Beam Divergence Reduction of Vortex Waves with a
Tailored Lens and a Tailored Reflector

M. Haj Hassan!, B. Sievert', J. T. Svejda’, A. Mostafa Ahmad?, J. Barowski?,
A. Renningsl, I. Rolfes?, A. Sezgin2, and D. Ernil

!General and Theoretical Electrical Engineering (ATE), Faculty of Engineering, and CENIDE —
Center for Nanointegration Duisburg-Essen, University of Duisburg Essen, D-47048 Duisburg, Germany
2Department of Electrical Engineering, Ruhr-Universitit Bochum, 44801 Bochum, Germany
3Institute of Microwave Systems Ruhr-University Bochum, Germany

Abstract—1In this paper, we present a tailored lens and
a tailored reflector in order to reduce the large beam
divergence inherent to Orbital Angular Momentum waves (OAM
-] waves/Vortex waves) that are generated by an Uniform Circular
N Patch Antenna Array (UCA) at 10 GHz. The tailored lens and
- the tailored reflector are designed by the shape function (3)
and (O) around the antenna’s center axis, respectively. The
= tailored lens is compared to UCA without and with conventional
lens. The simulated and measured results show a significant
improvement when using the tailored lens. Following, a tailored
= reflector is implemented and compared to UCA without and with
conventional reflector. Firstly, the two reflectors are simulated
M Twith an impressed field source to neglect the influence of the UCA.
The simulated results of the two reflectors show that the tailored
reflector has a better performance than the conventional reflector
when the height of the reflector rg is less than around 1.5 A and
Qwhen the opening angle of the reflector 9 is less than 38° (for
< UCA with d of \/2). In addition, the reflectors are simulated with
> real UCA with different shapes of PCB, which can disturb the
reflected waves from the reflector. Two lenses and two reflectors
. — are manufactured and measured in an anechoic chamber and
“2 compared to the simulation results. This paper shows that the
vortex waves needs a special lens or a special reflector to reduce
effictively the beam divergence especially when the radius of the
UCA is very large.
Keywords — Vortex Waves, Orbital Angular Momentum
OAM, Spiral Waves, Patch Antenna Array, Reflector, Lens.

I. INTRODUCTION

In recent years, vortex waves have attracted the interest
of many scientists, especially after the successful utilization
of vortex waves in the optics domain [1]]. Electromagnetic

* waves can carry Spin Angular Momentum (SAM) (intrinsic

rotation) and Orbital Angular Momentum (OAM) (extrinsic

rotation i.e macroscopic helical phase) [2]. The vortex waves
] are characterized by a helical phase distribution that changes
- linearly around the beam axis, a doughnut-shaped radiation
.~ pattern, and by the phase singularity, i.e. the phase along

the beam axis is not determinable. The following equation
E describes the vortex waves E(p,¢) = Eo(p)exp(jem)e,,
where Ey(p) is the amplitude of the electric field strength,
 is the geometric azimuthal angle and m is the OAM mode
order. There are many possibilities to generate OAM waves
such as elliptical patch antennas [3], uniform circular patch
antenna arrays (UCA) [4], spiral phase plates [5]], holographic
plates [6], metasurfaces [7]], and reflectors [8]]. Each of these
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approaches have advantages and disadvantages, regarding e.g.
costs, fabrication simplicity, integration capability, simple
design and implementation, simple feeding etc. Many
researchers have published regarding OAM beams with
different mode orders m (...,—2,—1,0,1,2,...), which is an
additional degree of freedom in signal coding. This feature
of the OAM yields additional capacity and spectral efficiency
enabling the transmission of multiple signals of the same
frequency within the same time interval. Nevertheless, the
vortex waves are suffering from the increased beam divergence,
especially when higher OAM mode orders are utilized [9]. This
large beam divergence can be an issue for many applications,
such as in the wireless communication. Several publications
tried to reduce the beam divergence by using Fabry-Perot
Cavity [10], by using lenses [11], [12], [13], [14]], by using
antenna arrays in UCA [15] , and by using reflectors [16]], [17],
[18] , [19], [20]. Each of these approaches have issues with the
design, with the integration, or with the manufacturing. Here,
we utilize the uniform circular patch antenna array approach
and design a tailored lens and a tailored reflector to overcome
the inherent divergence of the vortex beams. The simulated
and measured results of the two approaches are compared to
UCA and to the conventional lens and conventional reflector.
In the following, we review the simulated and the measured
results of the lens in Section II and III. Then, we show the
design process of the reflector with impressed source and with
real UCA in Section IV and V. In Section VI, we present the
measured results of the reflector.

