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Electromagnetic waves exhibiting vortex properties from orbital angular momentum (OAM) modes
that are inherently orthogonal show promising potential for a wide range of applications. However, classic
OAM-wave generators in the radio-frequency band are generally limited by a narrow operation bandwidth,
complicated feeding structures, or high losses. In this work, we propose a method for OAM-wave genera-
tion using the concept of spatial transformation at microwave frequencies. A reflection-type vortex-beam
generator is designed and simulated. Then an all-dielectric proof-of-concept prototype for a +1 topolog-
ical charge is physically implemented and the complete characterization of the device is reported. Both
full-wave simulations and experimental measurements successfully validate the spiral-shaped phase fronts
of the vortex wave. Furthermore, the all-dielectric implementation of the device enables operation over
a broad frequency bandwidth. The proposed method provides an efficient approach to generate vortex
waves carrying OAM modes and illustrates the practicality of using spatial transformations to achieve an
alternative class of optical devices at microwave frequencies.
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I. INTRODUCTION

Angular momentum of electromagnetic waves can be
divided into two classes; namely, spin angular momentum
and orbital angular momentum (OAM) [1]. Spin angular
momentum is related only to the spin of a photon and is
characterized by a circular polarization state. Orbital angu-
lar momentum depends on the field spatial distribution and
is associated with the beam vorticity and phase singular-
ity, which imparts to the electromagnetic wave a helical
transverse phase distribution. Therefore, an electromag-
netic wave carrying OAM modes is referred to as a vortex
electromagnetic wave that presents a phase quantified by
eilϕ in its wave front, where l is the intrinsic value of orbital
angular momentum (l = 0, ±1, ±2) and ϕ is the transverse
azimuthal angle [2]. OAM vortex waves with different
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topological modes are mutually orthogonal to each other,
an important property that has inspired a large number
of researchers to explore their intriguing physical proper-
ties throughout the whole electromagnetic spectrum. OAM
vortex waves in the microwave regime can find poten-
tial applications in the fields of data transmission, radar
imaging, target detection, and sensing [3–7].

Because of the fascinating properties and numerous
potential applications of OAM waves, different meth-
ods have been proposed to generate OAM beams in the
radio-frequency (rf) band, including antenna arrays [8,9],
metasurfaces [10–13], spiral phase plates [14,15], and heli-
coidal parabolic antennas [16]. Among these methods,
antenna arrays have been extensively studied in the past
several years. However, the main drawback is that a com-
plicated feeding network is required to generate a radiated
wave with a spiral phase profile. When the desired topo-
logical charge of orbital angular momentum is large, a high
number of radiating elements are required, which signifi-
cantly increases the design and feeding complexities of the
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system. On the other hand, using a metasurface to generate
OAM waves possesses several advantages, such as high
gain, a small divergence angle, a low-profile structure, and
an easy fabrication process. However, this approach gen-
erally suffers from a narrow bandwidth or low efficiency.
The spiral phase plate is the most widely used, and is char-
acterized by a straightforward theory and simple structure,
while offering high conversion efficiency. Nevertheless, in
the rf band, the divergence angle of the generated beam
is not convenient for long-distance transmission and the
structure responds only to a specific frequency. Finally, the
helicoidal parabolic antenna is also an effective device with
high efficiency. It is essentially composed of a reflecting
rotating phase plate designed as a parabolic dish with a sin-
gle radial cut introduced on the surface. A spherical wave
front emitted by a feed antenna located at the parabola’s
focal point is reflected, forming a directive outgoing vortex
beam. However, because of the irregular shape and bulki-
ness of the helicoidal parabolic antenna, its integration in
practical communication systems is not very straightfor-
ward. Compared with the optical regime, the generation
of vortex beams in the rf band depends mostly either
on complex structures that are difficult to integrate or on
the feeding and coupling circuits, which lead to narrow
bandwidth. To address these shortcomings, it is neces-
sary to pursue a technology that can achieve OAM-wave
generation while simultaneously offering a compact form
factor, planar device configuration, and broad operational
bandwidth.

