessel functions of the first kind.
Nonparaxial Bessel beams with transverse wave numbers

of kρ ¼ 0.8k are chosen in this study. The Bessel beams
under consideration are truncated with a Gaussian window-
ing function [expð−ρ2=w2

0Þ]. Hence, these beams are often
referred to as Bessel-Gauss beams.

III. METASURFACE DESIGN

It is well known how to transform linear or circular
polarization to cylindrical polarization by using the Jones
matrices of spatially varying wave plates [6,20,21]. In
short, each unit cell of the linear-to-Bessel metasurface acts
as a half-wave plate, and each unit cell of the circular-to-
Bessel metasurface acts as a quarter-wave plate. Such
configurations allow the polarization to be transformed
from linear and circular, respectively, to cylindrical. In
addition, the metasurfaces must apply an inhomogeneous
phase shift across their surfaces to transform the wave front
from a Gaussian profile to a Bessel profile. The necessary
phase shift provided by each unit cell is determined by
simply subtracting the phase of the desired wave front
(Bessel beam) from the phase of the incident wave front
(Gaussian beam). Figure 2 shows the slow axis of each unit
cell and the phase shift that should be imparted by the fast
axis of the metasurface. For clarity, only the middle portion
of the metasurfaces is shown. Note that the circular-to-
Bessel metasurface requires quarter-wave plates whose
fast axis provides a full 2π phase coverage. This property
should not be confused with earlier metasurfaces that
provided complete phase control for circularly polarized
light by local changes in the polarization (Pancharatnam-
Berry phase) [22]. Additional design details are provided
in Supplemental Material [23].
The geometry shown in Fig. 3(a) is employed to realize

the unit cells of the metasurfaces. It consists of patterned
metallic sheets (sheet admittances) cascaded in the direc-
tion of propagation. The metallic patterns are separated by
Rogers 4003 substrates (ϵr ¼ 3.55 and tan δ ¼ 0.0027) that
are 1.52 mm ðλ=19.7Þ in thickness. Provided the overall
thickness of the cascaded metallic and dielectric substrates
is subwavelength, this structure is well modeled as a single
metasurface boundary condition [10]. It has been shown
that this structure can realize complete control of the
transmitted phase while maintaining near-unity transmit-
tance [24,25]. In addition, utilizing anisotropic sheets
allows for polarization control [26]. However, in these
previous structures, there is no experimental demonstration
of wave-front control along two dimensions. Furthermore,
the principal axes of every unit cell are aligned along the x
and y axes, which limits the degree to which the polari-
zation could be controlled. Here, it is experimentally
demonstrated that wave fronts with arbitrary (spatially
varying) phase and polarization profiles can be generated.
A typical unit cell of the linear-to-Bessel metasurface is

shown in Fig. 3(b). Each sheet admittance of a unit cell
can be modeled as a parallel LC circuit. The inductance
results from the metallic grid outlining the cell, and the

FIG. 1. An inhomogeneous, anisotropic metasurface transforms
a circularly polarized Gaussian beam into a vector Bessel beam
with high efficiency.
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capacitance from the top-hat loaded crossed dipole at the
center. Each sheet admittance can be controlled by adjust-
ing the dimensions and orientation of the crossed dipole
relative to the x axis. An additional advantage of this
geometry is that the metallic grid outlining the unit cell
reduces undesired coupling between neighboring unit cells,
which is inherent to inhomogeneous designs such as this
[24]. The average simulated transmittances of the fast and
slow axes of all unit cells comprising the linear-to-Bessel
metasurface are 0.93 and 0.84, respectively. The average
simulated transmittances of the fast and slow axes of all unit
cells comprising the circular-to-Bessel metasurface are 0.80
and 0.79, respectively. This high transmittance demon-
strates that both metasurface designs exhibit low loss and
are impedance matched to free space. Additional design
details are provided in Supplemental Material [23].

