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ABSTRACT A compact multi-layer Rotman lens-fed array antenna which can generate nine orbital angular
momentum (OAM) modes is presented in this paper. The proposed antenna consists of a microstrip Rotman
lens and a nine-element circular array antenna which utilizes high-gain patch element in order to enhance the
gain of OAM beam. A stacked patch loaded with two slots is attached above the patch element to effectively
enhance the antenna gains. By employing the Rotman lens as the feed network of the circular array, nine
OAM-carrying beams of modes number £ = 0, 1, +2, +3 and +4 can be produced when different input
ports are excited, respectively. 160°-phase-shift on adjacent output ports can be achieved to meet the phase
requirement of OAM modes of £ = +4. Moreover, the Rotman lens is modified by adjusting the deflection
angle of the beam ports and array ports so as to achieve uniform amplitude distribution on the output ports.
Hence, the pattern characteristics of OAM beams can be effectively improved by making all the output ports
are equal in amplitude. The C-band prototype of the antenna is fabricated and measured. Both the simulation
and measurement results indicate that nine OAM modes can be generated by using the proposed structure.

The proposed antenna can be used in an OAM-based wireless communication system.

INDEX TERMS OAM, Rotman lens, circular array antenna, high-gain antenna.

I. INTRODUCTION

Although the 1% version of the Fifth Generation New Radio
standard (5G NR) has been completed by the Third Gener-
ation Partnership Project (3GPP) to meet the requirements
set forth for IMT-2020 by the International Telecommunica-
tion Union (ITU), work on evolving wireless communication
technologies is never stopped to fulfill the visions towards
next generation. In particular, due to the continuous popu-
larization of mobile internet and emerging immersive data
services (e.g. AR/VR/hologram), the data demand is ever-
growing and ultra-low latency is required, while spectrum
is always limited, so drastic improvement on spectrum effi-
ciency in parallel to exploit the new spectrum in high fre-
quency bands could be envisioned towards 2030 (i.e. 6G era).
The orbital angular momentum (OAM) technology, which
would be one of the very effective means to improve channel
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capacity [1], [2], has attracted much attention rapidly in
recent years. Intrinsically, electromagnetic (EM) waves can
carry energy and angular momentum (AM) simultaneously
but the latter one was rarely exploited for practical wireless
communications in the past. The AM includes spin angular
momentum (SAM) and orbital angular momentum, which
describe the polarization state and the phase structure dis-
tribution, respectively [3]. OAM enables a new dimension
for wireless data transmission and can be identified by the
azimuthal phase distribution of exp(jé¢), where ¢ represents
OAM mode and ¢ is the azimuthal angle. By encoding OAM
mode ¢, multiple information transmissions at the same fre-
quency can be realized [4]. Therefore, to achieve an efficient
OAM-based wireless communication system, antenna capa-
ble with high-order and multiple OAM modes are always in
demand as prerequisite.

There have been many approaches proposed to gen-
erate OAM waves in literatures, such as spiral reflector
in [5], planar-spiral phase plate (planar-SPP) in [6]-[8],
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high-efficiency planar reflect arrays in [9], traveling-wave
ring-slot structure in [10] and metasurface in [11], [12]. The
study in [13] shows that vector antenna arrays can generate
radio beams that exhibit OAM characteristics. Utilizing cir-
cular antenna array to achieve OAM beams can easily control
the OAM modes and optimize the patterns, so it was widely
studied [14]-[17]. The circular antenna array is also used in
this paper for the generation of multiple OAM modes.