Spatial transformation is a well-known approach to con-
trol electromagnetic fields in unprecedented ways through
the use of judiciously engineered materials with spatially
varying parameters. Although the theoretical basis first
appeared a few decades ago, the correspondence between
the transformed medium and material parameters was not
formally established until 2006 [17,18]. Neumann and
Dirichlet sliding boundary conditions are set at the limits
of the transformation zones to establish a quasiconfor-
mal mapping between the physical and virtual domains.
The transformed material parameters are determined by
the solution of Laplace’s equation. This concept offers a
technique that is capable of manipulating incident elec-
tromagnetic fields to tailor complex and desired spatial
patterns, providing a diverse range of applications in engi-
neering and applied sciences, such as invisibility cloaking
[19,20], focusing devices [21–24], multibeam lens anten-
nas [25,26], and other wave-front-manipulated devices.

In this paper, according to the concept of spatial
transformation, we present an all-dielectric microwave
device that is capable of generating OAM electromagnetic
waves with mode +1 in the reflection state. By solving
Laplace’s equation under proper Dirichlet and Neumann
boundary conditions, we establish the transformation map-
ping between the virtual-space and physical space zones.
Thus, for a practical implementation of the device, eight

constituent sectors representing different phase variations
are extracted from the calculations to cover the total
phase range of 2π necessary for vortex-beam generation.
Each sector has similar physical dimensions but a dif-
ferent effective-permittivity distribution. The design for
the proposed all-dielectric device is presented along with
numerical simulations predicting its performance. Further-
more, a reflection-mode prototype capable of generating
an electromagnetic wave carrying an OAM mode l = +1 in
the microwave domain is fully implemented by dielectric
three-dimensional (3D) printing, and exhibits qualitatively
good agreement between simulated and measured results.
Importantly, because of the use of nonresonant metama-
terial structures, the device possesses a substantial broad
operational bandwidth.

II. DESIGN OF THE
OAM-VORTEX-BEAM-GENERATION DEVICE

The spatial-transformation-based generation method is
schematically presented in Fig. 1. A helicoidal parabolic
structure composed of several discrete surfaces is consid-
ered. One of the surfaces having a central angle of ϕ = π/4
is shown in Fig. 1(a) for illustrative purposes. When an
electromagnetic beam is incident on the surface, the dif-
ferent regions of the wave front produce relative phase
delays due to the nonplanar spiral structure of the metal
parabola, thus achieving the effect of wave-front twist-
ing. Based on the concept of spatial transformation, a flat
device that performs the same function as the helicoidal
parabolic reflector is shown in Fig. 1(b).

The curved surface DEF and planar surface D′E′F ′ are
perfect-electric-conductor boundaries. The thickness of the
physical spaces in the reflective device is set as a constant
L. Neumann and Dirichlet sliding boundary conditions are
set at the edges of the device as follows:

r′|AB,BC,AC,TD,AD,CF ,BE = r,
n · ∇r′|EF ,DE = 0, (1)

z′|AB,BC,AC = 0,
z′|EF ,DE = M

N 2 r2 − (K + M ),
n · ∇z′|BE,AD,CF ,DF = 0,

(2)

where n is the vector normal to the boundaries of the
surface. The detailed design of the OAM-vortex-beam-
generation device is presented in Supplemental Mate-
rial [27].