II. DESIGN OF UNIFORM CIRCULAR ARRAY (UCA)

At first, a single rectangular patch antenna element is
designed on a 30 mm X 30 mm printed circuit board (PCB).
The length and the width of the patch antenna are 7.4 mm
(about Aerr/2) and 10.8 mm, respectively. Two insets in the
antenna enable the matching of the antenna to 50 2 in order
to maximize the realized gain, which is 7 dBi. The antenna has
a Y-polarization with respect to the coordinate system given in
Fig.[I} In the following, this single antenna is extended to form
a circular patch antenna array of 8 elements with a distance
between the adjacent antennas of d = \/2 (cf. Fig. [1) in order
to obtain the desired OAM wave having a radiation pattern of
doughnut type with increased gain and lower side and back



lobes. The slight asymmetry of the radiation pattern is due
to the single-sided, hence asymmetric feeding of each patch
antenna element. This asymmetry becomes more noticeable
for larger radii. The reflection coefficient S1; of the antennas
are between —17dB and —20dB at the operating frequency
of 10 GHz. The gain of the planar circular patch antenna array
amounts to about 9.5 dBi for the OAM mode m = —1. The
footprint of the underlying PCB board is 100 mm x 100 mm.
The UCA is designed with the full-wave simulator FEKO
that applies the Method of Moments (MoM) providing a high
simulation efficiency for this setup. The operating frequency
is set to 10 GHz. These antennas are atched on a Rogers
RO4003C substrate with a height of 1.524 mm and a relative
permittivity of 3.55. The phase shift between each pair of
adjacent antennas is defined as port feeding phase in the
full-wave simulator FEKO to obtain the OAM mode with mode
order m = —1. This phase shift is defined by the following
relation
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where IV is the number of single antennas and m is the mode
order of the vortex waves.
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Fig. 1. Top view of the UCA (a), radiation pattern of the UCA with the
mode order —1 at ¢ = 0° for an element separation d of A\/2, 3\/4, and A
(Ao = 30mm at 10 GHz) (b).

II1. DESIGN OF CONVENTIONAL AND TAILORED LENS

In this Section, the conventional and the tailored lens are
designed and compared to each other. The material of the two
lenses is polypropylene with a relative permittivity of 2.2.
Therefore, the antennas has to be redesigned accordingly due
to the change of the effective permittivity. The new length and
the width of the patch antenna element are thus 7.25 mm and
10.2 mm, respectively. The reflection coefficient S1; amounts
to —37.6dB for one patch antenna element at 10 GHz. The
conventional lens consists of two parts, namely the cylindrical
dielectric part and the ellipsoidal part. The cylindrical dielectric
part shifts the focal point into the center of the UCA and
the ellipsoidal part converts the spherical waves into narrower
plane waves. Therefore, the gain of the UCA is expected
to be increased and the divergence will be correspondingly
reduced. The design of the conventional lens uses the following
equations [21] according to Fig. 2] (a,c.e)
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Fig. 2. Conventional lens (a,c,e), and tailored lens (b,d,f).

