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Abstract

This paper discusses the potential of 3D printing for the manufacturing of spiral phase plates for the generation of
radio vortex beams for advanced radio communications. The design and prototyping of a number of phase plates
for communications at 80GHz with radio vortex beams is discussed and their performance analyzed through

computer simulations.
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1. Introduction

In recent years, the capacity demand in wireless
communications has been growing and continues to
grow, due to the increasing use of streaming services
and emerging data intensive applications such as
ultra-high definition video, immersive multimedia,
domotics and the internet of the things (IoT). Industry
forecasts predict a growth of the overall mobile data
traffic to 30.6 EB per month by 2020 (see Fig. 1) [1],
constituting a compound annual growth rate (CAGR)
of as much as 53 % over the five year period between
2015 and 2020.

To support this growth and to ensure wireless
connectivity which has become essential for many
industries and large parts of society, radically new
wireless technologies will be required [2] as traditional
methods for capacity increase — such as multiple-input
multiple-output signaling — will not yield a sufficient
increase in the available capacity [3].

Three-dimensional (3D) printing and other novel
manufacturing methods have gained a large amount
of attention as possible manufacturing techniques to
rapidly and affordably prototype components for radio
communications [4, 5, 6], thus supporting existing
research in radio communications and creating a new
branch of research on novel micro-manufacturing
techniques for advanced radio communications.

Higher frequency carriers in the mm-wave range
are suggested and have been proven as a suitable
technique to allow Gbit/s-class, long distance wireless
links [7, 8, 9] and more recently sub-THz frequencies
have also received significant attention [10]. To
achieve an even higher capacity and better spectral
efficiency however, the use of orbital angular
momentum (OAM) — i.e. using signals with a vortex
phase — at those carrier frequencies is a prime
candidate. Using OAM for communication systems
was first demonstrated in optics [11, 12] and since
2011 has been shown to be a viable solution for
capacity increase in radio communications [3, 13, 14,
15].

In this paper, the potential of 3D printing for the
manufacturing of spiral phase plates for the generation
of radio vortex beams is discussed, presenting
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Fig. 1. Forecast growth of mobile traffic until 2020 [1].

simulation results and showcasing a number of
manufactured early prototypes. The remainder of the
paper is organized as follows: Section 2 will shortly
review 3D printing before section 3 discusses radio
communications based on OAM and a number of
techniques of inducing a vortex phase. Section 4
presents the design and manufactured prototypes of
spiral phase plates for OAM generation at 80 GHz,
while section 5 confirms radio vortex generation with
spiral phase plates by means of computer simulations.
Finally, section 6 summarizes and concludes the
paper.

2. 3-Dimensional printing

3-Dimensional (3D) printing — or the additive
manufacturing process — is a manufacturing technique
where successive layers of melted material are laid
down to form a geometrically complex model from a
series of cross sections [16]. 3D printing techniques
are attractive to many fields, because they provide a
fast and accessible method for prototyping and
manufacturing parts or structures with sufficient shape
features and detail.

Typically, a computer aided design (CAD)
software is used to create a model of the desired part,
which is exported to a dedicated 3D print design
software to define the printing parameters and
structural composition of the produced piece. The
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Fig. 2. OAM MIMO system schematic.
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generated computer numerical control instructions
(CNC) are transferred to the printer itself and control
nozzle movement, extruder behavior and associated
temperatures.

Although increasing in popularity, 3D printing still
has some drawbacks in terms of structural strength
and surface quality, which may limit the potential fields
of application. However, as a developing technique,
3D printing is changing and evolving quickly with
achievable properties constantly improving. As an
emerging technique, 3D printing has gained interest
from many fields of study and will continue to grow as
quality increases and thus the applicable range of
applications grows [17, 18].

3. Radio communications based on OAM

A radio signal carrying OAM is characterized by
featuring a helical phase front, with a vortex at the
beam axis [3]. The helical modes are characterized by
an integer number, depending on the number of full
twists the phase front undergoes within one
wavelength; these helical modes are also called
topological charges.

Due to these properties, OAM MIMO signaling
(see Fig. 2) may significantly increase the available
transmission capacity without increasing the required
bandwidth, by using different topological charges [3,
13]. Two radio signals sharing the same frequency
may be modulated using different vortex modes — i.e.
with different topological charges — and although being
transmitted using the same frequency and path, they
are orthogonal due to the characteristics of the OAM.
This leads to an increase in capacity that cannot be
achieved by any other radio frequency technique [13].

