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Abstract: Orbital angular momentum (OAM) beams can be generated at many microwave
frequencies by using antenna array. However, the complexity of the system and inability to
transmit over long distances limit the applications of OAM beams in the radio domain. Here, a
significantly simplified global positioning system (GPS) ceramic antenna array is employed
to generate OAM beams without the assistance of phase shifting devices. Simulation of
the GPS ceramic antenna array verifies that the OAM beams with the mode of +1 show
small divergence angle and very standard spiral phase distribution. To test the transmission
capability of the proposed antenna array, a measurement system that can detect the one-
dimension spatial distribution of electromagnetic characteristic for the OAM beams is set
up. Even considering the enormous loss in cables and power divider, the receiving antenna
still can receive the electromagnetic characteristic of the OAM beams at a place more than
2 m away from the antenna array. Experimental results presented in this paper demonstrate
the excellent performance of the OAM beams when generated with the proposed ceramic
antenna array configuration.

Index Terms: Ceramic antenna array, circular polarization, orbital angular momentum beam.

1. Introduction

The total angular momentum contains spin angular momentum and orbital angular momentum
(OAM) [1]. The optical OAM beams have been attracting extensive attention owing to their special
spatial profile of intensity and phase [2]-[4]. Especially in trapping particles [5], optical imaging [6],
[7], rotating microscopic particles [8] and other fields [9]-{11], OAM beams exhibit their distinctive
advantages. The OAM beams with different propagating modes are mutually orthogonal with each
other [12], which offers the possibility to increase the capacity of radio communication under certain
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conditions [13]. Recently, the generation of OAM beams in microwave range has been reported in
many works [14]-[16]. As a potential method to improve the spectrum efficiency, OAM beam has
become a hot research spot in microwave field [17]-[19].

Since the first simulation proposed by Thidé [20], various methods have been developed to
generate OAM radio beams [21], such as spiral phase plates [22], [23], spiral reflectors [24],
metasurface [25] and antenna arrays [26]-[28]. Although the first three methods can successfully
transform a plane wave into an OAM radio wave through transmission or reflection, the inherent
complex processing and single operating frequency restrict their further development. The antenna
array, conformed circular distribution, generally needs a feed network or other devices to provide
appropriate signals for each element. To generate an OAM beam, these signals are required to get
the same amplitude and suitable phase shift. The specific phase shift between adjacent antennas
depends on the mode of the OAM beam and the number of antennas in the antenna array. As
a consequence, the antenna systems in generating OAM beams are too complex to meet these
conditions.

To simplify the OAM antenna array, a system formed by global positioning system (GPS) ceramic
antennas that avoids the use of phase shifting devices is proposed. The distinct advantages of
GPS ceramic antenna such as circular polarization, high precision, low profile, etc. can make this
antenna system perform better. In particular, the combination of circular polarization and circular
distribution is the key point to realize the automatic phase modification. The utilization of power
divider and coaxial line connecting make the proposed system simple and flexible. Furthermore,
the problem of divergence angle of OAM beam can also be greatly improved by such a simplified
antenna array system.

Section 2 presents the design of GPS ceramic antenna and its polarized characterization.
Section 3 describes the simulations and measurements of generating OAM beams by the GPS
ceramic antenna array. Finally, in Section 4, we draw the conclusions.

2. GPS Ceramic Antenna: Design and Characterization

To date, cut corner rectangle is a simple structure that is widely used in the design of circular
polarization (CP) antenna [29], [30]. Its side length determines the resonant frequency of CP
antenna. Cutting corner and center offset of feed point aim to achieve the CP of antenna. Here,
the resonant frequency of the antenna is determined to be 1.550 GHz to meet the application of
GPS. By means of calculation and optimization, the side length of radiation patch and cut corner
are set to be 19 mm and 1.3 mm, respectively. The proposed antenna is designed on a ceramic
substrate with a thickess of 4 mm and the relative permittivity of 21.4. And the radius of the chamfer
is set to 4 mm to protect the antenna. Only in y direction, the center offset gets a non-zero value
of 1.1 mm. The radiation patch, chamfered rectangular ceramic dielectric layer and ground plane
together compose the GPS ceramic antenna.

Numerical predictions of the reflection coefficients for the GPS ceramic antenna were made using
the commercial time-domain package CST Microwave Studio TM. Fig. 1 shows the measured and
simulated results. The inserted illustration is the configuration of the GPS ceramic antenna. In the
simulation, all boundaries are set as open (add space), and the direction of propagation is along
z-axis. In the experimental setup, the proposed antenna is operated at 1.550 GHz frequency, which
is applicable for GPS. From Fig. 1, it can be seen that the measured result coincides well with the
simulated one, which demonstrates the reasonableness of the proposed design. Fig. 2(a) shows
the axial ratio of the proposed antenna from 1.540 to 1.560 GHz. At its resonant frequency of 1.550
GHz, the axial ratio is less than 3 dB. Therefore, this antenna can be regarded as a CP antenna.
In Fig. 2(b), the nearly circular radiation pattern of the GPS ceramic antenna in x-y plane at the
resonant frequency of 1.550 GHz well illustrates the omnidirectional properties of the proposed
antenna.