where a and b are the semi-minor and semi-major axis of
the ellipsoidal part along the z-axis, where a depends on the
target directivity in [dB]. L is the length of the extension part,
and ) is the operating wavelength, which is 30 mm at 10 GHz.
The equation (@) seems to assume an aperture efficiency of
100 %, which is most propably not true for OAM-antennas.
50mm is chosen for a to make the assembling of the lens
with the PCB board easier. Hence, L and b are 45.6 mm and
67.7mm, respectively. On the other hand, the principle of
Fermat allows to design a lens for a single patch antenna [22]]



r(9) = (M) ’ (5)

ny — ng cos()
where nq1 and ng are the refractive indices of the lens
and the air with values of 1.483 and 1, respectively. r(:)
is the radius of the lens, which depends on the polar angle
¥, and 7o is the radius at ¥ = 0°. The shape function ()
is used to design the tailored lens by sweeping this function
which has been shifted to align with the pacth antenna’s center
arround the z-axis, as shown in Fig. [2| (b,d,f). Similar to the
conventional lens, the entire PCB board is covered to simplify

the assembling of the lens with the UCA.
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Fig. 3. Radiation pattern of UCA at ¢ = 0° for the case of without lens,

with conventional lens and with tailored lens for the mode order O (a), —1
(b), and —2 (¢).

Instantaneous magnitude of E, [dBV/m]
| 60 () (b)
46.5

I26.25

12.75

L
VA
A

Phase of Ey [deg]
180
i @ © ®

NN
I?(;o\ //k //& //

Fig. 4. The instantaneous electric field amplitude and the phase distribution
for the mode order —1 of the case without lens (a,d), with conventional lens
(b,e), and with tailored lens (c,f), respectively.

Thus, the radius at the polar angle ¢ = 0° and ¢ = 90° are
about 93 mm and 30.4 mm, respectively. The larger 7 is, the
greater the gain of the radiation pattern and the divergence will
be thus correspondingly reduced. The gain of the UCA for the
mode order —1 is increased with the conventional lens from
about 9.5dBi to 11.3dBi as depicted in Fig. 3] (b). For an a
of 50mm the gain shall be 20.4dBi with a single antenna
element. In addition to the increased gain, one can notice
that the number of the side lobes is increased, which leads
automatically to reduction of the gain and the beam divergence.
The tailored lens (cf. Fig. [3] (b)) shows a significant decrease
of the beam divergence with a maximum gain of 15.3 dBi.
Moreover, the number of the side lobes is less than in the case
of the conventional lens. One can notice that the aperture of
the two lenses are not equal. The effective aperture A., and
the physical aperture A,y are defined with

A2G
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where A is the wavelength in the free space, G is the gain
of the antenna, and r is the largest radius of the lens. The
ratio between the effective aperture and the physical aperture
is called the aperture efficiency e,, which is a parameter
between 0 and 1, that measures how good is the antenna by
receiving the radio wave power, which enters in the physical
aperture. The conventional lens and the tailored lens have an
aperture efficiency e, of 0.12 and 0.21, respectively. This is
an advantage of the tailored lens compared to the conventional
lens. In Fig. 3| (a), the mode order 0 is depicted. One can notice
that the conventional lens is deforming the mode O contrary to
the tailored lens, which is enhancing the gain from 13.7 dBi to
19.5dBi. This is due to the placement of the antennas, which
are not in the focal point in the case of the conventional lens.
This is a very good advantage of the tailored lens compared
to the conventional lens, especially when the lens is used in
the OAM target localization, where several mode orders are
needed to find the direction of the target. In Fig. [3] (c), in
the case of mode —2 (cf. Fig. [3] (b)) the two lenses have
carried out a similar gain enhancement, but with an advantage
of less side lobes in the case of the tailored lens. Please note
that the maximum reached gain with the second mode order
can be achieved with a distance d of about A between the
adjucent antenna element (cf. Fig. [T| (a)). Therefore, this leads
to increase the size of the lens and to use more material, which
is not the case of the tailored lens, which can save material
and weight especially in the middle. This is an additionally
advantage of the tailored lens compared to the conventional
lens. Fig. @] shows the instantaneous electric field and the phase
distribution of the OAM mode order —1 of the case without
lens (a,d), with conventional lens (b,e), and with tailored lens

(c.D).



