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ABSTRACT This paper proposes an electronically reconfigurable multimode orbital angular momentum
(OAM) patch array antenna using single pole double throw radio frequency switch that can complete dynamic
switching of three modes (—1,0,1) at 2.4 GHz. As a new type of multiplexing technology, the application
value of OAM technology in radar imaging and wireless communication has been continuously verified.
Considering that many theoretical algorithms are proposed, a multimode vortex antenna that meets the
experimental requirements should be developed. The proposed antenna consists of RF switch, programmable
microcontroller, phase-shifted feed network, and 2 x 2 rectangular array. Different feeder networks were
selected by controlling the RF switch to generate vortex beams with different modes. The proposed antenna
was numerically simulated and physically produced. The feasibility of the design was verified through
experiments. The simulation and design results are basically the same. The proposed scheme has simple
structure, easy to design and deploy, and has important significance in the design of many mode vortex

antenna applications in communication and radar imaging.

INDEX TERMS Multimode, orbital angular momentum, reconfigurable, RF switch, vortex antenna.

I. INTRODUCTION

With the increasing application of 5G and Internet of Things
(IOT) technologies, wireless communication has experienced
many opportunities and challenges in recent years. The
demand for wireless spectrum rapidly increases to provide
convenience for users, and a new method should be fun-
damentally developed to upgrade wireless communication
technology. Orbital angular momentum (OAM), similar to
the four other features, has a great development prospect and
good directionality as a new dimension feature of electro-
magnetic waves, and has great research value in information
security. Designing antennas using OAM technology will
increase the utilization of communication resources to a great
extent.

The study of OAM is derived from the prophecy of
Poynting in 1909 [1]. In 1936, Beth detected and mea-
sured the angular momentum of polarized light passing
through the crystal plate using a special method. In 1981, the
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vortex structure was discovered by Baranova in the analy-
sis and exploration of speckle field experiments. In 1989,
Coullet et al. analyzed the problems in the field of optics and
first proposed the concept of “optical vortex.” This concept
was theoretically defined and elaborated. In 2007, Thide et al.
first studied OAM in a low-frequency environment using a
software method by emitting a wireless signal with Gaussian
beam characteristics using a phased array [2]. Their study is
the first to apply OAM in wireless communications through
related technologies, which is extremely important. In 2008,
Carc-Escartion et al. conducted an in-depth analysis of opti-
cal OAM multiplexing techniques [3]. In 2012, the University
of California used an experimental method to realize the
application of OAM multiplexing technology in communi-
cation in the field of optics. Mahmouli and Walker realized
video transmission at 60 GHz through a laboratory experi-
ment [4]. In the same year, Wang. J, et al. of Huazhong Uni-
versity of Science and Technology used a stepped reflector
antenna based on OAM to complete information transmission
in tbps [5], and the spectral efficiency reaches 95.7 bit/s/Hz.
In 2013, a French team proposed a method to change
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the dielectric constant for achieving different phase feeds.
Dr. D. Zelenchuk of the United Kingdom used a rotating
phase plate method to complete the generation of 10 GHz
vortex waves. In the same year, the Chinese Academy of
Sciences developed vortex wave communication as a prere-
search project. In 2016, a research team at Tsinghua Univer-
sity successfully designed and completed the first microwave
band OAM electromagnetic wave transmission with 27.5 km
distance.

The principle of vortex electromagnetic wave is to add
a phase factor to the plane electromagnetic wave, thereby
enabling the electromagnetic wave radiated into the free
space to have a spiral wavefront structure. At present,
the methods for designing an antenna capable of generat-
ing a vortex electromagnetic wave mainly include an array
antenna, a transmission grating [6], [7], a spiral phase plate,
and a parabolic antenna. The antenna is divided into a feed
antenna and an array antenna depending on the production
method [8], and the feed antenna is divided into a reflec-
tion type and a transmission type. The reflective type has a
spiral parabolic antenna, a porous medium reflection array,
and a spiral phase plate. The transmission type has a feed
network array antenna and a phased array antenna [9]. The
array antenna enables each antenna unit to have different
phases by designing different feed networks. The phased
array antenna generates OAM electromagnetic waves through
the time switch array, thereby causing the feed delay.