Fig. 3(a) and (b) show the measured and simulated radiation patterns at 1.550 GHz in x-z and
y-z planes, respectively. It is seen that the measured results are basicly in good agreement with
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Fig. 1. Measured and simulated reflection coefficients of the GPS ceramic antenna.
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Fig. 2. Simulated axial ratio of the GPS ceramic antenna. (b) Simulated radiation pattern of the GPS
ceramic antenna at 1.550 GHz in x-y plane.
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Fig. 3. Measured and simulated radiation patterns at 1.550 GHz in (a) x-z plane and (b) y-z plane.

the simulation results, although there is a discrepancy in the back lobes. This discrepancy is mainly
caused by the support frame and feeder.

In the design of the CP antenna, adopting the cut corner rectangle structure as radiation patch can
help to realize the conversion between right hand (RH) CP and left hand (LH) CP. The conversion
of the two states can be realized by simply changing the direction of cut corner. As shown in Fig. 4,
the electric field vectors for the antennas with different cut corner directions in one period obey the
right hand rule and left hand rule, respectively. For the RHCP antenna, the Electric field vectors
rotate counterclockwise a circle when the phase changes from 0° to 270°. In the case of LHCP
antenna, there is a clockwise rotation, which means the transformation of CP state. The two CP
states are then used to generate the plus-and-negative mode OAM beams.
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Fig. 4. Electric field vectors for RHCP and LHCP in one period at 1.550 GHz.

3. Results Antenna Array: Generation of OAM Beam

Traditionally, to generate the OAM beam with mode of £/, antennas are fed with signals of the same
amplitude but different phases. The phase of the feeding signals is increased, in a turn, by +2x/,
where [ is the mode of OAM beam. According to Nyquist theorem, a proper number of antennas
needs to be greater than 2|/| + 1 [20]. Generation of OAM beams by CP antenna array are firstly
reported in [31]. These OAM radio beams are considered as the combination of two orthogonal line
polarizations with 90° phase shifts. However, the complex structure is an obvious disadvantage of
the CP antennas. And the application of the feed network makes the antenna array can operate
only at a single frequency, thus limiting its flexibility. In our work, a GPS ceramic antenna array is
used to generate OAM beams with the mode of +1 at the resonant frequency of 1.550 GHz. The
minimum number of elements of the array is 4. However, the antenna number usually increases
for standard waveform of the OAM beams. Therefore, six GPS ceramic antennas are suitable. It is
worth noting that the antenna orientations are different with conventional ones. In the conventional
method, the orientations of all antennas are the same [19], [27]. While the antennas in our system
point to the center of the array. That is to say, the antennas are rotationally symmetric refer to the
center. In this way, the antenna array can generate OAM beam by signals with the same amplitude
and phase.

Fig. 5 shows the configuration of the antenna array and the simulation results. The RHCP
antenna array shown in Fig. 5(a) consists of six RHCP GPS ceramic antennas evenly distributed
on the circumference of a circle with 0.5)¢ radius. Simulation results of radiation pattern shown in
Fig. 5(b) and phase distribution shown in Fig. 5(c) demonstrate that a standard OAM beam with
mode of —1 is generated. Fig. 5(d), (e) and (f) illustrate the generation of OAM beam with mode of
1 when the antenna array consists of six LHCP GPS ceramic antennas. In addition, the polarization
characteristic of GPS antenna is a benefit for OAM beam to reduce the divergence angle according
to the radiation patterns.

We can find from Fig. 5(b) and (e) that there is no sidelobe and small divergence angle in the
radiation pattern of OAM beam with +1, which mainly benefits from the small distribution radius
of the antenna array and omnidirectional properties of the CP antenna. These simulation results
confirm the well performances of the GPS ceramic antenna array in generating OAM beams. It is
worth mentioning that the axial ratio of the generated OAM is 19.8 dB. According to the successful
experience of generating OAM beam with | = +1, it is not hard to form beams with a large mode
using the proposed method. We only need to change the phase difference A¢ of adjacent antenna
to I Ap, where Agp = 27/N (N is the antenna number of the array). For example, the antenna array
used to the generate OAM beam with / = 2 is shown in Fig. 5(g). The array includes 1 RHCP
antennas. Therefore, phase difference of adjacent antenna is set to 60°. The radiation pattern and
phase distribution of the generated OAM beam are illustrated in Fig. 5(h) and (i), respectively.