A number of techniques has been suggested for
generating RF beams carrying OAM, including
dedicated antenna designs [14] as well as diffractive
elements placed in the transmission path [19, 20, 21],
transforming a plane wave into a vortex beam [19].

e Circular antenna arrays

Although using a circular antenna array [19]
different OAM beams can be generated
simultaneously, it has some serious restrictions
with regards to its possible applications, due to
problems such as feeding control.

e Periodic frequency selective surfaces (FSS)

The periodic FSS comprises two aluminum
sheets of thickness ¢, separated by an air gap
of height h with a split-ring slot milled out [20].

e Spiral reflector antennas

Having an antenna with a spiral reflector allows
generation of a vortex beam, since whenever
the spiral reflector reflects the plane wave from
the antenna feeder, the wave front is changed
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Fig. 3. Dielectric cylindrical spiral phase plate design to
induce a helical phase with topological charge 1.

to a helical wave front [14].

e Spiral phase plates (SPP)

A spiral phase plate is a diffractive element with
one planar surface and one helical surface [21]
(see Fig. 3). Vortex radiation can be obtained
by placing one SPP in front of a horn antenna.
SPPs can easily be generated with different
topological charges by including multiple steps
of a height that corresponds to a phase shift of
2m.

Due to its simplicity and the possibility of using 3D
printing with a wide range of materials, the SPP may
be regarded as the easiest to implement approach and
the following sections discuss the design and
manufacturing of SPPs using 3D printing and analyze
their performance using computer simulations.

4. 3D printed spiral phase plates

A number of different SPPs were designed and
manufactured using the BQ Prusa i3 Hephestos 3D
printer and corresponding heated print bed.

4.1. Design

The software chosen to design the SPPs was
Solidworks. Since the required dimensions of the
SPPs are frequency and material dependent, a
number of different SPPs was designed for target
frequencies of both 80 GHz and 190 GHz and with a
number of candidate materials. Having the resulting
CAD files (.stl) the printing parameters were defined
using the Cura 3D printing software, exporting CNC
instructions in a .gcode file to be read by the 3D printer.

The design features a single step in thickness,
corresponding to a single rotation of the phase by 2
(see Fig. 3). The diameter of the plates is chosen
sufficiently big to cover the full radiating face of a
standard gain pyramidal horn antenna.

4.2. Materials

Three different materials were used for the printed
SPPs, two non-conductive and one conductive.
Polylactide acid (PLA) is a widely used thermoplastic
[22] with a melting temperature of 170 — 180 °C, the
temperature of the nozzle was set to 230 °C and the
print bed temperature to 50 °C.

The conductive PLA is a carbon-PLA composite
commercialized by ProtoPlant. The second SPP (see
Fig. 4, left) was produced using the same printing
parameters as before, but with a slightly different
design size due to the refractive index variation caused
by the carbon.



Fig. 4. SPPs for 80 GHz communications, manufactured
by 3D printing; left: conductive PLA, right: ABS.

Acrylonitrile butadiene styrene (ABS) is an oil-
based plastic. It is a strong, sturdy material with a high
melting point, making a heated print bed a necessity.
Due to its strength and possible printing precision ABS
is the most used material for professional applications.
For this SPP (see Fig. 4, right) the nozzle and bed
temperature were set to 240°C and 55°C
respectively.

To ensure printing quality and comparability of the
results, the layer height was set to 100 um for all prints
and all manufactured SPPs were given a 100 % infill.
While found to be acceptable at 40 GHz [4], such
surface roughness may play a significant role at higher
frequencies and will require additional consideration,
as may additional effects due to the layered structure
of the printed workpiece.

5. Performance analysis

Prior to manufacturing the SPPs their
performance and behavior was analyzed through
computer simulations using the CST Microwave
Studio software. Importing the different designs,
creating the different materials and placing the plate in
front of a standard gain horn antenna working at
80 GHz (see Fig.5) vortex radiation found to be
generated. Setting a field monitor for the near field at
the frequency of 80 GHz, the phase variation over time
— which is indicative of a spiral phase front — was
appreciated (see Fig. 6, left).

To prove a vortex is generated at the beam axis
in the radiation pattern, the far field is regarded,
confirming successful vortex generation (see Fig. 6,
right) through the use of a SPP placed in front of a
pyramidal horn antenna. Detailed analysis of the
depth of the central hole in the 2D far field radiation
pattern (see Fig. 6, lower right) shows a suppression
by 17.6 dB.

The analysis of the far field radiation patterns
further allows an estimation of the losses due to
transmission through the SPP, finding losses between
4 dB and 7 dB depending on the material. While such
a loss in power is significant, it is not prohibitive and
comparable to the losses observed with other methods
of creating vortex radiation.

6. Conclusions

This paper discusses the potential of using 3-
dimensional printing techniques for fabrication of
elements to be used in sub-THz communication
systems. A spiral phase plate was simulated,
confirming a 3D printed spiral phase plate placed in
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Fig. 5. Simulation model of an SPP in front of a pyramidal
horn antenna, created in CST Microwave Studio.

front of a commercial standard gain pyramidal horn
antenna can generate vortex radiation.

Although at an early stage, it is clear that 3D
printing can be an interesting candidate technology for
the creation and rapid prototyping of components for
radio communications. As printing quality and the
available materials evolve, components of satisfactory
performance may be within reach of 3D printing, even
at GHz and sub-THz frequencies where pieces and
features become very small and printing precision and
material properties are of utmost importance.
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