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Abstract –This paper presents a Uniform Circular Array
(UCA) antenna of crossed-dipole that can excite vortex
waves in a wide frequency range from 3.5 GHz to 8.4
GHz. In the design process, the theoretical derivation of
the influence on the Orbital Angular Momentum (OAM)
when the antenna elements are arrayed in Co-directional
Antenna Array (CAA) and Rotational Antenna Array
(RAA) is given respectively. The fixed mode of the
dipoles CAA is achieved by feeding each element with
equal amplitude and 90◦ phase difference produced by
the broadband feeding network. Furthermore, the pro-
posed broadband OAM array antenna has been fabri-
cated and measured to verify the predicted properties.
The vortex electromagnetic wave with +1 mode could be
excited in the bandwidth of 82.35%. Simulated and mea-
sured results are in good agreement. The proposed OAM
array antenna is simple in design principle, compact in
structure and low in profile, making this array antenna
an excellent candidate for broadband OAM communica-
tion systems.

Index Terms – Broadband, CAA, OAM, RAA, uniform
circular array antenna.

I. INTRODUCTION
Due to the enormous growth in the number of wire-

less devices and the steadily increasing demands brought
on by wireless applications, spectrum has recently been
a barrier for network capacity. Although multiple input
multiple output (MIMO) technology can offer numerous
channels to boost data-carrying capacity, it also requires
the device to use more power. In addition, the introduc-
tion of higher-order modulation and more channels of
MIMO mean that the receiver has higher requirements on
the signal-to-noise ratio of the wireless channel, which
reduces the coverage and the anti-interference degree of
the device [1]. The fundamental basis of orthogonal fre-
quency division multiple access (OFDMA) lies in how
to allocate available bandwidth resources to users more
effectively and optimally, without widening the spectrum
in the meantime [2]. Therefore, the most direct and effec-
tive way to increase capacity is to expand the bandwidth

and increase the spectrum resources. The broadband
vortex electromagnetic wave has many advantages, such
as large communication capacity, good confidentiality,
and strong anti-multipath interference ability. Moreover,
it presents a new degree of freedom as a result of car-
rying orbital angular momentum (OAM). With this new
electromagnetic advantage, channel capacity issues and
low spectrum consumption can be resolved.

Compared with microstrip reflect array [3], shaped
vortex antenna [4], resonant cavity antenna [5], meta-
surface antenna [6], etc., the principle of the array
antenna to generate vortex electromagnetic waves is sim-
ple, the structure is flexible, and the unit forms are vari-
ous [7]. Most importantly, the array antenna could gener-
ate vortex electromagnetic waves with different modes in
a wide frequency range. Array antennas with microstrip
patch as units for OAM applications have the character-
istics of low profile and low cost [8–10]. For dual full-
duplex applications, the multilayer dual-ring UCA real-
izes the generation of dual OAM modes with low inter-
unit coupling. However, its operation bandwidth is nar-
row, with only 21.3% (13.5 GHz∼16.7 GHz) [8]. A two-
looped concentric uniform circular array is designed for
multiplex beams of OAM. Although the sequential rota-
tion of the circularly polarized antenna is used to avoid
the use of the feeding network, the operation bandwidth
is only 8.7% [9]. A mode-reconfigurable wideband OAM
patch array antenna is realized by adopting p-i-n didoes
in the feed network. Both the polarization and the OAM
modes of the 2×2 array can be reconfigurable in the fre-
quency band range of 2.21 GHz∼2.73 GHz (21%) [10].

Dipole array antennas have also been widely used
in the excitation of vortex electromagnetic waves to
expand the OAM bandwidth. In 2017, a broadband (2.1
GHz∼2.7 GHz, bandwidth of 25%) 2×2 array with
dual-polarized and dual OAM modes has been realized
by adopting the bowtie dipole array [11]. The closed-
loop cross-dipole antenna array in the literature [12] can
cover an ultra-wide frequency band from 2.08 GHz to
3.95 GHz (62.02%), using several pillow-like parasitic
patches and a hybrid wideband feeding network. But the
antenna structure is complex and the OAM mode purity
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needs to be improved. In 2021, a broadband magneto-
electric dipole array antenna was proposed for OAM
applications, which could generate ±1 and ±2 modes
from 5 GHz to 10.3 GHz (69.3%). But the bandwidth is
obtained under ideal feeding conditions [13]. In addition,
array antennas with different array element forms are
also proposed to generate vortex electromagnetic waves,
such as Vivaldi antenna [14], horn antenna [15], single
arm helical antenna [16], etc.

