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�is paper gives a feasible and simple solution of generating OAM-carrying radio beams. Eight Vivaldi antenna elements connect
sequentially and fold into a hollow cylinder. �e circular Vivaldi antenna array is fed with unit amplitude but with a successive
phase di�erence from element to element. By changing the phase di�erence at the steps of 0, ±45∘, ±90∘, ±135∘, and 180∘, the OAM
radio beam can be generated with mode numbers 0, ±1, ±2, ±3, and 4. Simulations show that the OAM states of ±2 and ±3 are
the same as the traditional states, while the OAM states of 0, ±1, and 4 di�er at the boresight. �is phenomenon can be explained
by the radiation pattern di�erence between Vivaldi antenna and tripole antenna. A solution of distinguishing OAM states is also
proposed. �e mode number of OAM can be distinguished with only 2 receivers.

1. Introduction

Electromagnetic (EM) elds can carry not only energy but
also angular momentum [1].�e angular momentum is com-
posed of spin angular momentum (SAM) and orbital angular
momentum (OAM) describing its polarization state and the
phase structure distribution, respectively [2]. SAM, predicted
by Poynting in 1909 [3] and experimentally demonstrated by
Beth in 1936 [4], has been widely used as the form of circular
polarization. However, the research on OAM is not attractive
until Allen et al. investigated the mechanism of OAM in 1992
[5]. Henceforth, more and more attention has been paid to
OAM in both optical and radio domains.

In contrast to SAM, which has only two possible states
of le�-handed and right-handed circular polarizations, the
theoretical states of OAM are unlimited owing to its unique
characteristics of spiral �ow of electromagnetic energy and
helical wavefront [6]. �erefore, OAM has the potential to
tremendously increase the spectral e�ciency and capacity of
communication systems. Numerous experiments on OAM,
originally in optical frequency and then in radio frequency,
have been carried out. For instance, the capacity of optical
communication systems is largely extended by encoding

information as OAM states or using OAM beams as infor-
mation carriers for multiplexing [7–10]. In 2007, �ide et al.
numerically simulated that OAM beams can also be gen-
erated in radio frequency with the help of vector antenna
arrays [11]. In 2012, they experimentally demonstrated that
two radio waves encoded in di�erent OAM states on the
same frequency band can be decoded in the far eld for the
rst time [12]. In [13], Edfos and Johansson compared the
technique of usingOAMstates of radiowaveswith traditional
multiple-in multiple-out (MIMO) communication methods.
Simulations showed that, for certain array congurations in
free space, traditional MIMO theory leads to eigenmodes
identical to the OAM states. Based on this result, they
concluded that communicating over the subchannels given
by OAM states is a subset of the solutions o�ered by MIMO.

Compared to MIMO, the concept of OAM in radio
frequency is relatively novel, and more research on theory

and practice still needs to be developed. �e generating of
OAM is one of the most important issues. Circular antenna
array is the typical structure to generate OAM. In [13, 14],
tri-dipole antenna is adopted as array element. �e elements
are fed by the same signal, but with a successive phase delay
from element to element such that a�er a full turn the phase
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Figure 1: Geometry of the proposed antenna: (a) Vivaldi antenna element; (b) Vivaldi circular antenna array; (c) the unfolded view of the
antenna array.

Table 1: Detailed dimensions (unit: mm).

�1 3.75

�1 3.6

�2 4.25

�2 1.6

�� 7

�� 0.4

�� 60

�� 30

�� 30

�� 16

�� 1.4

�� 2

�out 40

�in 39.2

has been incremented by an integer multiple � of 2�. In
[15], time switched mechanism is introduced. �e elements
of the circular array are excited with unit amplitude and
uniform phase but are energized sequentially such that each
element is only switched on for a time period. In this paper,
we adopt the same feed method in [14]. Vivaldi antenna is
used as the element of circular array and analyzed in detail.
Simulations show that the proposed antenna array is a simple
and promising candidate to generate OAM.