Although the methods listed above can generate good
OAM modes, it is still a great challenge to realize multi-
ple radiating waves with mutually independent OAM modes
through a single aperture. In [18], half-mode substrate inte-
grated waveguide antenna was proposed, which generated
the OAM beams with four-OAM-mode. Based on metallic
traveling-wave ring-slot structure, the OAM modes of ¢ =
+2 and £3 was realized in [19]. In [20], helix antenna was
firstly modified to radiate OAM wave, and the OAM modes
of £ = 2 and 3 was achieved. The metasurface using a ring-
surrounded bowtie patch as a cell in [21] was adopted to
generate multiple OAM modes of ¢ = 0, 1 and 2. In [22]
and [23], the circular antenna arrays with two feeding net-
works were employed to achieve two-OAM-mode radiation
patterns. While only one phase-shifting feeding network was
used in [24] to realize the OAM modes of £ = +1. Sequen-
tially rotated configurations were adopted to generate circu-
larly polarized OAM waves with OAM modes of £ = +1
and 42 in [25]. In [26], a novel transmit array antenna which
can achieve high gain and produce dual-mode OAM beams
was proposed. The complex feeding network is the obstacle
that restricts the circular antenna array to realize more higher-
mode OAM waves.

In this paper, a well-designed Rotman lens is proposed
as the feed of the circular antenna array to allow for lower
complexity realization of multi-mode OAM antenna array.
The circular antenna array consists of nine novel high-gain
patch antennas. A stacked patch loaded with two slots is used
on the patch element to effectively enhance the antenna gains.
To generate even higher-order OAM mode of £ = %4 in this
paper, the multiple-input and multiple-output Rotman lens
is adopted to achieve an 160°-phase-shift among adjacent
output ports. Moreover, the approach to improve the output
amplitude distribution of Rotman lens is investigated for
optimizing the performance of the OAM radiation patterns.
Finally, we conclude by experiment results that the proposed
antenna can effectively generate nine OAM modes of £ = 0,
+1, £2, £3 and +4.

Il. NINE-OAM-MODE ANTENNA DESIGN

A. HIGH-GAIN ANTENNA ELEMENT

Fig.1 illustrates the configuration of the high-gain antenna
element. It is composed of two layers of patches and a ground
plane. As shown in Fig.1 (a), the stacked patch is printed on
the top surface of the upper substrate, which has a relative
permittivity of &, = 2.65 and a thickness of 0.5mm. Two
slots with the same size are loaded on the stacked patch.
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FIGURE 1. Geometry of the antenna element. (a) Upper stacked patch.
(b) Side view. (c) Driven patch. (d) Perspective view.

The distance between the two slots is a; and the width of
the slot is m. As is shown in Fig.1 (c), the driven patch with
a side length of L; is fabricated on the top surface of the
lower substrate which has a permittivity of ¢, = 2.65 and
a thickness of Imm. Foam clinker (ROHACELL 51 1G/A)
with a permittivity of 1.07 and a loss tangent of 0.0003 is used
between two layers to support the upper layer instead of air.
The driven patch is coupling fed by a microstrip line through
a U-shaped gap with a width of s, which is shown in Fig 1(c).
The end of the microstrip line is connected to the feeding
probe. In subsequent array designs, the end of the microstrip
line is extended and connected to the lens through a metalized
via holes. The ground plane is printed on the bottom surface
of the lower substrate.

According to the Huygens’ principle, the stacked patch
can be considered as the four radiating slots with equivalent
magnetic currents [27], [28]. The E-plane far-field radiated
by the two slots at two sides can be derived as below [27]

Eg1 = Cysinc(mwhsinf/A) cos(mway sinf/A)

~ Cycos(rajsinf/)) D
,2a1V1€7jkr
C=j—7— (2)
Ar

where h is the distance between the stacked patch and the
ground, A is the free-space wavelength, k is the propagation
constant, V7 is the voltage across the slot, and r is the distance
from the far-zone point to the center of the patch.

The two loaded slots can be regarded as binary arrays of
equal amplitude and phase, and the E-plane far-field radiated
by them can be derived by the same method as above.

Eg> = Cysinc(whsin6 /L) cos(way sinf/X)

~ Cp cos(mwaypsinf/\) 3)
2ap Vzefjkr
G=j—""— 4)
AF

where V; represents the amplitude of the two slots voltage.
It can be known from Fig. 2(a) that the stacked patch works
in the TMO1 mode with an electrical wall in the middle.
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FIGURE 2. Electric field distribution of the proposed antenna: (a) Side
view. (b) Perspective view. (c) Field distribution beneath the patch with
two slots.

