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Abstract—The use of electromagnetic waves carrying orbital
angular momentum in the radio frequency range is a growing
subject, and so is the design of antennas able to produce such
waves. The aim of this paper is to present a new type of antenna
(a flat plate) in order to generate an electromagnetic wave
carrying orbital angular momentum in the millimeter frequency
band.

Index Terms—orbital;
millimeter frequency band

angular; momentum; phaseplate;

L INTRODUCTION

An ElectroMagnetic (EM) wave is usually defined by its
magnitude, its wave vector, its frequency and its angular
momentum. The latter can be decomposed in two distinct
components [1]: the Spin Angular Momentum (SAM) which
corresponds to the wave polarization and the Orbital Angular
Momentum (OAM) which is associated to the spatial
distribution of the phase of the fields. So, an EM wave carrying
OAM is characterized by an azimuthal phase dependency noted
¢’ with [ being an integer value called the topological charge
and corresponding to the phase rotational mode, and 6 the
azimuthal angle. Furthermore, the phase distribution leads to a
destructive interference at the beam axis, and creates a vortex.

Where polarization states are limited to only two states,
each / integer value is associated to an OAM mode. Thus there
is theoretically an infinite number of OAM modes.
Furthermore, all these modes are orthogonal to each other and
independents to the wave polarization. This orthogonality has
been proposed as a new possible diversity, e.g. in
telecommunications, assuming the existence of dedicated
suitable transmissions systems to generate these OAM modes.
This idea has received recently some attention for radio
communications [2-4], to create “multiple sub-channels”
distinguished by the twisting degree of the EM field structure
to encode information. Since, many intense debates have been
conducted comparing OAM coding and MIMO techniques, and
concluding that the “OAM sub-channels” is a subset of the
solutions offered by MIMO [5]. At the same time, some
interference tests between an OAM beam and an unknown
object have been realized in the optical domain [6] to estimate
rotational symmetries, opening new perspectives in radar
identification in the radio frequency band.

In this paper, we present a new type of antenna aimed to
generate an OAM EM wave, using a flat phase plate with a
variable permittivity, at a frequency f= 30 GHz and for an
OAM of order / = 1.

This work is supported by the Université de Rennes 1, the French
Ministry of Defense (DGA) and the council of Brittany (Région Bretagne).

II.  ANTENNAS GENERATING WAVES CARRYING OAM

In the radio frequency bands, circular short dipole arrays
have been proposed to generate OAM of order |/| <N/2, N
being the number of antennas [3]. Each array element has a
2zl/N phase shift compared with its neighbor. This leads to a
2nl phase rotation around the beam axis. Others antennas have
been used to generated OAM in these bands, such as a turnstile
antenna [7]. The difference in this case is that OAM lies in the
plane of the turnstile antenna only, and not ahead of it. On the
other hand, spiral phase plates have been used in optics for
some years, and more recently in the 100 GHz regime [8]. The
spiral surface introduces a linear phase variation along the
azimuthal angle 6, depending on the helical thickness of the
plate.

Leaving aside the theoretical aspect, the first experimental
demonstration of the orthogonality of OAM modes in radio
frequency and in natural environment has been reported last
year [4]. Besides the confirmation that OAM can indeed be
used for telecommunications, the relevant point in this article
relies on the antenna the authors used to generate an EM wave
carrying OAM. Starting from a regular parabolic reflector dish,
they “twisted” it in order to induce the azimuthal phase
distribution. This antenna is the first one ever used in a
telecommunication demonstration system involving OAM.

III.  FLAT PHASE PLATE WITH ANGULAR VARIATION OF THE
PERMITTIVITY

A. Design of the flat phase plate

This approach we used to design this phase plate is similar
to that of the spiral phase plate, in the sense that the wave is
subject to a phase delay upon transmission through the phase
plate. The innovation here is the use of a flat plate which
induces a phase delay by an angular variation of the
permittivity due to holes drilled in matter, as seen in Fig. 1,
instead of being due to an angular width variation. This
concept has been used for the first time for spherical lenses,
using radials drilled holes [9], and then for similar spherical
lenses reconstructed with stepped plate lenses [10]. Here we
use only one flat plate, with a totally different hole distribution.

The relation between the relative permittivity ¢, and the
azimuthal angle @ is represented in Fig. 2 and defined in (1),
where 4, is the variation of the refractive index and n,, is the
refractive index of the raw material (Teflon, in our case):

&(0) = 0°A,%/(2nl)* - 0.0 Ay/ml + 0,2 )
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Figure 1. Front view of the phase plate. Permittivity is controlled by drilling

holes in a Teflon flat plate. Distribution of the drilled holes is a function of the
azimuthal angle 6.

In our case, to have an OAM topological charge |/| =/
corresponding to a rotational phase of +27 on the wave front,
the drilled holes have to induce a refractive index varying from
1.35 to 1.45 as a function of the azimuthal angle #. Equation
(2) shows the relation between the volume with the drilled
holes V), and the relative permittivity ¢,(6) as a function of the
azimuthal angle 6:

Vi(0) = (40) — 1) / (1 = ). (@)

The major challenge is to design a hole distribution that
induces the expected variation in permittivity but that can be
mechanically done.

B.  Mecanichal conception of the phase plate.

As we choose to perform numerical simulations at a
frequency of f'=30 GHz, this means that each drilled hole
should have a diameter of the order of d = /10 = I mm. In our
case, the plate has a radius of R = 54 = 50 mm and a length of
L =104 mm.

Furthermore, as can be seen in Fig. 1, the number of holes
is quite important, of the order of a thousand. This induces
strong constraints on the raw material as it is manufactured.
Another difficulty would be to have a drill with a diameter d
and a length L. The problem is that an usual drill with a
diameter d has a length of the order of L/10 ~ 10 mm.