2. Antenna Configuration and Mechanism

Figure 1 shows the geometry of the proposed antenna. �e
dimensions of the Vivaldi antenna element are depicted in
Figure 1(a). A slotted ground and a 50Ω open-ended stub
are arranged on the front and back of a FR4 substrate, with
relative permittivity �	 = 4.0 and tan = 0.02. �e circular
antenna array is shown in Figure 1(b), and the planar view
of the proposed array is shown in Figure 1(c). Eight Vivaldi
antenna elements connect sequentially and fold at an angle
of 45∘ to form a hollow cylinder. �e outside radius and
inside radius of the cylinder are �out and �in, respectively. �e

thickness ℎ of FR4 substrate and the width �� of ground can
be concluded from �out and �in according to (1). �e detailed
values of each parameter are listed in Table 1. Similarly, the
circular antenna array can easily be extended into 16 elements
or more. Consider

ℎ = (�out − �in) × cos(360
∘

8 ×
1
2) ,

�� = 2 × (�out − �in) × sin(360
∘

8 ×
1
2) .

(1)

In [14], the generation of OAM radio beams with circular
antenna array is deduced in theory. According to the analysis
in [14], the � equidistant elements in the circular antenna
array are fed with unit amplitude, but with a successive phase
delay from element to element such that a�er a full turn the
phase has been incremented periodically. An OAM-carrying
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Figure 2: Simulated �11 of the proposed Vivaldi element.

radio beam with mode number � can be generated if the �th
element has phase �
 = ��
, where �
 = 2��/� is the angle
of the element position. In this paper, we assume that� = 8.
�erefore, the possible OAM states are 0, ±1, ±2, ±3, and 4.

3. Simulation Results

�e antenna was designed and simulated using Anso� HFSS
full-wave simulator based on the nite element method
(FEM), according to the parameters listed in Table 1. �e
operating frequency is designed at 6GHz. Figure 2 shows
the simulated re�ection coe�cient of the Vivaldi antenna
element. �e 10 dB re�ection coe�cient bandwidth is larger
than 30%. Owing to the fact that the bandwidth of Vivaldi
antenna is wide and the bandwidth is not important in OAM
discussion, parameters are notwell optimized. Figure 3 shows
the simulated gain of the Vivaldi element. It is shown that
the pattern of Vivaldi element is broadside. �e gain is also
high (larger than 7 dB).�e characteristics of Vivaldi antenna
show that it is a promising candidate to form a uniform
circular antenna array.

Figure 4 shows the simulated re�ection coe�cient of the
circular Vivaldi antenna array. Compared with the �11 in
Figure 2, the �11 of circular array is better. �is improvement
can be explained that the ground of array is connected
together and larger than the ground of element.

According to the analysis in Section 2, an OAM-carrying
radio beam with mode numbers � = 0, ±1, ±2, ±3, and 4 can
be generated if the successive phase di�erence from element
to element is at steps 0, ±45∘, ±90∘, ±135∘, and 180∘. �e
simulations validate the prediction and are shown in Figures
5, 6, and 7.

Figures 5, 6, and 7 show the OAM-carrying radio beams
and radiation patterns with all possible mode numbers �.
�e concerned area, where the vector and magnitude of
electric eld are plotted, is placed above the circular array
and perpendicular to �-axis. �e size of the concerned area

Table 2: Distinguishing rules.

Phase delay � Judgment: �
B a�er A 2 +1

A a�er B 2 −1
B a�er A 4 +2

A a�er B 4 −2
B a�er A 6 +3

A a�er B 6 −3
� = 0 and 4 cannot be judged in this condition.

is 80 × 80mm, and the distance between the antenna array
and concerned area is 40mm.

