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ABSTRACT Two patch antennas that can generate two or four orbital angular momentum (OAM) modes
are designed and verified to work at frequency band from 2.2GHz to 2.7GHz. One antenna is composed of
two single OAM mode monopole patch antenna systems with one common ground plane and it can generate
two OAM modes: mode /=1 and mode /=—1. This antenna is designed, simulated, fabricated and tested. Its
reflection coefficients, radiation patterns, phase distributions and isolation between two different OAM mode
channels are obtained. Phase distributions of the two OAM modes are measured to show the effectiveness of
the antenna to generate two OAM modes. Channel isolation between these two OAM modes is 25.72dB at
2.598GHz and more than 15dB at the frequency band from 2.585GHz to 2.62GHz. The measurement results
have shown that this two-OAM-mode antenna can produce two isolated channels at the same frequency band.
Another monopole patch antenna has been designed and verified by simulation to be able to generate four
OAM modes. This four-OAM-mode antenna provides an example that this kind of multiplexed monopole
patch antennas can multiplex more OAM modes together.

INDEX TERMS Orbital angular momentum (OAM), multiple OAM modes, multiplexed antenna, feeding

network.

I. INTRODUCTION

Orbital angular momentum (OAM) is one of the basic
physical properties of electromagnetic (EM) waves [1],
where EM waves have a phase factor of e”w, and [ is called
OAM mode. OAM waves have spiral wave fronts along
the propagation direction [2]. Due to the characteristics of
OAM, waves with different OAM modes are orthogonal to
each other [3]. Thus, OAM can be used as a new degree
of freedom in communications to improve channel capacity.
OAM has attracted attention of researchers after Allen et. al
demonstrated Laguerre Gaussian (LG) spiral light waves
can have OAM in [4]. In 2007, OAM waves in EM field
have been realized by simulation for the first time in [5].
Since then many approaches have been proposed to generate
OAM waves, such as: reflecting surface approach [6], [7],
[8], transmission surface approach [9], [10], [11], dielectric
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resonator [12], [13], cavity [14], [15], [16], single patch
antenna [17], [18] and antenna array [19], [20], [21], [22].

To make OAM technology be more useful in communica-
tion systems, it is desirable to design antennas with multiple
OAM modes. A dual OAM modes (/=3,—3) antenna, based
on the method of traveling-wave loop antenna, is proposed to
transmit different message at the same frequency band [16].
A multiplexed three OAM modes (I=—1, 0, 1) antenna,
composed of an open-ended rectangular waveguide matrix
feed, an OAM mode mux and a Cassegrain dual-reflector,
is also presented [23]. These two antenna systems, which
have the structure of cavity, are effective to produce multiple
OAM modes. Another antenna is proposed to have a planar
structure and generate two OAM modes (I =—1, 1) in [24].
It can be concluded that the antenna has complex structure
when more OAM modes are multiplexed.

In this paper, two planar antennas with simple principle and
structure are proposed to generate two or four OAM modes.
The antennas are based on the method of phased antenna
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FIGURE 1. Geometry of the azimuthal antenna array.

array. The two-OAM-mode antenna is composed of two
OAM antenna arrays, two feeding networks and one common
ground. Reflection parameters, radiation patterns, phase
distributions and transmission coefficients of this antenna
are measured. The comparison between the simulation and
measurement results has verified the effectiveness of the
proposed antenna system in generating two OAM waves.
The test results of isolation shows that the proposed antenna
can work well in different OAM mode channels. A four-
OAM-mode antenna is then designed and simulated as an
evidence that planer antennas can multiplex more than two
OAM modes. This antenna is composed of four OAM antenna
arrays, four feeding networks and three common grounds.
Simulation results have shown that this antenna can generate
four OAM modes successfully.

Il. DESIGN AND VERIFICATION OF A TWO-OAM-MODE
ANTENNA

In this section, structure of the proposed antenna is presented.
Reflection coefficients, radiation patterns, phase distributions
and channel isolation of two-OAM-mode antenna are tested.