To overcome this, we had to make the architecture of the
flat phase plate more complex, as can be seen on Fig. 3. The
flat phase plate is decomposed into smaller flat sub-plates, the
hole distribution being carried on from a sub-plate to another.

To keep a comfortable safety margin, we choose to use 2
sub-plates with a length of L;; = 4 mm and 16 sub-plates with a
length of L, =6 mm. In principle, as long as the hole
distribution is respected the order in which these sub-plates are
arranged does not matter even if the holes vary in depth, as the
important thing is the volume extracted in each angular sector,
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Figure 2. Refractive index as a function of the azimuthal angle 6.

not the continuity of each hole along the length of the flat
phase plate. Nevertheless, we choose to conserve this
continuity to add a visual verification (the number of holes on
each sub-plate) when combining the sub-plates.

IV. RESULTS

A.  Numerical Simulations

We have numerically simulated the total EM field
generated by this flat phase plate, illuminated by a horn
antenna. Fig. 4 presents the simulated transmitted beam in the
far-field. Panel (a) on the left is a visualization of the directivity
of the beam. We can see the specific “donut” shape of the
intensity profile and the low intensity zone (vortex zone)
around the axis of the beam. Panel (b) on the right is a
visualization of the phase of the beam. As expected, we can see
a well-defined rotational phase distribution from 0 to 2z, on the
white circle corresponding to the maximum intensity of the EM
field.
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Figure 3. Side view (left) and top view (right) of the flat phase plate. The
sub-plates are maintained together with the help of four nylon stick to
stenghten the global structure.



This simulation has been carried out for both polarization
of the horn antenna in regards to the flat phase plate, for similar
results. For clarity, only one set of results will be presented in
this paper.

B.  Comparison with other antennas

We choose to consider only the spiral lens and the
“twisted” parabolic antenna arrays out of the already existing
antennas in the following comparison, as the circular short
dipole does not possess a single radiating element only. The
first has been numerically simulated at a frequency of
f=30 GHz and results are visible in Fig. 5. The second has
also been numerically simulated at a frequency of /= 30 GHz,
but for visualization concerns (as a beam is much more
focalized with a parabolic antenna) it has also been carried out
at a frequency of f'= 2.4/ GHz (as the antenna used in [4]) for
similar results which are visible in Fig. 6. In both case we can
see on Panel (a), the specific “donut” shape of the intensity
profile and the vortex zone around the axis of the beam, and on
Panel (b), a well-defined rotational phase distribution from 0 to
2m on the white circle corresponding to the maximum intensity
of the EM field.

We also choose to disregard differences in directivity and
to focus our attention purely on the OAM carried by the
generated EM wave. But this information on the intensity of
the field is still important as the information on the phase is
only relevant when there is enough energy, i.e. on the “donut
shape”. Thus, to compare the three antennas, we have to study
the rotational phase variation on the white circle corresponding
to the maximum intensity of the EM field. The criterion chosen
is the mode purity of the OAM EM wave generated.

To obtain this mode purity, the phase gradient has been
exploited based on the second method presented in [11]: the
phase is extracted along the white circle perimeter. Mode
decomposition is then obtained directly with the help of a
Fourier Transform, using (3) with ¢, being the distribution of
angular momentum and y/(8) the extracted phases values [12]:

o (112m) [ doy®)exp(i0) ®

Results for the three antennas are presented in Fig 7. The
ideal case would be OAM mode with a proportion close to /.
Indeed, we can see that there is a clearly predominant OAM
mode which correspond to / = -/ but with a proportion a little
higher than 0.5 for the spiral lens and the “twisted” parabolic
antenna and a little higher than 0.4 for the flat phase plate. This
can be explained by the variation of the amplitude on the white
circle as it is a constant on the ideal case. Nevertheless, we
consider these results as quite good since the predominant
OAM mode has a proportion 3.5 times greater than the
secondary mode in the case of the flat phase lens, up to 7 in the

case of the “twisted” parabolic antenna and even /0 in the case
of the spiral lens.

The intensity distribution is counterbalanced by several
advantages of this plate, namely the ability to change the
drilling law, and a higher versatility.

V. CONCLUSION

In this paper, we presented a new way to generate an EM
wave carrying OAM in the millimeter frequency band. A flat
phase plate is designed to have an OAM order equals to 1,
using drilling holes in a Teflon flat plate. Details on the
techniques used to manufacture the flat phase plate are
presented, as well as some simulated results to held a
comparative study between our antenna and the already
existing ones (parabolic dish antenna and spiral phase plate).
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Figure 4. Farfield in front of the flat phase plate as obtained by numerical simulations. The white circle corresponds to the maximum intensity of the EM field.
Panel (a) is a visualization of the directivity of the beam, with the characteristical “donut” shape, and panel (b) is a visualization of the rotational phase distribution
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Figure 5. Farfield in front of the spiral lens as obtained by numerical simulations. The white circle corresponds to the maximum intensity of the EM field. Panel
(a) is a visualization of the directivity of the beam, with the characteristical “donut” shape, and panel (b) is a visualization of the rotational phase distribution.
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Figure 6. Farfield in front of the twisted parabolic antenna as obtained by numerical simulations. The white circle corresponds to the maximum intensity of the
EM field. Panel (a) is a visualization of the directivity of the beam, with the characteristical “donut” shape, and panel (b) is a visualization of the rotational phase
distribution.
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Figure 7. Mode decomposition for the flat phase plate (a), the spiral lens (b) and the “twisted” parabolic antenna (c). In each case the reference circle is
represented with a white circle.