To obtain the expected mapping between free space and
the physical space, the partial-differential-equation solver
COMSOL MULTIPHYSICS is used to solve Laplace’s equation
subject to the defined boundary conditions. In our design,
the geometry parameters denoted in Fig. 1 are as follows:
N = 105 mm, L = 35 mm, and M = 19.23 mm. The physical
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FIG. 1. Spatial transformation from virtual space to physical
space, where the curved virtual space is transformed into the
proposed OAM-generation-device design: (a) virtual space and
(b) physical space of the reflection-type device. (c) Calculated
permittivity distributions of the OAM generator. (d) Operating
principle of the device. (e) Phase variation of the incident wave
after passing through each layer of the vortex-beam generator at
12 GHz. PEC, perfect electric conductor.

dimension of each elementary unit is set to 5 × 5 × 5 mm3.
Moreover, each proposed sector is discretized into seven
layers along the z′ axis and each layer consists of 21 cir-
cular rings. As a result, the entire device with an oblate
cylindrical shape is composed of 1176 different circular
rings containing a total of 9576 cubical unit cells. Through
simulation and optimization of the variable K , eight sectors
for the device with different permittivity distributions are
used, as presented in Fig. 1(c). According to the continu-
ous permittivity distribution, the entire space is discretized
into a plurality of building blocks with similar size. The
permittivity of each sector shares a similar distribution but
different range, while the phase variation between adjacent

sectors is π/4. It is worthwhile noting that with ordered
combinations of such sectors, the transformed medium can
be engineered in an effective manner to generate vortex
beams carrying OAM.

III. RESULTS AND DISCUSSION

Full-wave simulations are performed to verify the func-
tionalities of the OAM-beam-generation device with the
finite-element-method-based program HFSS at 12 GHz.
A regular X-band horn antenna emitting quasispherical
waves located along the central axis of the microwave
device is used as the feeding source and is placed 50 mm
(2λ0 at 12 GHz, with λ0 being the free-space wavelength)
from the upper surface of the device. The functionality of
the reflection-type generator is numerically characterized
as illustrated in Fig. 1(d), where the designed transfor-
mation medium is backed by a circular reflecting metal
plate.

Since the corresponding refractive index and wave-
length of the electromagnetic wave are different in different
media, the ray path and propagation period of the incident
wave will change when the electromagnetic wave propa-
gates in the device. To further observe the phase change
of the incident wave inside the transformed medium, the
phase profiles are simulated in each layer at 12 GHz and
are plotted in Fig. 1(e). It can be clearly observed how
the quasispherical wave is transformed to the vortex wave
inside the device step-by-step after being reflected on the
metal plate.

The phase distributions and intensity patterns of the
electric field in a plane normal to the direction of propa-
gation as well as characteristics of the far-field patterns in
the E plane (x-o-z plane containing E and k vectors) and
H plane (y-o-z plane containing H and k vectors) obtained
from numerical simulations are depicted in Fig. 2. The
helical phase distribution [Fig. 2(a)], characteristic of an
electromagnetic wave carrying an OAM mode, is clearly
revealed in the simulated data, which indicate that vortex
beams with a topological charge l = +1 are indeed gener-
ated by the permittivity distributions used in the device.
The simulated intensity profiles are illustrated in Fig. 2(b),
where an amplitude null in the center of the beam can be
clearly seen, which is the main feature of electromagnetic
waves carrying OAM. The two-dimensional far-field radi-
ation patterns show beams with a hollow main lobe [Fig.
2(c)], which is also an intrinsic characteristic of vortex
beams, provide further evidence that the generated beam
carries an OAM mode.

Moreover, the phase and intensity profiles of the near-
field distributions for mode l = +1 are further com-
pared from 8 to 16 GHz, demonstrating that the OAM-
generation device is capable of retaining performance over
a broad frequency range. Theoretically, the achieved band-
width can be very broad since all-dielectric nonresonant
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FIG. 2. Numerical simulation results for the OAM-generation device with mode l = +1 in a frequency range from 8 to 16 GHz.
(a) Phase diagrams of the electric field. The resulting phase varies from −180◦ (blue) to 180◦ (red). (b) Intensity distributions of the
electromagnetic field in the x-o-y plane. (c) Two-dimensional far-field radiation patterns in the E and H planes of the device, where a
characteristic “bunny-ear”-shaped diagram is obtained. (d) Calculated mode spectra of the generated l = +1 OAM beam.

materials are used in the design. However, for realistic
discrete structures, the design dimensions and unit-cell
periodicity limit the operating bandwidth.