The voltage on the right side of the patch is positive, the left
side is negative, and the voltage at the middle electrical wall is
zero. The electric field on the loaded slot points from positive
voltage to zero voltage, and then from zero voltage to negative
voltage [28]. Therefore, the electric fields in the two loaded
slots point in the -y direction, which is opposite to the electric
field directions in the slots on both sides of the patch, as is
shown in Fig. 2(c). The phase of the loaded slot is opposite
to that of the other two slots. According to the principle of
electric field superposition, the total far-field from the stacked
patch can be obtained as.

Egr = Eg1 + En2
= C1[cos(rra; sinf/A) + « cos(rras sin Q/A)e’ﬂ]
= Ci[cos(ra; sinf/A) — acos(raz sinf/A)]  (5)
a=C/C (6)

where « and 8 are the amplitude ratio and phase difference of
the electric field between the two loaded slots and the other
two slots, respectively.

When the size of the two loaded slots are determined, o
can be regarded as a constant. The E-plane radiation patterns
of the stacked patch with a; = 0.361 are calculated under
different value of ay, as is shown in Fig. 3(a). It indicates that
the beamwidth of the E-plane radiation patterns is effectively
reduced by decreasing the slots spacing. Therefore, the radi-
ation directivity of the whole antenna is improved by this
method. The analysis above is verified in Fig. 3(b), which
shows the radiation performance of the proposed antenna
design with different value of a>. However, the radiation
efficiency of the antenna declines along with the decrease of
the variable a; from 18mm to 2mm. To obtain the maximum
gain of the antenna with given consideration of radiation
efficiency, ay = 9.2mm is finally selected.

In order to demonstrate the effect of the stacked patch, the
three-stage structures of the antenna are depicted in Fig.4:
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FIGURE 3. (a) E-plane radiation patterns (b) Radiation performance of the
proposed antenna under the different value of a,.

Ant 1 Ant 2 Ant 3

FIGURE 4. Three improved prototypes of the proposed antenna element.

Ant 1 is a rectangular microstrip antenna; A stacked patch is
added in Ant 1 to realize Ant 2; Ant 3 is the proposed antenna
which loads two slots on the stacked patch. The ground plane
in simulation is assumed to be infinite. Fig. 5(a) shows the
simulated E-plane radiation patters of the three antennas.
It is noted that the directivity of the antenna is better after
the stacked patch is added. Ant 3 adds two slots to Ant 2,
which can further improve the directivity of the antenna from
10.1 dBi to 11.2 dBi. Hence, with the evolution of antenna
from Ant 1 to Ant 3, the beamwidth in E-plane becomes
narrower and the directivity is getting better.

Fig. 5(b) shows the simulated reflection coefficient of the
proposed antenna element. Fig. 6 shows the simulated E- and
H-plane patterns at 5.4GHz. The realized gain of the proposed
antenna is 10.9dBi, and the half-power beamwidths (HBPW)
of the E- and H-plane are 38.7° and 63.2°, respectively.
The final dimensions of the antenna element are given in
table 1. Comparison of the gain with other similar antennas is
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FIGURE 6. Radiation patterns of the proposed antenna.

TABLE 1. Design parameters of the proposed array element.

Design I

L L /4 W,

parameters ' ? ? ! 2 @ 2
Value(mm) 17.1 7.2 2 2 2.65 20 9.2

Design

b, b, h h, h

parameters ' > grd ' > } S

Value 21 11 70 1 41 05 02

(mm)

TABLE 2. Comparison of the gain with other similar antennas.

Ref. Antenna type (FGr:i') Dimensions Sgg
[29] 2.5 041 1 *0.41 A *0.11 4 9.7

[30] 2.9 0.61 4 *0.61 4 *0.03 4 10.6
[31] 5.8 0.721%0.72 2 %0.61 A 10.2
[32] Patchantenna 42 0.84 1 %0.84 1 12.8
[33] 4.0 14A*14%0.054 14.4
This 54 0384%0382%0.14 109
work

shown in table 2. The proposed antenna design shows good
performance in terms of antenna gain without increasing the
antenna dimensions.

