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Abstract—This paper presents the design, simulation, and ex-
perimental validation of a Perfect Optical Vortex (POV) sorter
using a novel approach based on a binary Dammann Grating.
POV beams, crucial for applications in communication and quan-
tum systems, have traditionally posed challenges in sorting due
to crosstalk and fabrication limitations. In this study, a hybrid
lens system, combining a modified radial lens and a lateral lens,
was proposed and optimized using parameters α and β to achieve
precise separation between POV modes. The design was simulated,
allowing for the customization of the lens based on beam size
and system constraints. To further enhance sorting efficiency, a
Dammann Grating was employed to encode the phase profile, facil-
itating easy fabrication and integration into existing optical setups.
Simulations and experiments were conducted, demonstrating the
system’s ability to map each topological charge to a unique radial
location with high efficiency. Results indicated minimal crosstalk
when the separation between orders exceeded 3, showcasing the
potential for this system to be utilized in communication platforms.
This research introduces a scalable, efficient, and compact solution
for demultiplexing POV beams, paving the way for their seamless
integration into optical communication systems.

Index Terms—Binary Dammann grating, orbital angular
momentum, perfect optical vortex, spatial division multiplexing,
hybrid lens system.

I. INTRODUCTION

ORBITAL angular momentum (OAM) carrying beams have
been extensively investigated in recent years due to their

promising impact on various applications, particularly in com-
munication and quantum technologies [1], [2]. One specific
category of OAM beams, known as Perfect Optical Vortex (POV)
beams, has attracted attention for their potential in realizing
spatial division multiplexing systems in both free-space and
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Fig. 1. (a) Simulation of OAM modes using Laguerre-Gaussian beam OAM
0 – 5. (b) simulation of POV with charge 0-5.

optical fiber channels [3], [4]. POV beams are characterized by
their ring-shaped intensity distribution and their orbital angular
momentum carrying phase eilθ , where θ represents the azimuthal
angle to the propagation axis, and l is the topological charge [1],
[2], [3], [4]. These OAM carrying beams are orthogonal in
l, making them suitable for spatial division multiplexing sys-
tems [1], [2], [3], [4]. POV beams differ from regular OAM
beams in that their ring profile is independent of the topolog-
ical charge, making them suitable for optical channels as the
optical elements remain constant regardless of the topological
charge [5].

In recent years, efficient generation of POV beams has been
demonstrated using Bessel-Gauss beams and Fourier lenses [3],
[4], [6], simulated in Fig. 1(b) and used throughout this work.
The generation of POV beams can be achieved using various
optical elements, with spatial light modulators (SLM) being one
of the most commonly used devices [1], [2], [3], [4], [5], [6], [7].
However, for POV beams to find applications in communication
systems, it is essential for detection systems to have the ability
to isolate the OAM modes, as each mode serves as an indepen-
dent channel [8], [9]. Detection of the topological charge thus
becomes of utmost importance [9].

Traditionally, the interference of the POV beam with a spheri-
cal wavefront has been the method of measuring the topological
charge carried by the beam [8], [9]. However, the sensitivity,
precision, and specialized optical elements used in optical inter-
ferometers render them unsuitable for conventional communica-
tion systems [10], [11]. Digital mode sorting is one way to realize
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Fig. 2. Output of modified radial lens with different charges inputs. (a) lens
with f = 75 mm. (b) lens with f = 175 mm. (c) lens with f = 350 mm. ΔR is
the distance from the center of the image to the maximum intensity location of
the beam. Δθ is the angular separation between the maximum locations.

optical mode sorting, which is based on the digital processing
of the beam [12], [13]. Other methods based on optical modal
decomposition have been explored for POV detection, offering
lower precision requirements and reduced distortions [14], [15],
[16].

Recent developments have shown that Angular lenses can
focus the POV beam into radial components that depend on their
topological charge [17]. Angular lenses with varying phases
have been optimized and utilized for POV sorting based on the
topological charge [18]. Some approaches rely on Metasurfaces,
while others utilize complex Hybrid lenses, combinations of
lens systems such as radial and angular lenses, to improve
the separation angle between the modes [19], [20], [21], [22].
However, Metasurfaces pose challenges as demultiplexing plat-
forms due to their polarization dependency, potentially causing
issues with higher-order modes having right-hand polarization
landing on the same location as low-order modes with left-
hand polarization. Additionally, in free-space optical links with
beam diameters in centimeters, Metasurfaces are not easily
scalable, and their fabrication depends on techniques such as
E-Beam Lithography, which are not scalable, expensive, and
time-consuming [23].

Hybrid and Angular lenses, although challenging to fabri-
cate due to their non-uniform curvature, can be projected on

SLM or phase plates. However, their real-world applications
are limited to controlled environments like laboratories and
small spaces, as they cannot be easily scaled and require active
components [24].