IV. LENS FABRICATION AND MEASUREMENTS

The designed conventional lens and tailored lens in the
previous section have been manufactured by an external
company. The measurement is performed in an anechoic
chamber in order to avoid unwanted reflections and distortions.
A vector network analayzer ZVA 40 from Rohde & Schwarz is
used at 10 GHz. The VNA is in a control room and connected
with the antennas by two coaxial cables with a length of 5m.
A horn antenna is used as a transmitter and the lens with UCA
and the Butler matrix (BM), which is providing different OAM
mode orders, are used as a receiver. The distance between the
transmitter and the receiver is about 5m. The lens with UCA
and BM are mounted on a rotary table, which is rotating in the
azimuth angle ¢ from 0° to 180° and in the elevation angle ¢
from —45° till 45°. The provided mode order 1 is provided by
the 8x8 BM, which is connected to the UCA by eight coaxial
cables of equal length of 200 mm (cf. Fig. [5). The two lenses
are assembled separately on the UCA.

Fig. 5. The rotary table in the anechoic chamber (a), the manufactured UCA
with BM (b), the conventional lens on the UCA (c), and the tailored lens on
the UCA (d).

In Fig. the gain of the case without lens (a), with
conventional lens (b), and with tailored lens (c) are depicted,
respectively. It is easy to observe that the tailored lens has a
much better performance compared to the two other cases. The
beam divergence is reduced, furthermore, the gain is increased
from 8dBi to 9.7 dBi and from 8 dBi to 12.8 dBi for the case
of the conventional and the tailored lens, respectively. Fig. [f]
shows also the phase distribution of the three cases. The three
cases are showing a phase distribution of a one helix, which
is a sign of the first mode order. The number of the helices
indicates the mode order and the direction of the rotation
indicates the sign of the mode order. The sign is positive when
the helix is rotating clockwise in the propagation direction and
it is negative when the helix is rotating counterclockwise. Fig.
[7] shows the magnitude of the three cases for mode 1 and 2,
respectively. One can remark that the gain in the center of of
the doughnut is not O (linear), like the ideal case. This is due

to many reasons, such as the not exact alignment between the
transmitter and the receiver, and due to the reflections in the
BM and the cables, which are not also ideal. One can also see
that the higher the mode order is, the larger the vortex beam
is.
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Fig. 6. The amplitude and the phase distribution for the mode order 1 of
antennas without lens (a), with conventional lens (b), and with tailored lens
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conventional lens, and with tailored lens for the mode order 1 (a), and 2 (b).



V. DESIGN OF CONVENTIONAL AND TAILORED REFLECTOR
WITH IMPRESSED FIELD SOURCE

Likewise the lens, Fermat’s principle allows for a
conventional reflector for a point source [22] to be designed,
where 7(¥) is the radius of the reflector depending on the polar
angle ¥, rq is the radius at ¢ = 0°, ny is the refractive index
of the air with a value of 1

2r 0 ) ) ( 9)

r(9) = (n1(1 + cos())
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Fig. 8. Reflector for a point source (a), extension to conventional reflector
(b), and extension to tailored reflector (c).
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Fig. 9. Gain for the mode order —1 depending on the height ro of the
reflector.

The tailored reflector is designed by sweeping the shape
function which also has been shifted to align with the pacth
antenna’s center arround the z-axis (E[) as shown in Fig. El
(a,c). The two reflectors depend on two parameters, the radius
r and the angle ¢. The radius depends on how large the
reflector is and on the expected gain. A large reflector leads to
higher gain. Consequently, the divergence of the vortex waves
will be reduced due to an increased focusing of the radiation
pattern. The angle ¥ is adjuted from —90° till 90°. The tailored
reflector will be compared to UCA without reflector and to
UCA with conventional reflector. In Fig. [J] the gain of the
two reflector depending on the height r( is depicted, where
we observe that the performance of the tailored reflector is
better than the conventional reflector, especially till the height
of 1.5\. Beyond 1.5\ there is no huge gain difference between

the conventional reflector and the tailored reflector. However,
the tailored reflector continues to show a better reduction in the
divergence because the maximum gain still close to the center
of the OAM waves (cf. table [I). These results are derived
without the influence of the circular antenna array, which may
cause some reflections and diffractions of the reflected waves.
Therefore, it is easier to compare the two reflectors.