The corresponding power distributions of the proposed
device are analyzed on the basis of the purity calculation
of OAM modes. Since the azimuthal angle ϕ is a periodic
function, its Fourier conjugate, which is the OAM wave,
is a discrete variable. The linking Fourier relationship is
given by [28]

Al = 1
2π

∫ 2π

0
ψ(ϕ)dϕe−jlϕ , (3)

ψ(ϕ) =
∑

l

Alejlϕ . (4)

The calculated results at different frequencies are shown
in Fig. 2(d). At a frequency of 8 GHz, the total phase

deflection after the phase plate does not reach 2π , and
therefore in the expansion of the Fourier transform, part
of the generated OAM waves is decomposed into modes
l = 0 and l = +1. We can observe that the expected OAM
mode l = +1 is relatively dominant at 10, 12, 14, and
16 GHz, which indicates the high quality of the gener-
ated OAM beams. To experimentally validate the pro-
posed spatial-transformation approach, a prototype of the
reflection-type device generating a vortex beam carrying
the OAM mode l = +1 is physically realized. To achieve
this, first a 3D model of the all-dielectric device is designed
for implementation. To realize permittivities ranging from
1 to 2.8, two kinds of meta-atom structures are adopted, as
illustrated in Fig. 3(a). The elementary meta-atom is com-
posed of three orthogonally crossed cylinders in a cubic
region of 5 × 5 × 5 mm3 (λ0/5 at 12 GHz). The effective
relative permittivity of a unit cell depends on the radius
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of the cylinders. To ensure a smooth connection between
adjacent cells, the meta-atom can be bent and trimmed
appropriately. The prototype of the designed device is then
fabricated by a Stratasys Objet260 Connex3 polymer jet-
ting 3D printer [29] with use of a VeroWhite dielectric
material, which has relative permittivity εh = 2.8 in the fre-
quency band of interest. A photograph of the printed flat
cylindrical device, which consists of 9576 unit cells, with a
height of 35 mm and a base radius of 105 mm, is presented
in Fig. 3(b).

Two experimental setups are used to validate the func-
tionality of the OAM-generation device. First, the electric

field is scanned with a field-sensing fiber-optic active
antenna probe capable of measuring both the intensity and
the phase of the electric field through a vector network
analyzer. Hence, at the receiving end, the probe, which
is connected to the network analyzer via a coaxial cable,
is mounted on two orthogonal computer-controlled linear-
motion stages. A quasispherical wave is emitted along the
z direction by a regular X-band horn antenna placed 50 mm
directly in front of the device. The measurement setup
is illustrated in Fig. 3(c). The all-dielectric device, metal
plate, and probe are placed in the x-o-y plane. By step-
ping the field-sensing probe in increments of 2 mm and

(a)

(c)

(b)

FIG. 3. (a) Effective permittivity of two types of unit cells used in the implementation of the device. A parametric analysis is
performed to extract the effective permittivity from the homogenization procedure according to the radius ra of each unit cell. (b) Pho-
tograph of the fabricated prototype created by polymer jetting 3D printing. (c) Experimental measurement setup of the proposed device
in a microwave anechoic chamber.

024064-5



JIANJIA YI et al. PHYS. REV. APPLIED 12, 024064 (2019)

recording the reflected field intensity and phase at every
step, we acquire a full two-dimensional spatial-field map-
ping of the microwave electric field distribution in the
x-o-y plane (located at a distance of z = 500 mm) over
a total scanning surface of 400 × 400 mm2. Secondly,
far-field antenna radiation patterns are measured in an ane-
choic chamber, where a horn antenna is used as a receiver
to measure the power emitted from the vortex-wave-
generating system. Far-field measurements are performed
for elevation angles ranging from −180◦ to 180◦.