As a device for radiating vortex beams, a vortex antenna
needs to meet the application requirements of the OAM
related characteristics - multiple mode multiplexing trans-
mission. OAM has great application value because of its
multiplexed transmission noninterference characteristics.
Designing a multimode vortex antenna and continuous
switching mode based on the traditional vortex antenna has
been widely investigated. At present, the commonly used
switching device in practice is a pin diode [10]-[15], which
has the same function as a multichannel radio frequency
(RF) switch. However, the latter can immensely reduce the
number of devices used and conserve controller pin resources
in actual design.

This paper proposes an electronic reconfigurable mul-
timode OAM patch array antenna using single pole dou-
ble throw (SPDT) RF switch that can complete dynamic
switching of three modes (—1,0,1) at 2.4 GHz. The RF
switch is controlled through the programmable microcon-
troller (STC89C52RC) to select the different phase-shifted
feeder networks for dynamically switching the OAM mode.
The feasibility of radiating vortex electromagnetic waves of
microstrip array antennas and the scheme of reconfigurable
vortex antennas is designed and discussed in [5].

Il. VORTEX ELECTROMAGNETIC WAVE PRINCIPLE

The study of OAM originates in the field of optics. It has
been vigorously developed in wireless communications in
recent years. Two feature quantities are found during wave
propagation in free space. Among them, OAM is a

48600

/—Microstrip phase shift

Substrate

Ground

| LED2

IS =

E m
mis o
P

o o

TS
U = |c|=

cecoccccacccccccacaati.c

7l

(b)

FIGURE 1. Structural decomposition of the multimode OAM antenna
system. (a) Antenna part perspective, (b) 3D top view of the control circuit
section.

feature associated with the 3D structure. The OAM and phase
wavefronts are different. The angular momentum of the elec-
tromagnetic field on the basis of classical dynamics [16], [17]
can be expressed as follows:

J=/e,xRe\ExB*\dv (D
J=L+S 2)

In particular:

mo . 27, L =1
il ( iy _ >4 2
[roveym=fr 2 o
S =8fRe {E*}dv 4)
L =—irxV) ®)

where L represents the OAM, and S represents the spin
angular momentum. L = —i(r x V) represents the vector
operator of OAM, A represents a vector bit function, the theo-
retical analysis of spin angular momentum has three different
modes, and the OAM theoretically has a myriad of different
modes. As shown in Equation 2, the OAM is related to the
position vector and electromagnetic wavefront. The vortex
electromagnetic wave carrying OAM is expressed as:

U(r, ) = A(r) - €% (©6)
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FIGURE 2. Microstrip antenna part schematic. (a) Antenna part perspective, (b) Chip pin connection diagram. (c) Feed network, (d) Schematic of

—1,0,1 mode feed network reconstruction.

A(r) represents the amplitude of the signal, r represents the
radius of radiation, ¢ represents the azimuth angle, and /
represents the mode of the generated electromagnetic wave.

As shown in the following formulas [18], [19], multiplex
transmission of the OAM can be realized without interfer-
ence because the vortex electromagnetic waves of different
modalities are orthogonal to each other, making it suitable in
the field of communication.

The empirical formula based on the vortex electromagnetic
wave is expressed as:

_ 2l

Ap = 7
= (7N
N

—3<l<% 8)

where N represents the number of array elements of the
array antenna, Ag represents the phase difference between
the array elements, and / represents the number of modes.
The designed antenna in this solution uses the principle
of a switched-line phase shifter and the switching delay line
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technology of SPDT switch to control microwave signals for
passing through two transmission lines with different electri-
cal lengths to obtain different phase states A¢. The difference
between the phase shifts of the two states is determined by
electrical length AL of the two paths:

21
Ap = - x AL 9)

Ill. ANTENNA SYSTEM SOLUTION

The proposed multimode OAM antenna structure is shown
in Fig. 1. The entire antenna system is divided into two
parts, namely, the microstrip antenna and the control circuit.
As shown in Figure 1 (a), the microstrip antenna has a three-
layer structure, namely, a radiant piece, a dielectric substrate,
and a ground plane from top to bottom. The phase shifting
part of the feed network is added, and the working principle
is described in detail later. Fig. 1 (b) shows the 3D top view
of the control circuit section. Sixteen channels of DC signals
are generated to drive the RF switch.
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FIGURE 3. Schematic of control circuit.
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FIGURE 4. Switch chip pin description.

TABLE 1. Truth table.

Control input Signal path state
A B RFC to
Low High RF1
High Low RF2

FIGURE 5. Chip numbering diagram.