A. DESIGN OF THE PROPOSED ANTENNA
As shown in Figure 1, antenna elements are rotated around
the center of the proposed antenna. The current distribution
of the nth antenna element is I = @/ e’%", where ¢}, is the
unit direction vector, ¢, = 2rn/N, and N is the total number
of the antenna array.
The E-field of the azimuthal dipole antenna array is E,
as displayed in equation (1) [25].
i'N pwd
1677
x [(x — e’%y)(cos2 6 — 1)ty
+ (x + €' 2y)(cos? O + 1'% — 2z5in 0]
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FIGURE 2. Geometry of the two-OAM-mode antenna system.
(a) Explosive view; (b) Top view.
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E has complicated composition structure. There are two
intrinsic rotations (spin angular momentum, SAM): (x—ei% y)
and (x + '3 y), which correspond to polarization [26], [27].
These polarizations, which the x component has a forward
or backward phase delay 7 /2 compared to the y component,
are inherently existed in the E. The OAM carried by the E
are &/ tD¢ oil=D¢ and ¢l which have extrinsic rotations.
The extrinsic rotations are related to space. The phase
distributions of OAM modes, which change 27/ on a circle,
are reflected on a plane perpendicular to the transmission
direction.

Compared with the same direction antenna array, the
E-field of a rotated antenna array has different OAM
characteristics. Firstly, the z component carries the pure OAM
mode. OAM waves with phase factor ¢//# are orthogonal to
each other under different values of /. Thus, the z component
is employed when the proposed antenna is used to transmit
information. Secondly, radiation patterns of OAM mode
1 and mode —1 do not have a null zone as radiation pattern
of the same direction antenna array’s OAM mode 0 does.
When [ is the same, the E-field of the rotated antenna array
takes Bessel functions Jy_py(kasinf) and J41)(kasing),
while the Bessel function Jj(kasinf) is equipped by the
E-field generated by the same direction antenna. Thus, the
third different characteristics is that this kind of OAM
waves will have a smaller null zone and therefore show a
better performance in the transmission distance than a same
direction antenna array under the same OAM mode.

In this paper, the rotated monopole antenna array is
employed to radiate OAM waves. The two-OAM-mode
multiplexed antenna system is exhibited in Figure 2.

It can be seen from Figure 2 (a) that the proposed antenna
has two antenna systems of mode 1 and —1, two substrates
made of FR4, one common ground plane and one reflect
plane. The antenna system of mode —1 is on the first layer
and the antenna system of mode 1 is on the last layer
of the proposed antenna.The antenna system of mode 1 is
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FIGURE 3. Simulation and measurement results of reflection coefficients
(S11)-

composed of feeding network and a monopole antenna array.
The feeding network is constructed by T type junction power
distributors and microstrip lines. The monopole antenna array
has double side radiation. The feeding network of mode
1 gives phase delay of 45 degree, which is obtained by length
difference A/8 of microstrip lines, to the antenna array. And
the feeding network of mode —1 is obtained by mirroring
rotation the feeding network of mode 1. These two different
OAM modes antenna systems have a common ground plane,
which just covers the feeding networks. Two substrates are
made of FR4, which has the permittivity of 4.4 and the
height of 0.5 mm. In order to increase the radiation power,
a metal reflect plane, which is placed below the proposed
antenna, is employed. The size of the proposed antenna is
16 cmx 16 cm. The needed OAM mode will be generated
when the chosen antenna system is fed.

B. S1; SIMULATION AND TEST

Reflection coefficients (S1; and S»>7) need to be tested to
verify the working frequency of the proposed antenna. The
proposed antenna is designed at 2.4 GHz. But from the
simulation result of feeding networks, it is discovered that
the proposed antenna can work at frequency band from
2.2 GHz-2.7 GHz. So reflection coefficients of OAM mode
1 and OAM mode —1 are measured at this frequency band (as
shown in Figure 3). The black solid line and the green plus
line are measurement and simulation S;; of OAM mode 1,
respectively. The blue dotted line and the red dashed line are
the measurement and simulation S>> of OAM mode —1. It can
be seen that, reflection coefficients of mode 1 and mode —1
have frequency shifting of 50 MHz and 70 MHz, respectively.
The difference between simulation and measurement is
mainly caused by differences in the thickness and dielectric
constant of the dielectric substrate during processing. But
the tendency of simulation and measurement results are
similar.