The integration of an angular lens in the sorting process of
Perfect Optical Vortex (POV) beams is crucial for its appli-
cability and efficiency. Unlike traditional OAM beams, POV
beams maintain a constant ring-shaped intensity distribution
irrespective of their topological charge, making them particu-
larly suitable for optical channels. The unique characteristics
of POV beams pose challenges in sorting, especially in con-
ventional communication systems where each mode acts as an
independent channel. Angular lenses, designed to manipulate
the angular components of light, provide an elegant solution
for demultiplexing POV beams. By leveraging the distinctive
properties of POV beams, such as their radial symmetry and
constant ring size, angular lenses can precisely focus and sep-
arate different topological charge components. The integration
of an angular lens not only ensures accurate sorting but also
enhances the overall efficiency of POV-based communication
systems, making them more viable for practical applications.
This work introduces a system designed employing a Dammann
Grating, a binary and easily fabricated structure. The system
is scalable and serves as a platform for encoding a phase that
represents a superposition of radial and angular lenses. This
encoding enables the mapping of each topological charge to
a distinct angular location, achieved through a single optical
element. The proposed system is not only easy to fabricate
but can also be seamlessly integrated into existing Wavelength
Division Multiplexing systems. Detailed information on the
design and explanation of the damming grating can be found
in our prior work, reference [25].

II. PRINCIPLE AND SIMULATIONS

For a plane wave expressed in a transverse coordinate system
with phase profile eikr, a converging lens with a transformation
function T (r) = exp(−i k

2f r
2) can separate the different trans-

verse components into unique lateral locations depending on its
wave vector k [26].

For a Perfect Optical Vortex (POV) beam, the phase profile
is expressed in a cylindrical coordinate system using eilθ. It has
been shown in [17], [25] that an axicon phase combined with a
quadratic dependence on θ (radial lens) can separate the angular
components into unique angular locations. Taking this hint, we
modified the phase to be a combination of a transverse lens
with a modified radial lens. The modification on the radial lens
proposed here is that the phase is defined on an arc dictated by
Rθ. Thus, the quadratic dependence for the radial lens is in the
form of ( k

2f (Roθ)
2).

Fig. 2 shows the output simulation of the modified radial
lens at varying focal lengths and different topological charge
inputs. The simulations are carried out using an input beam
radius of 1 mm and a ring width of 0.25 mm to support the long
focal length in the simulations. It is clear from the output that
longer focal lengths require a larger field of view, as the angular
separation and radial distance increase with the increase in the
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Fig. 3. Full Phase distributions.

focal length of the lens. This poses a challenge for designing the
lens for fixed and existing systems, as the lens comes with its
own restrictions.

To overcome these restrictions, the radial lens phase is com-
bined with a transverse lens, creating a new hybrid lens with
more degrees of freedom and varying strength in the different
components of the beam. The hybrid lens allows the system
to be tuned and tailored for specific spatial requirements while
maintaining compactness. To optimize the phase profile, we start
by the superposition of two lenses:

Transverse lens =
k

2f
r2 (1)

Modified radial lens =
k

2f
(Roθ)

2 (2)

k =
2π

λ
(3)

where f is the focal lenght and Ro is the radius of the ring.

Phase =
k

2f
r2 +

k

2f
(Roθ)

2 (4)

To further optimize this system the strength of each lens can
vary, using constants α and β which are used to change the
longitudinal and angular strength of the lens, allowing control
of the separation between the modes at a focal distance away
and thus controlling the number of modes that the system can
sort. α and β can be optimized for the input beam size and the
focal length of the system as constraints.

Optimized hybrid phase =
k

2f

(
αr2 + β(Roθ)

2
)

(5)

Fig. 3 shows the phase profiles of each lens and the optimized
hybrid lens. To increase computation speed and reduce fabrica-
tion time, the final phase profile can be truncated to the beam
size and width. Fig. 4 shows the output of the hybrid lens with
varying parameters α and β. It is clear from the simulation that
varying these parameters can change the separation efficiency,
radial location, and angular separation between the modes.

Fig. 4. Output of hybrid lens with varying α and β parameters. f = 175 mm.

Simulations are carried out by varying α and β while con-
straining the beam size and the focal length to identify the param-
eters that would best match our system and achieve a separation
of about 1◦ between the center of each mode. α = 0.35 and
β = 0.65 have a separation of about 1◦ for an input beam of
radius about 1 mm and width 0.25 mm using λ = 632.8 nm
with a focal length of 175 mm, which is our experimental setup.
The phase is then encoded with a 1x2 Dammann grating where
the +1-diffraction order carries out the right phase shift [25].
Fig. 5 shows the optimized phase distribution, superimposed
on a 1x2 grating distribution, converted to binary, shifted using
Dammann Grating transition points, and truncated to match the
input beam size. Simulations are carried out using single input
(Fig. 6) and multiple inputs (Fig. 7) to verify the design.

To estimate the crosstalk between modes, simulations are
carried out with topological charges ranging from −40 to 40.
Each simulation includes 21 orders with different steps between
the topological charges. The simulations are organized into four
sets: the first set with l = n, the second set with l = 2n, the third
set with l = 3n, and the fourth set with l = 4n, where n is an
integer ranging from −10 to 10. Table I shows the output of
these simulations, their angular location, and crosstalk.
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Fig. 5. Optimized phase encoded on 1x2 grating and converted to binary.
Truncated to match beam size.