It is observed that the OAM states of ±1, ±2, and ±3 are
legible when calculating the number of helical wavefronts (�)
in clockwise direction or anticlockwise direction. Compared
with the traditional OAM states, the proposed OAM states
of ±1 are di�erent along the �-axis. �is di�erence is due to
element. As the traditional element is tripole antenna, the
radiation pattern is omnidirectional and the mutual coupling
is small. �e proposed Vivaldi antenna is broadside and the
mutual coupling is strong. When the elements are in phase,
a null will produce in broadside, as shown in Figure 5. When
the phase di�erence and the space position between elements
coincide, namely, ±45∘ case, strong directivity will produce
in broadside, as shown in Figure 6. It is also observed that
the null area at the center is enlarged, when the OAM states
increase from ±1 to ±3. �is phenomenon is also shown in
Figure 8, where the directivity varies with di�erent numbers
�. �erefore, the receiving radius vertical to �-axis should be
properly selected to ensure that the receiving positionwill not
be in the null zone of possible OAM states.

Figure 9 illustrates the sketch of OAM generation and
reception, where the purple dots indicate antenna element
positions and the red dots indicate receiver positions. Two
adjacent receivers A and B are adopted in order to distinguish
the number of helical wavefront whip (�) and the rotated
direction of helical wavefront. �e rule of judgment is
explained in Table 2.

4. Conclusion

�is paper gives a feasible solution of generating OAM-
carrying radio beams. To the authors’ knowledge, it is the
rst time to adopt Vivaldi antenna to provide OAM states. By
connecting 8 Vivaldi antenna elements sequentially and fold-
ing them into a hollow cylinder, a circular Vivaldi antenna
array is congured. Simulations show that the OAM radio
beam is generated with mode numbers 0, ±1, ±2, ±3, and 4,
when the elements are fed with unit amplitude and successive
phase delays of 0, ±45∘, ±90∘, ±135∘, and 180∘ from element
to element. �e di�erences between traditional OAM states
and the proposed OAM states at boresight can be explained
by the radiation pattern di�erences between Vivaldi antenna
and tripole antenna. A solution of distinguishing OAM states
is also proposed with only 2 adjacent receivers.
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Figure 3: Simulated 3D radiation pattern of the Vivaldi element at 6GHz.

3 4 5 6 7 8 9 10

Frequency (GHz)

0

−10

−20

−30

−40

Simulated �11

� 1
1

(d
B

)

Figure 4: Simulated �11 of the proposed Vivaldi circular array.
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Figure 5: �e vector and magnitude of electric eld with � = 0 at 6GHz.
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Figure 6: �e vector and magnitude of electric eld with di�erent OAM states at 6GHz.



6 International Journal of Antennas and Propagation

4.6509�+002

3.6992�+002

2.9423�+002

2.3402�+002

1.8613�+002

1.4805�+002

1.1775�+002

9.3658�+001

7.4493�+001

5.9250�+001

4.7126�+001

3.7483�+001

2.9813�+001

2.3713�+001

1.8860�+001

1.5001�+001

1.1932�+001

4.5818�+002

3.4527�+002

2.6019�+002

1.9608�+002

1.4776�+002

1.1135�+002

8.3910�+001

6.3233�+001

4.7651�+001

3.5909�+001

2.7060�+001

2.0392�+001

1.5367�+001

1.1580�+001

8.7268�+000

6.5763�+000

4.9558�+000

4.8108�+002

3.6556�+002

2.7778�+002

2.1108�+002

1.6039�+002

1.2188�+002

9.2611�+001

7.0373�+001

5.3474�+001

4.0634�+001

3.0876�+001

2.3462�+001

1.7828�+001

1.3547�+001

1.0294�+001

7.8222�+000

5.9439�+000

E �eld (V/m)

E �eld (V/m)

E �eld (V/m)

� = +3

� = −3

� = +4

� = ±1 � = ±2 � = ±3 � = ±4

���
��

����
�






� = 0

�� � � �

� � �
�

�

Figure 7: �e vector and magnitude of electric eld and 3D radiation patterns with di�erent OAM states at 6GHz.
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