C. ANTENNA PATTERN SIMULATION AND TEST

Radiation patterns of the proposed antenna are measured as
shown in Figure 4. Horn antenna is the receiving antenna
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FIGURE 5. Simulation and measurement results of radiation pattern:
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FIGURE 6. Measurement scheme of phase distribution.

and the proposed antenna is the transmitting antenna. When
the OAM antenna rotates 360 degree, the horn antenna can
receive powers of whole plane of the transmitting antenna.
Then the radiation pattern of this plane can be measured.
Figure 5 (a) and Figure 5 (b) are simulation and measurement
results of normalized radiation patterns for OAM mode —1
and OAM mode 1, respectively.

The measurement results of the radiation patterns are a
little thinner than the simulation results. Besides, compared
with the simulation results, the measured radiation patterns
are not so regular. The difference between simulation and
measurement is caused by the manufacture error and the mea-
surement error. But it can be observed that radiation patterns
of simulation and measurement are in good agreement.
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FIGURE 7. Simulation and measurement results of phase distribution in
near field: (a) simulated and measured phase of /=-1; (b) simulated and
measured phase of /=1.

D. PHASE DISTRIBUTION SIMULATION AND TEST
In order to verify the proposed antenna’s effectiveness in
generating OAM waves, phase distributions need to be
tested. As shown in Figure 6, a monopole antenna probe is
perpendicularly placed above the proposed antenna.

The monopole probe antenna will receive component of
electric field (E-field) parallel to itself, so x component, y
component and z component of the E-field can be tested by
replacing the monopole probe antenna. To clarify the char-
acteristics of the designed antenna, the phase distributions
of the E-field are measured in near and far field. The scale
of test plane, which is parallel to the proposed antenna, is
30 cmx30 cm and 10 cm far from the OAM antenna in the
near field. The probe antenna will move along this plane by
step of 1 cm, which can be controlled by computer. Phases of
the E-field are tested by vector network analyzer and recorded
by computer at each point. From the test results, phases of
900 points can be calculated and are drawn by Matlab.

When [ = —1, the x component and y component of the
E-field do not exhibit obvious OAM characteristics, as shown
in Figure 7 (a). The z component displays typical OAM mode
—1’s phase distribution. From equation (1), it is clear that the
x component carries factor e%[(cos? 6 — 1)J_o(kasin @) +
(cos? 0 + 1)Jo(ka sin )] + e~2¢[(cos? 0 + 1)J_z(ka sin 6) +
(cos? 0 — 1)Jo(kasin)]. The y component equips factor
—e%%[(cos? 0 — 1)J_s(kasin0) + (cos2 0 + 1)Jo(ka sin 0)] +
e 29[(cos? 0 + 1)J_s(kasin @) + (cos2 0 — 1)Jo(kasin 6)].
The factor sinfe ™ [J_s(kasin®) + Jo(kasin®)] is taken
by the z component. In the test domain, the maximum
and minimum value of cos?6 are 1 and 0.38, respectively.
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FIGURE 8. Simulation and measurement results of phase distribution in
near field: (a) simulated and measured phase of /=—1; (b) simulated and
measured phase of /=1.

Thus, OAM mode 0 and OAM mode -2 are both affect
the phase distribution. Therefore, the x component and y
component do not show clear phase distribution character-
istics. The z component exhibits OAM mode —1’s phase
distribution.

When / = 1, the x component and y component do not
show normal OAM characteristics. Only the z component
exhibit OAM mode 1’s phase distribution, as displayed in
Figure 7 (b). The reason is similar to Figure 7 (a).

When the E-field is measured in the far field, the test scan
is 100 cmx 100 cm large and 140 cm far from the OAM
antenna. In this plane, the scale of cos? @ is from 0.89 to 1.
When [ = —1, the factor carried by the x component can
be approximately simplified as €% (cos? 0 + 1)Jo(ka sin 0) +
e 22(cos? O + 1)J_o(kasin ). Furthermore, Jo(ka sin @) is
much larger than J_,(kasin®) in this measurement range.
Therefore, the x component can be seen as only taking one
factor €% (cos? 6 + 1)Jo(ka sin §). Besides, the y component
can also be regarded as equipping one factor —e'*¢(cos? 6 +
1)Jo(kasin6). Thus, the x component, y component and
z component show OAM characteristics of 0, 0 and —1,
respectively, as shown in Figure 8 (a). In Figure 8 (b), phase
distributions of OAM mode 0, 0 and 1 are exhibited in the
x component, y component and z component, respectively.
However, only the z component carries pure OAM mode.
Thus, the proposed antenna is considered to radiate OAM
modes —1 and 1.