Table 1. Opening angle where the maximum Gain of each reflectors (Ag=
30mm at 10 GHz) for the mode order —1.

) Opening angle (°) Opening angle (°)
(mm) | (Conventional reflector) | (Tailored reflector)

30 155 168

32 156 169

34 157 170

42 161 171

50 164 172

59 166 173

72 169 174

100 172 175

113 173 176
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Fig. 10. Gain for the mode order —1 depending on the angle ¥ with a height
ro of 90 mm of impressed field source with conventional reflector and with
tailored reflector.
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Fig. 11. Radiation pattern of impressed field source for the mode order —1
with 79 of 40 mm and with an angle ¢ from —90° till 90° without reflector,
with conventional reflector and with tailored reflector.



In Fig. [10] the two reflectors are compared for several
angle 9. As we can see the tailored reflector has also a
better performance till the angle ¥ of 38°. In Fig. the
simulated radiation pattern of the impressed field source at
i = 0° without reflector, with conventional reflector and with
tailored reflector are depicted. The height ry is 40 mm and the
angle 9 is from —90° till 90°. The two reflectors are reducing
the divergence from about 9.5dBi at angle 336° to 13.2dBi
(conventional) at angle 160° and to 15.4 dBi (tailored) at angle
170°. One can notice that the tailored reflector is causing some
enlargement. This is mainly due to the cut of the reflector in
the center, which let some rays to propagate into the second
part of the reflector, where undesired reflections can occur.
This will not occur when the radius of the UCA is too big
compared to the 7o of the reflector. In Figs. [I2] and [T3] the
instantaneous electric field and the phase distribution (helical)
of the 3 cases are presented. The vortex waves are still achieved
after the reflection with the reflectors, but with the opposite
mode, namely +1 instead of —1. The height r of the reflectors
is 40 mm and the angle ¥ is from —90° till 90°.

Instantaneous magnitude Y E-Field [dBV/m]
g @ (b) ©

Fig. 12. The instantaneous electric field amplitude of impressed field source
for the mode order —1 with rg of 40 mm and with an angle ¥ from —90°
till 90° without reflector (a), with conventional reflector (b) and with tailored
reflector (c).

Y E-Field Phase [deg] (a)
200 .

Fig. 13. Phase distribution of E, of impressed field source for the mode
order —1 (z = —300 till 300 mm, y = —300 till 300 mm, z = 300 mm
for (a) and z = —300 mm for (b and c)) indicating the phase distribution of
impressed field source with rg of 40 mm and with an angle ¥ from —90°
till 90° without reflector (a), with conventional reflector (b) and with tailored
reflector (c).

VI. REFLECTOR EVALUATION INCLUDING REAL FEEDING
ANTENNA STRUCTURE

In the last section, the 3 cases are presented with impressed
field source, to simplify the interpretation of the behavior