Ulteriorly, an OAM beam measurement system is designed to detect the actual effect of OAM
beam that generated by an array involving the GPS ceramic antenna. In this system, six GPS
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Fig. 5. Simulation of RHCP antenna array and LHCP antenna array at the resonant frequency of 1.550
GHz. (a) Configuration of RHCP antenna array. (b) Radiation pattern of RHCP antenna array in y-z
plane with. (c) Phase distribution of RHCP antenna array. (d) Configuration of LHCP antenna array. (e)
Radiation pattern of LHCP antenna array in y-z plane. (f) Phase distribution of LHCP antenna array. (g)
Configuration of RHCP antenna array with 12 antennas. (h) Radiation pattern of OAM beam with /= 2.
(i) Phase distribution of OAM beam with / = 2.

ceramic antennas with RHCP form the antenna array. It is similar in the case of LHCP. In the choice
of the antenna number for the array, as odd will cause deformation of the OAM beam, the number
of antenna need to be even. And the radius of antenna array r is 0.5 to keep the array side lobes
at low level and give enough space for each antenna. Six antennas are evenly distributed on the
circumference. Thus, the angle 6 between each antenna is 60°. The setup of the measurement
system is shown in Fig. 6(a) and (b). A signal with the frequency of 1.550 GHz came from port 1
of vector network analyzer (VNA) is equally divided into six signals after passing a power divider.
These signals are directly utilized to feed the antenna array with the help of coaxial lines. Then,
the power and phase of the OAM beam with mode of —1 are detected by the receiving antenna
with the help of liner guide rail. The center points of the guide rail and antenna array are both at
z-axis, and the guide rail is parallel to the antenna array (x-y plane). Finally, the detected signal
is transmitted back to port 2 of the VNA. To test the electromagnetic performance of the antenna
array, the reflection coefficient is measured and the results are shown in Fig. 6(c). The agreement
between Fig. 6(c) and Fig. 1 verifies the normal operation of the proposed antenna in the array and
system.
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Fig. 6. Measurement system for generation of OAM beam. (b) Details of the antenna array. (c) The
measured reflection coefficient of the proposed antenna array.
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Fig. 7. Observed receiving power and phase distribution of the generated OAM beam at various dis-
tances away from the antenna array: (a) receiving power at 70 cm; (b) receiving power at 140 cm;
(c) receiving power at 210 cm; (d) phase distribution at 70 cm; (e) phase distribution at 140 cm;
(f) phase distribution at 210 cm.

As mentioned above, a receiving antenna and a liner guide rail are used to detect the one-
dimensional spatial distribution of the OAM beam’s electromagnetic characteristic at various dis-
tances away from the antenna array. The observed results are depicted in Fig. 7, which includes
a range from 0 to 40 cm. The sharp center decrease of the receiving powers and the 360° phase
mutation in Fig. 7 are obvious characteristics of OAM beam, which can be easily found in Fig. 5.
As shown in Fig. 5, the sharp decrease and mutation emerge when the receiving antenna passes
through the phase singularity. Because in this setup, the division of power and the long-distance
transmission in cables cause enormous loss, the received powers shown in Fig. 7 are low. However,
by comparing Fig. 7(a), (b) and (c), it can be found that the receive power only reduces a bit with the
increase of the detection distance. Although the output power of VNA is only 0 dBm, the detectable
distance can reach 210 cm.

The proposed GPS ceramic antenna array size, complexity and detection range are compared
with some recent publications in Table 1. In this work, the radius of the distribution can reach the
minimum value of 0.510. With no phase shifting device, the proposed GPS ceramic antenna array
can greatly simplify the OAM generation system. The characteristics of the OAM shown in Fig. 7
is very obvious. Moreover, the measurement range up to 2.1 m has been demonstrated in this
paper. According to Table 1, the proposed antenna array obtains well performances in terms of
size, complexity and detection range.
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TABLE 1
Comparison Between Proposed and Reported OAM Antenna Array

Ref. Radius of Phase shifting
distribution device

[31] 0.7A0 feeding network

[32] 4.2)\0 delayed signals

[33] 0.9A0 rotman lenses

[34] 2.0A0 optical spectrum processor

[35] 0.8A0 different length cables

[36] 5.0A0 phase shifters

[37] 3.0A0 different length cables

[38] 1.0A0 feeding network

[39] 0.6A0 feeding network

[40] 1.6A0 feeding network
This work 0.5A0 none

4. Conclusions

A GPS ceramic antenna is designed and applied to generate OAM beam in radio domain. By
changing the direction of the cut corner on the rectangle radiation patch, the CP state can be altered.
A significantly simplified GPS ceramic antenna array with RHCP state is used to generate the OAM
beam with negative mode. Similarly, GPS ceramic antenna array with LHCP state can generate
the OAM beam with plus mode. By simulating the GPS ceramic antenna arrays, two kinds of OAM
beams with standard spiral shape are successfully obtained. In particular, the radiation pattern of
the OAM beam generated by the GPS ceramic antenna array shows quite small divergence angle
and no side lobe, which confirms the excellent property of the antenna array in launching standard
OAM beams. A series of experiments are designed and performed to test the electromagnetic
characteristic of the OAM beams at different distances away from the antenna array. The OAM
beams located at more than 2 meters away from the antenna array still can be detected when
the output signal power is 0 dBm. After comparing with some recent publications, this approach is
believed to be a great progress in the generation of high-quality OAM beam.
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