B. DESIGN OF ROTMAN LENS

The Rotman lens has the characteristics of multi-input multi-
output and symmetrical structure. Using the characteristics
of Rotman lens, various output phase differences can be
realized. Thus, multiple OAM modes are generated by using
the Rotman lens as the feeding network.
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FIGURE 7. Geometry and design parameters of a Rotman lens.

The typical geometry and design parameters are shown
in Fig. 7. The proposed Rotman lens is designed based on
geometrical-optical (GO) theory, which is given by (7).

F1P\/e, + W + Nsin g = /&, F + W
FoP /e, + W —Nsing = /&, F + Wy
GP./er + W = /&,G + W )

where FP, FoP, and GP are the path lengths from focal
points Fq, F> and G, respectively, to the point P on the inner
array curve, &, is the permittivity of the lens cavity.

To generate the higher-order OAM mode of ¢ = +4, the
proposed Rotman lens is required to achieve an 160°-phase-
shift among output ports. The scanning angle part of the
parameters is substituted with phase difference in designing
the lens. The position of the ports and the contours of the lens
can be determined according to a series of parameters and
equations, which were initially derived in [34]. It should be
pointed out that the selection of the off-axis focal length F
should be specially considered when designing the contours
of the lens. The amplitude distribution of the output ports is
significantly affected by off-axis focal length /. When the
circular array is fed with unequal amplitude (The feeding
amplitudes of the nine elements are 0.3, 0.5,0.7, 1, 1, 1, 0.7,
0.5 and 0.3 respectively.), beam sag appears in the radiation
patterns, as is shown in Figs. 8. This phenomenon exists
especially in higher-order OAM radiation pattern. The dif-
ference in output amplitude is even worse when the terminal
port of the Rotman lens is excited. Therefore, improving the
performance of the output amplitude distribution is essential
when using Rotman lens as a feeding network to generate
high-order OAM modes.

Fig. 9 shows the contours of the lens under different values
of F'. With the decrease of F, the size of the lens decreases
while the bending degree of the array curve increases. The
dashed lines in the figure are equivalent electric field distri-
bution curves in the lens when the terminal port B9 is fed.
It can be clearly found that when the bending degree of the
array curve becomes large, energy is difficult to transmit to
port A9. This will result in the amplitude of port A9 being
much smaller than that of other ports. The size and the loss
of the lens will increase when the off-axis focal length F is
too large. Considering the output port amplitude and the loss
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(d)
FIGURE 8. Radiation patterns of OAM mode ¢ = +1. 3-D pattern fed with
(a) equal and (b) unequal amplitude. Phi=90° plane radiation patterns
fed with (c) equal and (d) unequal amplitude.
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FIGURE 10. (a) Geometry of the Rotman lens. (b) Schematic diagram of
equivalent aperture of the Rotman lens.

of the lens, the off-axis focal length of F =245mm is finally
determined.

To further consider the amplitude of the output port,
the deflection angles of the input port and the output port
are analyzed respectively. The port deflection angle 6;,(6yr)
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is defined as the angle at which the port deviates from the
center position as shown in Fig. 10(a). To theoretically ana-
lyze the transmission characteristics of the Rotman lens, both
the input port and the output port are equivalent to a plane
antenna with uniform aperture field distribution. As is shown
in Fig. 10(b), the input and output port are equivalent to a
transmitting antenna and a receiving antenna respectively,
and the lens body is equivalent to a two-dimensional field
region. Vectors 7; and np indicate the port orientations of
the input and output ports, respectively. When the port posi-
tion, port direction and port size are determined, the energy
directly coupled between the input and output ports can be
obtained according to the two-dimensional equivalent for-
mula of Friis transmission equation.