IV. GENERATING BESSEL BEAMS

The metasurfaces are fabricated by using standard
printed-circuit-board processes. The top layers are shown
in Figs. 3(c) and 3(d). Both metasurfaces have an operating
frequency of 9.9 GHz, a radius of 99 mm ð3.3λÞ, and an
overall thickness of 3.13 mm ðλ=9.6Þ. They are exper-
imentally characterized by illuminating them with a
Gaussian beam [27]. The transmitted fields are scanned
at a distance z ¼ 15 mm from the surface. The normally
incident Gaussian beam had a beam waist radius of w0 ¼
57 mm ð1.9λÞ. The experimental setup is identical to that
described in Ref. [14], and additional measurement details
are provided in Supplemental Material [23].
First, the linear-to-Bessel metasurface is illuminated with

x- and y-polarized electric fields, and the transmitted
tangential magnetic field is measured, as shown in
Figs. 4(a) and 4(b). When illuminated with x and y
polarization, the transmitted magnetic field is polarized
along ϕ̂ and ρ̂, respectively. Note that radially (TM-) and
azimuthally (TE-) polarized Bessel beams have tangential
magnetic fields that are polarized in the ϕ̂ and ρ̂ directions,
as given by Eq. (1). The nondiffracting property of the TM-
polarized Bessel beam is also verified by measuring the
longitudinal electric field, as shown in Fig. 4(c). It can be

FIG. 3. (a) Analytic model used to design each unit cell.
(b) Schematic of a typical unit cell. This particular cell acts as
a half-wave plate with its fast axis oriented along ϕ ¼ −π=8.
(c) Fabricated metasurface that converts a linearly polarized
Gaussian beam into a vector Bessel beam. (d) Fabricated metasur-
face that converts a circularly polarized Gaussian beam into a
TM-polarized Bessel beam.
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FIG. 2. (a) Designed metasurface that converts a linearly
polarized Gaussian beam into a vector Bessel beam. Each unit
cell acts as a half-wave plate. When the incident polarization of
the Gaussian beam is oriented along x̂ and ŷ, the transmitted
Bessel beam is TM and TE polarized, respectively. (b) Designed
metasurface that converts a circularly polarized Gaussian beam
into a TM-polarized Bessel beam. Each unit cell acts as a quarter-
wave plate. For both plots, the lines and color correspond to the
orientation of the slow axis and the phase shift of the fast axis,
respectively.
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seen that the electric field closely resembles a zeroth-order
Bessel function, as expected.
Next, the circular-to-Bessel metasurface is characterized.

As shown in Fig. 4(d), a left-handed-circular polarization
incident on the circular-to-Bessel metasurface results in a
TM-polarized Bessel beam, as evidenced by the ϕ̂-directed
magnetic field. In addition, Fig. 4(e) shows that the Bessel
beam propagates a considerable distance from the metasur-
face located at the z ¼ 0 plane. It should be noted that,
if the incident Gaussian beam were to travel in the −ẑ

direction rather than theþẑ direction, the circular-to-Bessel
metasurface would instead convert right-handed-circular
polarization into the TM polarization. Figure 4(f) plots the
profile of the transmitted wave front for the cases where an
x-polarized field is incident upon the linear-to-Bessel
metasurface and a left-handed-circular-polarized field is
incident upon the circular-to-Bessel metasurface. In addi-
tion, an ideal Bessel-Gauss pattern [J0ðkρρÞ expð−ρ2=w2

0Þ]
is plotted as a reference.