A. RADIATION PATCH AND FEED NETWORK DESIGN
As shown in Figure 2 (a), the antenna portion consists of
a four-element microstrip patch array and a reconfigurable
phase-shifted feed network.

Four phases shifting units are found, and each phase
shifting unit can provide 0° or 90° signal phase shift,
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TABLE 2. Different modes of pin status.

Chip 0 1 -1
Number A B A B A B
1 High Low Low High High Low
2 Low High High Low Low High
3 High Low High Low Low High
4 Low High Low High High Low
5 Low High Low High High Low
6 High Low High Low Low High
7 Low High High Low Low High
8 High Low Low High High Low

TABLE 3. Designed parameter values of the OAM antenna (Size: mm).

NO. Parameters Value, mm

1 L 37.2
2 w 27.95
3 R 78.4
4 Al 0.47
5 A2 0.68
6 A3 1.59
7 A4 11.7
8 A5 15.3
9 A6 15

consisting of two RF switches and phase shifting microstrip
lines. Figure 2 (c) shows the feed network. The length and
width of A1-A4 segments are designed on the basis of the
microstrip line impedance matching principle. The recon-
struction of different mode switching feed network is shown
in Figure 2 (d). Different signal paths are selected by control-
ling the RF switch, thereby enabling the signal arriving at the
radiating patch to have a certain phase difference. Figure 2
(b) shows the connection diagram of the switch chip, where
the DC signal is represented in red, and the RF signal is
represented in yellow. The microstrip line connected to the
RF pin is subjected to tearing treatment to minimize the loss
in the RF signal transmission. The RF signal input adopts the
coaxial feeding mode. The diameter of the grounding area of
the mounting hole is larger than the diameter of the dielectric
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FIGURE 6. Simulated electric field phase (upper) and S11 (lower)
distribution at 2.4 GHz for (a) / = +1, (b)/ =0, (c) | = —1.

through hole to prevent signal short circuit because the signal
axis of the SMA head cannot be in contact with the ground
plate.

B. CONTROL CIRCUIT SCHEME PRINCIPLE

As shown in Figure 3, the control circuit uses an
STC89C52RC microcontroller as the main controller, and the
minimum working system is designed on the basis of circuit
principle theory. Sixteen DC signals are generated to drive
the RF switch chip. The RF chip used is HMC536MS8G.
HMC536MS8G is ideal for:

o Cellular/PCS/3G infrastructure
o ISM/MMDS/WiMAX

o CATV/CMTS

o Test instrumentation
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FIGURE 7. Actual processed antenna and test installation diagram.

The RF switch chip has a total of eight pins, three for RF
input and output, two for ground, one for floating or ground,
and two control pins. After completing the basic control
design, a bypass capacitor is introduced on each control line
to bypass the high-frequency signal that is returned to the
microcontroller and prevent crosstalk between AC and DC.
Figure 4 and Table 1 show the operation of the RF switch
chip.

The microcontroller used in this design needs approxi-
mately 1 pus to execute a statement and takes 10 us to com-
plete each modal configuration. Theoretically, the proposed
antenna can switch to 10% times per second.

C. MULTIMODE OAM ANTENNA WORK PRINCIPLE
The pin states of the individual chips in different modes
are given in accordance with the chip sequence marked
in Figure 5. Three modes can be generated through the
combination of different states of the eight switches. The
reconstructed feed network is shown in Figure 2 (d).

IV. NUMERICAL SIMULATION AND ACTUAL
MEASUREMENT

The numerical simulation analysis of the antenna shown
in Fig. 2 (a) was conducted on 3D electromagnetic simulation
software HFSS (Ansoft), and the equivalent simulation of
the reconstructed antenna under the combination of eight
different switch states was performed. The specific microstrip
antenna parameters are shown in Table 3. The substrate is
FR4, with relative permittivity ¢ = 4.4, loss tangent tan
8 = 0.02, and thickness H = 1.6 mm.