From Figure 7 and Figure 8, it can be seen that the
simulation and measurement results of the designed antenna’s
phase distributions are in good agreement. A conclusion can
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FIGURE 9. Measurement transmission coefficients.

be drawn that the proposed antenna is capable of generating
two OAM modes waves.

E. CHANNEL ISOLATION MEASUREMENT

To demonstrate that the proposed antenna can be used
in communications, isolation between two channels (mode
1 and mode —1) should be tested. There are two proposed
antennas at transmitting terminal and receiving terminal,
respectively. Measurement results are displayed in Figure 9.
Measured S»1 of channel mode 1 to mode 1 (green plus line)
and mode —1 to mode —1 (black solid line) are transmission
coefficients of these two channels and measured S;; of
channel mode 1 to mode —1 (red dashed line) is the isolation
between these two channels. It can be seen that transmission
coefficients of mode 1 to mode 1 and mode —1 to mode —1
are approximate —35 dB at frequency band of 2.585 GHz to
2.62 GHz. The isolation between two different OAM mode
channels achieves 25.72 dB at 2.598 GHz and is more than
15 dB at the frequency band of 2.585 GHz to 2.62 GHz.
In other frequency bands, the isolation level is around
5 dB. Thus, the proposed OAM antenna is recommended to
operate in frequency band of 2.585 GHz to 2.62 GHz. These
experiment results have demonstrated that the proposed
antenna can transmit two signals simultaneously and that
these two signals can be divided by the proposed antenna
itself at the receiving terminal.

Ill. DESIGN AND SIMULATION OF A FOUR-OAM-MODE
ANTENNA

The antenna proposed in this paper can not only be used
in producing two OAM modes but also be employed in
generating more than two OAM modes. So the four-OAM-
mode antenna is designed in this section, as shown in
Figure 10.

Four antenna systems of OAM modes +1, £2, six
substrates, three ground planes and one reflect plane compose
the four-OAM-mode antenna. Antenna systems of OAM
modes £2, whose feeding networks are formed by microtrip
lines, are placed on the first and last layers of the proposed
antenna. Antenna systems of OAM modes £ 1, whose feeding
networks are made by striplines, are placed on the third
and fifth layers of the proposed antenna. The final ultimate
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structure of this four-OAM-mode antenna has seven layers
and one reflect plane (see in Figure 10).

Simulation results of the four-OAM-mode antenna are
shown in Figure 11 and Figure 12. Figure 11 (a), (b), (c)
and (d) are phase distributions of OAM modes ! = +£1 and
| = =2, respectively. The results display that four OAM
modes —2, —1, 1 and 2 are radiated by the designed antenna.
Figure 12 exhibits the radiation patterns of the proposed
antenna. The red dotted line represents the radiation pattern of
mode 1, the blue dotted line stands for the radiation pattern of
mode —1, the green solid line shows the radiation pattern
of mode 2 and the purple dashed line denotes the radiation
patter of mode —2. It can be seen that radiation patterns of
mode 1 and mode —1, which do not have the null zone in the
radiated center, are similar, and radiation patterns of mode
2 and mode —2, which have the null zone in the radiated
center, are similar, too.

From the phase distributions and the radiation patterns
of four OAM modes, it can be said that the proposed
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FIGURE 12. Simulation results of radiation of four OAM modes /=+1, +2.

antenna can successfully produce four OAM modes. So this
kind of antenna can be used in generating numerous OAM
modes, which need to add more multilayers in the proposed
antenna.

IV. CONCLUSION

Two antenna systems composed of single OAM mode
antenna systems and common grounds, are presented in this
paper. The antennas are rotated antenna arrays. A two-OAM-
mode antenna has been simulated, fabricated and measured.
Its reflection coefficients have similar tendency but little
frequency shifting between simulation and measurement
results. The phase distributions demonstrate the effectiveness
of the proposed antenna in generating dual OAM modes of
+1. Its radiation patterns are in good agreement between
simulation and measurement results. The isolation between
two different OAM mode channels is more than 15 dB at
the frequency band of 2.585 GHz to 2.62 GHz and reaches
25.72 dB at 2.598 GHz. The test of isolation can prove that the
proposed antenna can transmit different signals at the same
frequency band. A four-OAM-mode antenna is designed and
simulated. This antenna can produce four OAM modes of
41 and £2. This kind of antennas can generate multiplexed
OAM modes.
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