Qrwawp/kd)? _sin(mwa sin ga)/

Sap = Jcos(pa)

A TWA Sin @4 /A
sin(zzwp sin @) /A —ikd
] cos(pp)e™ 8)

Twp sin @p/A

where @4 and @p respectively represent the included angle
between the port direction of the input and output ports and
the receiving direction of the output port.

Increasing variables 6;, and 6,,, is equivalent to reducing
@4 and @p. Thus, the energy S4p received by the output port
becomes large, which can be obtained from equation (8).
With the use of the above principle, the output amplitude
distributions of the Rotman lens are effectively improved.

According to the characteristics of the Rotman lens, when
the symmetrical ports B1 or B9 are fed, the amplitude differ-
ence between the output ports is the largest through simple
analysis. Fig. 11(a) shows the amplitudes of ports Al and
A9 vary with the variation of 6,,,; when port B1 is excited. Itis
noted that when 6,,; increases from 0° to 16°, the amplitude
of port Al increases while that of port A9 decreases gradually.
Fig. 11(b) shows that when port B1 is fed, the amplitudes
of ports Al and A9 vary with the variation of 6;,. When 6;,
increases from 0° to 12°, the amplitude of port Al increases
and that of port A9 decreases. To make the amplitudes of
ports Al and A9 are approximately in equal, 6,,, = 12°
and 0;, = 8° are finally selected. Hence, the amplitude
distribution of Rotman lens can be improved by adjusting
the deflection angles of ports. The characteristics of the other
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FIGURE 12. Performance of the Rotman lens. (a) Amplitudes. (b) Phases.

TABLE 3. Design parameters of the proposed Rotman lens.

Design parameters Values
Design Frequency 5.4GHz
Maximum phase difference 160°
Ratio of focal length(g) 1.06
Off-axis focal length(F) 245mm
Substrate g, =2.65,~lmm, tano =0.002

ports can also be improved by this method to achieve equal
amplitude distribution on the output ports of the Rotman lens.

Having discussed above, the Rotman lens final design is
shown in Fig. 10(a), which consists of nine input ports, nine
output ports, sixteen dummy ports and a lens body. Param-
eters of the Rotman lens are given in Table 3. Fig. 12(a)
and (b) present the amplitude and phase distribution of the
nine output ports at 5.4 GHz when each input port is excited.
As shown in Fig. 13, each output port has a small amplitude
difference, and the maximum amplitude difference is less
than 3dB. As is shown in Fig. 12, the phase differences of 0°,
440°,4£80°, £120° and £160° are realized when each input
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TABLE 4. Detail results of the proposed Rotman lens.

Input __ Amplitude(dB) . o Insertion
port Mon Min. phase differences(®) loss(dB)
Bl -13 -15.1 -164.9~-152 34
B2 -12.1 -143 -127.7~-115.8 3.8
B3 -11.3 -14.2 -91.2~-77.8 4.1
B4 -10.9 -13.1 -46.1~-34.4 43
BS -10.9 -13.0 -1.2~1.1 43
B6 -10.9 -13.3 35~47.3 4.4
B7 -11.3 -14.2 78.6~91.1 4.1
B8 -12.1 -14.3 115.4~128.6 3.8
B9 -12.9 -15.1 153.5~165.7 34

Z
Stacked patch -
XA)\A Y ’

Circular antenna
array

(a) (b) (c)
FIGURE 14. Photographs of the prototype and anechoic chamber.

port is excited, respectively. The detailed results of Rotman
lens are summarized in Table 4.

C. REALIZATION OF MULTIPLE OAM MODES AND

GEOMETRY OF THE NINE-OAM-MODE ANTENNA

The conventional circular array can be applied for OAM-
generating by changing the excitation phase [1]. In this
work, as shown in Fig. 13, a nine-element circular array
is designed for generating nine OAM modes, and the array
element adopts the high-gain microstrip antenna proposed
in Section A. When the phase difference between the array
elements is 0°, £40°, +80°, +=120° and +160°, OAM with
modesof £ = 0,¢ = +1,¢{ = +2, ¢ = £3 and £ =
+4 can be generated, respectively. In order to make OAM
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FIGURE 15. Simulation and measurement results of transverse phase
patterns: (a) simulation results; (b) measurement results.

practically implementable, Rotman Lens proposed in section
B can replace the traditional complex feeding network of
multi-mode OAM antenna array, acting as the feed network
and produce necessary phase shift for the circular array.