The measured phase distributions and intensity patterns
at different frequencies are given in Fig. 4. In Fig. 4(a),
when the incident and reflected waves pass through the
dielectric device, the phase distribution shows a total 2π
phase change in a helical configuration, which is charac-
teristic of electromagnetic waves carrying an l = +1 OAM
mode. The phase profiles measured from the vortex-beam

generator are consistent with those achieved by simula-
tions. As illustrated in Fig. 4(b), the intensity patterns
measured with the OAM-generation device have a dough-
nut shape with a null at the center. As a comparison, the
measured phase distributions and intensity patterns with
the metallic plate alone at different frequencies are given
in Supplemental Material [27]. Without the transformed
material, concentric circular phase patterns and quasireg-
ular intensity patterns of a plane wave are observed.

Additionally, the measured far-field patterns in the E
and H planes are presented in Fig. 4(c). It can be clearly
seen that the fabricated device produces “bunny ear”-
shaped beams in the frequency band from 8 to 16 GHz.
Furthermore, the OAM-mode purity calculated from the
experimental data at different frequencies is presented
in Fig. 4(d). It can be observed that generated OAM
waves with the +1 mode still dominate, validating the

(a)

(b)

(c)

(d)

H plane
E plane

H plane
E plane

H plane
E plane

H plane
E plane

H plane
E plane

FIG. 4. Measured performances at 8, 10, 12, 14, and 16 GHz. (a) Phase distributions of the electromagnetic field in the x-o-y plane at
a distance of 500 mm from the feed plane. The phase varies from −π (blue) to π (red). (b) Intensity distributions of the electromagnetic
field in the x-o-y plane at a distance of 500 mm from the feed plane. (c) Two-dimensional radiation patterns in the H and E planes.
(d) Experimental mode spectra of the generated l = +1 OAM beam.
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efficiency of the designed device. It is important to point
out that the intensity distributions of the generated vor-
tex waves are not fully homogeneous and the far-field
radiated beams are slightly tilted. These two undesired
phenomena can be attributed firstly to the quasi-isotropic
material used to make the device and secondly to the
superposition of other undesired generated modes. Indeed,
the spatial-transformation process leads to an anisotropic
transformed material. However, for the device implemen-
tation, anisotropy is ignored to keep only a distribution of
εzz such that quasi-isotropic material can be used. In addi-
tion, in the generation of OAM waves carrying the +1
mode, some OAM waves with other modes are inevitably
produced as observed from the mode spectra in Figs. 2(d)
and 4(d). When waves carrying such undesired modes are
superposed onto the desired +1-mode OAM wave, per-
formance degradation as illustrated by the inhomogeneous
field-intensity distributions and asymmetric radiation pat-
terns is observed [30–32].

IV. CONCLUSIONS

In summary, on the basis of the concept of spatial trans-
formation, we propose a universal method to transform
an irregularly shaped virtual space into an all-dielectric
microwave device with spatially varying permittivity that
is capable of generating electromagnetic vortex waves car-
rying OAM in an effective manner. To validate the OAM
characteristics, the device configuration is simulated for
the generatation of vortex beams with a topological charge
of l = +1. Furthermore, the reflection-type OAM genera-
tor is fabricated by additive manufacturing and experimen-
tally characterized. Good qualitative agreement is obtained
between full-wave simulations and measurements, indicat-
ing that a vortex spiral-shaped phase front and a hollow
beam with high purity are successfully achieved. In addi-
tion, because of the nonresonant meta-atoms used in the
implementation, the device is able to operate over a broad
frequency range. Such spatial-transformation-based design
methods offer an effective strategy for tailoring electro-
magnetic waves with nearly arbitrary desired properties.
Moreover, because of the benefits of a wide operating
bandwidth as well as the ease of fabrication and integra-
tion, the proposed approach is expected to have a pro-
found impact on future OAM-based systems. Finally, some
strategies can be considered to reduce the divergence of
OAM beams, which can be a limitation for microwave-
antenna applications. For instance, metasurfaces or even
the transformation-optics concept can be used to design
lenses for collimation of OAM beams [9,21,33].
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