Fig. 6. Single POV input and sorted: (a) POV charge = 0, and (b) POV charge
= 5.

Fig. 7. Multiple POV inputs with POV charge of −35, 0, 40.

The simulations demonstrate that the system can efficiently
map each topological charge to a radial location using a single-
order input. Howevethe, crosstalk, defined here as the overlap
between pixels carrying more than 30% of the incident energy
for each mapped mode, is relatively high for practical use in
a communication system. Introducing n-steps between orders
significantly reduces this overlap. To further minimize it and
achieve virtually no overlap, the topological charge l = 4n can
be utilized, ensuring non-overlapping mapping of each mode.
It’s important to note that the center locations of the mapped

TABLE I
OUTPUT OF SIMULATIONS WITH DIFFERENT TOPOLOGICAL CHARGE SETS,

THEIR ANGULAR LOCATIONS, AND CROSSTALK

Fig. 8. Illustration of experimental setup.

orders do not overlap in any way. This characteristic opens the
possibility of utilizing machine learning algorithms to distin-
guish between orders, even in scenarios with high crosstalk [27].

III. FABRICATION AND EXPERIMENT

The simulated binary grating is fabricated onto a glass sub-
strate. The designed pattern is transferred into a photoresist-
coated glass using a Direct Laser Writer. The pattern is then
etched into the glass using Reactive Ion Etching; subsequently,
the photoresist is removed, and the device becomes func-
tional [25]. The etching depth h depends on the operating phase
shift δφ, wavelength λ, and the refractive index of the substrate
n following the equation:

h =
λδφ

2π(n− 1)

The Perfect Optical Vortex (POV) beams are generated using
a Spatial Light Modulator (SLM) to generate Bessel-Gaussian
beams with topological charge l and a lens to perform a Fourier
transformation of the Bessel-Gaussian beam [6], [7]. At the focal
plane of the lens, the POV can be observed. The POV sorter is
then placed at the focal plane where the POV is generated, and
a camera is placed f -away from the sorter, capturing the +1
diffraction order. Fig. 8 shows a schematic of the optical setup.

The experiment is carried out using the same parameters as
the simulation, and the results are in good agreement. However,
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Fig. 9. Experimental results of the sorted POV beams: a) order zero, b) -10,
c) +1, d) -5, e) +30. f) shows the overlaped sorted POVs; red represents charge
-35, white represents charge 0, and green represents charge 9.

TABLE II
OUTPUT OF SIMULATIONS WITH DIFFERENT TOPOLOGICAL CHARGE SETS,

THEIR ANGULAR LOCATIONS, AND CROSSTALK

due to stray light, fabrication errors, and alignment errors, the
crosstalk in the system is slightly higher, and the sorted angles are
slightly shifted. Nevertheless, the system sorted the POV beams
with high efficiency. Fig. 9 shows the experimental outputs of
some of the modes. Table II presents the experimental outputs,
angular separation, and crosstalk for varying topological charges
and steps between them, similar to the simulations.

As observed in Fig. 9 and Table II, POV beams can be
sorted into locations that correspond to their topological charge,
allowing the system to demultiplex an incoming POV using a
single passive optical element. Similar to the simulation results,
the crosstalk between consecutive orders is high; however, if
the charge separation between the orders is larger than 3, there
is virtually no crosstalk. The system functions without issues
when used with charges l = [−30,−20,−10, 0, 10, 20, 30]. As
seen in Fig. 10, the separation between orders remains constant,
and virtually no crosstalk is detected in the system.

Fig. 10. Experimental output of 6 different input a) TC=[−30,−10,10,30] in
red, TC= [−20,20] in green, and TC= 0 in white. b) shows the angular location
of the maximum. c) shows the crosstalk.

IV. CONCLUSION

In this paper it has been shown that a free space POV sorter
can be fabricated and used with any optical system with minimal
modification. The sorter is a hybrid lens that is designed using a
superposition of a modified radial lens and a lateral lens. It has
been shown that using the combinations of these lenses works
well with POV, because of the constant ring size of the POV. The
hybrid lens is shown to have many degrees of freedom that can be
optimized for a given beam size, and optical system dimensions
and constrains. The radial shift of the lens allow for perfect
matching between the radial phase and the POV beam width.
The introduction of a lateral lens to the radial lens enables for
compactness to be archived. The modified constant parameters
α and β are demonstrated to control the size, and the angular
separation of the sorted beams. The hybrid lens is optimized
for 632.8 nm laser and an optical system with a focal length of
175 mm, and an input beam of radius 1 mm and width 0.25 mm.
The parameters α and β are optimized to achieve an angular
separation of 1◦. Simulations are carried out to demonstrate the
sorting efficiency of the lens and to evaluate the crosstalk. The
lens is fabricated and experimentally tested. The experimental
results match the simulations with small deviation that is due
to alignment and fabrication error. The crosstalk is also eval-
uated using both simulation and experiment, and they are in
good agreements. The crosstalk is high when using consecutive
orders. But, reduced greatly when the input OAM charges are
more than 2 orders away from each other.
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