The simulated reflection coefficients of the proposed OAM
antenna at different modes are shown in Figure 6 (from
top to bottom +1, 0, —1 mode). The designed antennas in
different modes are less than —10 dB at 2.4GHz, the fre-
quency of simulated reflection coefficient |S11| < —10 dB
ranges from 2.41 GHz to 2.48 GHz for the mode 0, and the
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FIGURE 8. Numerical simulation and actual test values of OAM antenna S11 under different modes: (a) +1, (b) 0, (c) —1.

frequency ranges from 2.36 GHz to 2.48 GHz for the mode
+1. As shown in Figures 6 (a) and (c), the phase of the elec-
tromagnetic wave radiated by the proposed antenna design
at 2.4 GHz has a distinct spiral structure, that is, a vortex
electromagnetic wave is generated. The +1 and —1 modes
carrying the OAM are smaller than the return loss of 0 mode.
The bandwidth is wide, and the frequency selectivity of the
three modes is better.

The actual fabricated antenna is shown in Figure 7. The
dielectric substrate is FR-4, the chip is hand soldered, and
the antenna feed mode is 50 2 back coaxial feed. The test
process controls different combinations of RF switches by
programming different programs to generate three modes.
Each circuit DC signal voltage in the control circuit
is > 4.5 V, and a multimeter is used to verify that the
eight chip switches are in normal operation and is sent to
the test. The antenna return loss test is conducted using an
Agilent vector network analyzer platform. Considering that
the antenna control circuit is a DC circuit, the spacer is
designed to prevent the DC signal from entering the AC
part and causing damage to the LNA and other circuits.
Another function of the DC-blocking circuit is to perform
secondary impedance matching at the signal feeding. The
impedance of the high-frequency signal flowing into or out
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of the RF switch is large, thereby seriously affecting the
normal operation of the impedance matching network, and
the signal loss is extremely large. At the signal feed point,
the secondary impedance matching is performed by the
DC-blocking circuit. Figure 7 shows the DC matching circuit
used in the test.

Experiments were performed in a microwave anechoic
chamber to verify the results of simulation analysis [20], [21].
Considering that the electromagnetic waves emitted by the
designed antenna have a helical phase wavefront structure,
verification of the simulation analysis results requires testing
the plane phase distribution in the microwave anechoic cham-
ber to prove the OAM beam. The experimental test chart is
shown in Figure 7. The probe uses a rectangular waveguide
and is placed in strict alignment with the center of the antenna.

The waveguide is 600 mm from the antenna plane,
the detection plane size is 110 mm x 110 mm, and the
sampling interval is 5.5 mm. The phase distribution of the
electric field in three modes was experimentally measured.

Figure 8 shows the comparison of the plane phase diagrams
of the three modes of the designed OAM antenna. From left to
right(1, 0, and —1 modes), the first behavior is the field phase
diagram simulated on HFSS. The second behavior is the
plane field phase diagram of the microwave darkroom test,
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FIGURE 9. Numerical simulation and actual test values of OAM antenna
S11 under different modes.

and the third behavior is the 3D phase diagram drawn from
the measured data. From the comparison of the above simu-
lation and the actual test, the designed antenna successfully
generates the vortex electromagnetic wave. However, some
problems are found between the simulation and test results.
The spiral on the observation surface is rough. This problem
is mainly because the sampling interval is excessively large.
Unexpected parts are found in the phase diagram, which may
be because of improper array radius setting and differences
in chip bonding.

Figure 9 shows the comparison between the three modes of
numerical simulation and actual test return loss parameters.
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As shown in Figure 9 (b), the resonant frequency of the OAM
antenna in the 0 mode agrees well with the numerical simula-
tion. As shown in Figures 9 (a) and (c), the resonant frequency
points are slightly offset when the OAM antenna is in the
+1 and —1 modes, as previously discussed. The designed
antenna has a return loss of less than —10 dB when gen-
erating three mode electromagnetic waves at 2.4 GHz. The
antennas designed in different modes are less than —10 dB
at 2.4GHz, the frequency of measured reflection coefficient
S11| < —10 dB ranges from 2.38 GHz to 2.55 GHz for the
mode 0, and the frequency ranges from 2.35 GHz to 2.54 GHz
for the mode +1.

V. CONCLUSION

In this paper, the numerical simulation and physical produc-
tion test of the proposed integrated multimode OAM antenna
based on RF switch are conducted. The test results show that
the designed antenna can generate three modes (+1, 0, —1)
of vortex electromagnetic waves at 2.4 GHz, and the three
modes can be dynamically switched by controlling the RF
switch. The experimental results demonstrate the feasibility
of RF switch application in the design of multimode vortex
antenna. The designed antenna is of great significance in
OAM multiplexing communication and high-resolution radar
imaging.
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