V. COLLIMATING BESSEL BEAMS

Thus far, two different metasurfaces are reported that
show efficient polarization and wave-front control. The
metasurfaces transform a collimated beam (Gaussian
beam) into a Bessel beam. The performance of the
metasurfaces can be further verified by operation in a
reciprocal manner: transforming an incident TM-
polarized Bessel beam into a collimated beam. In this
configuration, a planar Bessel beam launcher is integrated
with the two developed metasurface lenses to realize low-
profile lens-antennas. The Bessel beam launcher pre-
sented in Refs. [28,29] radiates a TM-polarized Bessel
beam just above its surface. The linear-to-Bessel and
circular-to-Bessel metasurfaces are placed a subwave-
length distance from the launcher to collimate the radi-
ation and convert the polarization from radial to linear
or circular, respectively [see Fig. 5(a)]. A 4-mm-thick
foam spacer composed of Rohacell 31 HF (ϵr ¼ 1.046 and
tan δ ¼ 0.0017) is used to separate the metasurfaces from
the Bessel beam launcher. The Bessel beam launcher
generates a TM-polarized Bessel beam by using a leaky
radial waveguide whose thickness is deeply subwave-
length (λ=50). Outward- and inward-propagating Hankel
functions within the radial waveguide interfere to produce
a Bessel beam. The gain of the Bessel beam launcher
alone is measured to be 5.2 dB at the operating frequency
of 9.9 GHz, and its radiation pattern is shown in Fig. 5(b)
[30]. The experimental setup of the Bessel beam launcher
and metasurface lens combination is shown in Fig. 5(c).
Figures 5(d) and 5(e) show the radiation patterns when

the linear-to-Bessel and circular-to-Bessel metasurfaces
are placed 4 mm ðλ=7.5Þ from the Bessel beam launcher,
respectively. The radiation generated by the Bessel beam
launcher is collimated by the metasurfaces to the broad-
side direction. The gains of the linear and circular
lens-antennas are measured to be 22.1 and 20.4 dB,
respectively, at the operating frequency. Both lens-
antennas exhibited a cross-polarization level of less
than −20 dB relative to the copolarized radiation in
the direction of the main beam. The half-power gain
bandwidths are measured to be 8.1% and 7.6% for linear
and circular polarizations, respectively. The overall
thickness of the Bessel beam launcher and metasurface
lens combination is 7.7 mm ðλ=3.9Þ. In comparison, a
typical lens-antenna system places an elementary source
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FIG. 4. Measurements of the fabricated metasurfaces at the
operating frequency of 9.9 GHz. For all plots, the arrows point in
the direction of the magnetic field, and the color corresponds to
the absolute value of the magnetic or electric fields. (a),(b) Trans-
mitted magnetic field when x- and y-polarized Gaussian beams
are incident on the linear-to-Bessel metasurface, respectively.
(c) Transmitted z-directed electric field when an x-polarized
Gaussian beam is incident upon the linear-to-Bessel metasurface.
(d),(e) Transmitted magnetic field in the xy plane and z-directed
electric field in the xz plane, respectively, when a ẑ-propagating,
left-handed-circularly-polarized Gaussian beams is incident on
the circular-to-Bessel metasurface. (f) Profile of the transmitted
wave front when x-polarized and left-handed-circular-polarized
Gaussian beams are incident upon the linear-to-Bessel and
circular-to-Bessel metasurfaces, respectively. In addition, an ideal
Gaussian truncated Bessel pattern is plotted as a reference.
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(e.g., low-gain horn antenna) at a significant distance
(multiple wavelengths) from a lens. This distance allows
the fields to spread out so that a large beam size (or,
equivalently, a high directivity) can be realized. Previous
lens-antenna systems have overall thicknesses that are
larger than the lens radius (99 mm) to realize similar gains
[16]. Thus, the proposed lens-antenna design has an order-
of-magnitude size reduction over the state of the art.
It should be noted that traveling-wave antennas utilizing
radial line slots [31,32], partially reflecting surfaces [33],
fast-wave structures [34], and modulated surface imped-
ances [35] can also generate highly directive radiation
with a planar structure. However, these antennas often
have prohibitively narrow operating bandwidths [33] and
require time-consuming optimization techniques during
design [32].