of the reflectors. In this section, the reflectors are simulated
with real UCA. Three different models are designed. The first
model is a circular shaped PCB with a diameter of 60 mm.
The second and the third model have a rectangular shaped
PCB with 60mm X 60mm and 100mm x 100mm size,
respectively. Fig. [T4] shows the gain depending on the height
ro. One can recognize the influence of the reflector height.
The oscillating of the gain is due to the reflection and the
diffraction on the board of the transmitter. Standing waves
occur between the UCA and the reflector. The conventional
reflector has more negative influence on the patch antenna than
the tailored reflector, which is an advantage for the tailored
reflector. The circular shaped PCB has less influence on the
vortex waves. In Fig. the gain depending on the angle ¥
with a height 79 of 90 mm is presented. In Figs. [T5] and [I7] the
radiation pattern in 2D at ¢ = 0° of the conventional reflector
and the tailored reflector for the mode order —1 for three
different heights r¢ of 30, 51, and 120 mm are presented. The
tailored reflector works well from the height ry of A\ contrary
to the conventional reflector, which is showing a nice OAM
beam from the height 79 of 1.67\. In Figs. [I§] and [T9] the
instantaneous electric field and the phase distribution of the
three cases with the real UCA (60 mm x 60 mm) with a height
ro of 40mm and with an angle ¥ from —90° till 90° are
presented. One can observe that the helical phase distribution
of the conventional reflector is distorted. The side lobes are
very clear due to the existence of the antenna array in front
of the reflector. After the reflection with the reflectors, the
vortex waves are still achieved, but with the opposite mode,
namely from mode —1 to mode 1. Fig. 20| shows the radiation
pattern of the mode orders 0, —1 and —2 with a height of
90mm and an angle of 45°. In the case of mode order 0,
the tailored reflector is increasing the gain from 13.9dBi to
19.6 dBi, unlike the conventional reflector, that is decreasing
the gain till 10.3 dBi. This is similar to the tailored lens. This
is obviously an additional advantage for the tailored reflector
compared to the conventional reflector. For the mode order —1,
the gain of the conventional and tailored reflector is increased
from about 9.5 dBi till 16.5 dBi and 17.8 dBi, respectively. The
tailored reflector has 7.3 dBi and 1.3 dBi more than the UCA
without reflector and the conventional reflector, respectively.
For the mode order —2, the gain is increased from 6.3 dBi till
10.4dBi and 13.9dBi for the conventional reflector and the
tailored reflector, respectively. The reason of the lower gain in
the case of mode —2 is due to the higher beam divergence than
the mode —1. Same as the tailored lens, the tailored reflector
has also an advantage of saving weight and material compared
to the conventional reflector. This is when higher mode order
shall be used, which can need higher distance between the
adjucent antennas. Moreover, when the number of antennas
shall be incread for the utilization of several mode orders.
Please note that we are limited with manufacturing and with
the equipments that we have, therefore we didn’t make a larger
tailored reflector, where it is easier to observe the benefits of
the tailored reflector compared to the conventional reflector.
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Fig. 14. Gain for the mode order —1 depending on the height r¢ of the
reflector for circular shaped PCB with a diameter of 60 mm (a), for rectangular
shaped PCB 60mm x 60mm (b) and for rectangular shaped PCB with
100 mm x 100 mm (c).
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Fig. 15. Radiation pattern with real UCA for the mode order —1 of
conventional reflector of UCA with a rectangular shaped PCB 60 mm X
60 mm for several height o of 30, 51, and 120 mm.
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Fig. 16. Gain for the mode order —1 depending on the angle ¥ of the reflector
for the mode order —1 with a height 7o of 90 mm for circular shaped PCB
with a diameter of 60 mm (a), for rectangular shaped PCB with 60 mm X
60 mm (b), and for rectangular shaped PCB with 100 mm X 100 mm (c).

0
330 30 30
—ry= mm 20
30....r0:1\.é32 (51 )mm) 10 60
— 7=4) (120 mm) 0
270 20
240 120
210 150

180

Fig. 17. Radiation pattern with real UCA for the mode order —1 of tailored
reflector of UCA with a rectangular shaped form 60 mm X 60 mm for several
height ro of 30, 51, and 120 mm.
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Fig. 18. The instantaneous electric field amplitude with real UCA for the
mode order —1 of the circular antenna array with rectangular shaped PCB
60 mm X 60 mm without reflector (a), with conventional reflector (b), and
with tailored reflector (c).
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Fig. 19. Phase distribution of E, with real UCA for the mode order —1
with rectangular shaped PCB 60 mm x 60mm (z = —300 till 300 mm,
y = —300 till 300 mm, z = 300 mm for (a) and z = —300 mm for (b and
¢)) indicating the helical phase distribution of circular antenna array without
and with reflector.
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Fig. 20. Radiation pattern for the three cases for the mode order 0 (a), —1
(b), and —2 (c) with a height of 90 mm and an angle of 45°.