Fig. 13 shows the overall structure of the nine-OAM-mode
antenna. The antenna is divided into four layers of patches,
which are printed on three dielectric plates. The top two layers
of patches are a nine-element circular array composed of nine
high-gain elements which is described in Section A. Nine
additional microstrip lines were added to the second layer to
connect the Rotman lens and the circular array. The third layer
is the common ground shared by the radiation patch and the
Rotman lens. The bottom layer is a 9x9 Rotman lens. The
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outputs of the lens are connected with the microstrip lines
on the second layer through nine metalized via holes through
the common ground. The dimensions of the Rotman lens are
shown in Fig. 13, and the final form factor of the proposed
antenna design is 510mm x 570mm x 6.6mm.

Ill. EXPERIMENT RESULTS AND DISCUSSIONS

A prototype has been fabricated as shown in Fig. 14 (a) and
(b) for the proof of the proposed design. Fig. 14(c) shows
the measured status in anechoic chamber. Fig. 15(a) and (b)
show respectively the simulated and measured electric field
phase profiles for £ = 0, £1, £2, £3 and £4. The simu-
lation and measurement results of the phase distribution are
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FIGURE 17. 3-D radiation patterns.

TABLE 5. Measured and simulated gains of the proposed antenna.

Proposed antenna Ant4
OAM mode measured simulated simulated

(dBi) (dBi) (dBi)

(=0 13.90 14.07 8.93
(== 9.85 10.02 5.75
(=+2 6.82 6.93 4.71
(=13 3.85 3.94 2.79
(=+4 3.68 3.61 1.58

TABLE 6. Comparison with previous work.

Planar Feeding OAM
Ref. Antenna type structure  network modes
[18] Circular array Yes Complex +1
[19] Circular array Yes Complex +1/+42
Ring arrays with
[21] sequentially rotated Yes Complex +1/+2
configurations
23] Substrate 1nt§grated Yes No 12/16
waveguide
Ring-slot with
(24] parabolic reflector No No £2/43
[26] Flat dispersive Yes No 0/1/2
metasurface
This Circular arra v Rotman 0/£1/£2/
work o y o8 lens +3/+4

quite aligned, which confirms that the proposed antenna can
successfully generate nine different OAM modes in practice.

Fig. 16(a) shows the measured VSWR for each input
port. Measured and simulated gains of the proposed antenna
in different modes are given in Table 5. Compared with
the simulated results of Ant 4 which uses a Rotman lens
feeding nine convention microstrip antennas, the gains of
the proposed antenna are significantly improved due to the
adoption of high-gain antenna elements. Fig. 16 shows the
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measured and simulated radiation patterns of the proposed
antenna. The simulated 3D radiation patterns are shown
in Fig. 17.

The proposed antenna for multiple OAM modes is
compared with several other works in Table 6. Obvi-
ously, the proposed antenna achieved the best in terms of
OAM modes, which is very important to reap the poten-
tial of OAM-based communication for spectrum efficiency
enhancement.

IV. CONCLUSION

This paper proposes an antenna design which utilizes a
Rotman lens feeding a circular array to realize multiple
OAM modes. The circular array element adopts a high-gain
microstrip antenna, which significantly improves the gain of
the proposed antenna. The method to improve the output
amplitude of Rotman lens is investigated in detail so as to
make each output port equal in amplitude. The experiment
results via a prototype verified that nine different OAM
modes can be generated but also OAM beam depression can
be improved by the proposed design, which turns out to be a
good enabler for an efficient OAM-based communication for
spectrum efficiency enhancement.
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