VI. TRANSFORMING THE POLARIZATION
OF BESSEL BEAMS

In addition to the two metasurfaces that generate and
collimate vector Bessel beams, an isotropic and homo-
geneous metasurface that converts the polarization from
TM to TE (and vice versa) is developed. This metasurface
is referred to as a polarization rotator, because it rotates
any linearly polarized wave front by π=2 [36]. In contrast, a
half-wave plate rotates the polarization by π=2 only when
the incident linear polarization is oriented at π=4 relative to
the principal axes of the wave plate. To demonstrate
cylindrical polarization conversion, the polarization rotator
shown in Fig. 6 is placed 4 mm from the Bessel beam
launcher to convert the polarization from TM to TE. This
experiment provides excellent verification of the metasur-
face, since a TM polarization contains spatially varying
linear polarizations of all orientations.
Similar to the linear-to-Bessel and circular-to-Bessel

metasurfaces, the polarization rotator consists of cascaded
metallic sheets, as shown in Fig. 6(b). However, the
principal axes of each sheet comprising the polarization
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FIG. 6. Transforming a TM-polarized Bessel beam into a
TE-polarized Bessel beam by using a polarization rotator.
(a) Bottom side of the fabricated polarization rotator. (b) Sche-
matic of a section of the polarization rotator. (c) Measured
magnetic field radiated by the Bessel beam launcher. (d) Mea-
sured magnetic field after the polarization rotator is placed 4 mm
from the Bessel beam launcher. Again, the arrows point in the
direction of the magnetic field, and the color corresponds to the
absolute value of the magnetic field.
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conversion to a collimated beam. (b) Measured radiation pattern
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pattern of the Bessel beam launcher with the circular-to-Bessel
metasurface placed on top.

CONTROLLING VECTOR BESSEL BEAMS … PHYS. REV. APPLIED 2, 044012 (2014)

044012-5



rotator are rotated with respect to the others. This rotation
gives the metasurface a significant chiral response, which
is necessary to achieve isotropic polarization rotation [36].
In addition, the polarization rotator is homogeneous, which
has the advantage that only a single unit cell needs to be
designed. The polarization rotator is designed to operate at
10 GHz, but fabrication tolerances shift the operating
frequency to 9.8 GHz. Figure 6(c) shows the magnetic
field radiated by the Bessel beam launcher, and Fig. 6(d)
shows the field after the polarization rotator is placed on
top. The field is efficiently converted from TM to TE by the
polarization rotator.

VII. SUMMARY

This work extends the capabilities of metasurfaces to
enable highly efficient polarization and phase control of a
wave front. This result is demonstrated with two different
metasurfaces that transform linearly and circularly polar-
ized Gaussian beams to vector Bessel beams. In addition,
the metasurfaces are operated in a reciprocal manner. They
are combined with a planar Bessel beam launcher to realize
a lens-antenna with a subwavelength overall thickness that
achieves a high directivity. Finally, an isotropic polarization
rotator is used to convert a cylindrical polarization from
radial to azimuthal.
Inhomogeneous and anisotropic metasurfaces that

provide extreme wave-front control are considered here.
In the future, a bianisotropic response could be added to
allow for additional polarization control [36]. For example,
it is shown that the linear-to-Bessel metasurface generates
radial polarization when illuminated with x polarization
and azimuthal polarization when illuminated with y polari-
zation. In contrast, it can be shown that the circular-to-
Bessel metasurface requires an additional chiral response in
order to achieve the same effect with incident right-handed-
circular and left-handed-circular polarizations. In addition,
the lens-antenna can be further optimized by incorporating
other leaky-wave or surface-wave feeding structures
to replace the Bessel beam launcher [37–39]. This opti-
mization would enable amplitude control as well as phase
and polarization control. In addition, this work can
be extended to infrared and visible wavelengths [40,41],
which could enable a myriad of compact nanophotonic
devices. In particular, it should be possible to realize tractor
beams composed of both TM- and TE-polarized Bessel
beams, from incident Gaussian beams [2].
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