VII.REFLECTOR FABRICATION AND MEASUREMENTS

In the same way to the lens, a conventional reflector
and a tailored reflector are manufactured with a height of
90mm and an opening angle ¥ of 45° to be measured in
the anechoic chamber on a rotary tabel. The reflectors are also
manufactured with polypropylene, which has to be covered
with aluminium foil in order to reflect the incoming waves.
The reflector is assembled with UCA and with BM. (cf. Fig
[21). In Fig. 22] the beam divergence of the mode order 1

is obviously reduced. In addition, the gain of the tailored
reflector has 3.9 dB more than the antennas without reflector
(in contrast to the simulated results) and 2.5 dB more than the
conventional reflector (approximately same as the simulated
results). The same figure shows also the phase distribution of
the three cases, which is a helical phase distribution of the
first OAM mode order. Please note that the phase distribution,
where the amplitude is very high, is what we are aiming for.
Fig. 23] shows the magnitude of the mode order 1 and 2.
The mode order 2 has a gain enhancement of 4.5dB and
1.4dB compared to the UCA without reflector and to the
UCA with conventional reflector, respectively. Please note that
the measurement has many issues than the simulation due to
reasons. On one hand, the reflectors are not 100% smooth. On
the other hand, the aluminium layer are not perfectly glued.
Moreover, the antennas are fixed with a piece of plastic, which
will cause some absorption and delay of the waves. Thus, the
antennas and the reflector are not perfectly aligned. Finally, the
antennas are fed with eight coaxial cables, which may interfere
with the path of the waves. In order to avoid such an issue,
one can integrate the BM or the power divider with the board
of the antennas, otherwise one can use two reflectors such as
cassegrain reflectors.

Fig. 21. The manufactured conventional reflector (a,c), and tailored reflector
(b,d).
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Fig. 22. The amplitude and the phase distribution of antennas for the mode
order 1 without reflector (a), with conventional reflector (b), and with tailored
reflector (c) with rectangular shaped PCB 60 mm X 60 mm.
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Fig. 23. Comparison between UCA without reflector, with conventional
reflector, and with tailored reflector with rectangular shaped PCB 60 mm X
60 mm for the mode order 1 (a), and 2 (b).

CONCLUSION

In this paper, a novel lens and reflector (tailored) are
designed for OAM waves in order to overcome the large
beam divergence inherent to OAM waves generated by uniform
circular patch array UCA. The lens and the reflector are
compared to the conventional lens and to the conventional
reflector. The simulations and the measurements show that
the tailored lens and the tailored reflector have a better
performance than the conventional one. The tailored lens with
a ro of 93 mm has a gain enhancement of 5.8 dB (simulated)
and 4.8 dB (measured) compared to the gain of UCA without
lens and for the first mode order. This gain enhancement is
better than the conventional lens, which shows an improvement
of only 1.8dB (simulated) and 1.7dB (measured). On the
other hand, the tailored reflector with a height ro of 90 mm
and an angle ¢ of 45° and with UCA (rectangular shaped
PCB 60mm x 60mm) has a gain enhancement of 8.3 dBi
(simulated) and 3.9 dB (measured) compared to the gain of
UCA without reflector and for the first mode order. The
conventional lens has less gain enhancement of only 7dB
(simulated) and 2.5dB (measured). In addition, the results
of the tailored reflector show that the tailored reflector is
more efficient than the conventional reflector until it reaches a
height ro of 1.5\ and an angle ¥ of 38°, separately. Moreover,
the tailored lens and reflector have also additional advantage.
This advantage appears when higher mode order shall be
used, which need a higher distance between the adjucent
antennas in order to get the maximum gain with less sie lobes.
Furthermore, when the number of antennas shall be incread for
the utilization of several mode orders in the case of OAM target

localization. This two tailored component can save weight
and material compared to the conventional lens and reflector.
In conclusion, the lens has a big advantage for clear results
compared to the reflector. The size of the antennas is not a
problem for the lens, in contrast to the reflector where the
vortex waves can be disturbed by the UCA and the cables,
which are on the way of the waves. Nevertheless, the lens
consume too much material, which leads to limit the gain
enhancement.
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