In this letter, a wideband uniform circular array
under the CAA arrangement is studied and devel-
oped for broadband OAM communication systems. To
better understand the generation mechanism of vor-
tex electromagnetic waves, the array factors for both
RAA and CAA have been analyzed. Moreover, a wide-
band crossed-dipole and phase shifter are introduced to
expand the bandwidth. Calculations, simulations, and
measurements demonstrate that the antenna can success-
fully excite vortex electromagnetic waves with mode of
+1 in the range of 3.5 GHz to 8.4 GHz (82.35%).

II. DERIVATION AND VERIFICATION
A. Analysis of array arrangement

According to the pattern product theorem of the
array antenna, the pattern generated by N isotropic array
elements is equal to the product of the element factor and
the array factor [17], namely

F(θ ,φ) = Fe(θ ,φ)× fa(θ ,φ).

The unit factor Fe(θ ,ϕ) is related to the form of the
unit, and the array factor fa(θ ,ϕ) is related to the arrange-
ment of the array and the amplitude and phase of the
unit excitation signal. As array characteristics, the vortex
electromagnetic wave can be focused on the array factor
term. The two array arrangements in Fig. 1 belong to the
category of uniform circular array antenna. On the xoy
plane, N cells are evenly and equally spaced on a circle
with a radius of R. The relative position of the nth unit is
(xn, yn), and the angle with the x-axis is ϕn, Taking the
appropriate position as the observation surface, the elec-
tric field vector of the nth unit at the point P(r, θ , ϕ) on
the observation surface can be formulated as:

En =C× In×
e− jkRn

Rn
=C× In×

e− jkr

r
×e− jk(Rn−r). (1)

Among them, C is a constant term; In denotes the
excitation signal of each unit; Rn is the vertical distance
from the observation point P to the nth cell. Here, In
includes the phase signal αn and the amplitude signal
An. The value of the angular beam k is 2π/λ . According
to the unit position vector and the electric field superpo-
sition principle, the total electric field vector of the array

antenna is calculated as follows:

E =
N

∑
n=1

=C× e− jkr

r

N

∑
n=1

In × e j[kasinθ cos(φ−φn)+an]

=C× e− jkr

r
× fa(θ ,φ). (2)

According to (2), it can be seen that the array factor
can be expressed as follows:

fa(θ ,φ) =
N

∑
n=1

In × e j[kasinθ cos(φ−φn)+an], (3)

where αn is the final phase value of the nth element. The
initial phase difference between adjacent array elements
is denoted as ∆α0 and the number of modes excited
by the array as l, also known as the topological charge.
Then, αn=∆α0+2πnl/N. Bringing αn into (3), fa(θ , ϕ)
can be rewritten as follows:

fa(θ ,φ) =
N

∑
n=1

In × e j[kasinθ cos(φ−φn)+∆a0+
2πl
N n]. (4)

When N tends to infinity, the summation should be
considered the integral of the variable ϕ , then (4) can be
obtained as follows:

fa(θ ,φ) =
Nejlϕ

2π

∫ 2π

0
e j[kasinθ(ϕ−φ)+ι(ϕ−φ)]d(ϕ −φ).

(5)
Writing (5) as a Bessel function form of the first

kind, an optimization formula after simplification could
be expressed as follows:

fa(θ ,φ) = N j−ι ejlϕ Jι(kasinθ). (6)
It can be seen from (6) that the field strength of the

far field contains a helical phase factor e jlϕ , which means
that a vortex electromagnetic wave with a topological
charge of l is generated.

Array units with different polarization and arrays
with different arrangements have a great influence on the
OAM performance. For a circularly polarized unit, there
are two ways to form an array: One is that the unit be
translated into array, named the co-directional antenna
array (CAA); the other is that the unit be rotated into an
array, called the rotational antenna array (RAA). Figure 1
depicts the excitation principle of vortex waves in differ-
ent arrays of the same circularly polarized unit.

The chamfered structure is adopted for the array unit
to achieve right-handed circular polarization characteris-
tics, and each component of the electric field vector is
given in Fig. 1. For CAA, as depicted in Fig. 1 (a), the
magnitudes and orientations of the electric field in the X
and Y components of each unit are the same, the magni-
tude in the x direction is 90◦, and the orientation is the
+x direction; the magnitude in the y direction is 0◦, and
the orientation is the +y direction. Therefore, it can be
considered that the initial phase difference ∆α0 between
adjacent elements of the CAA is 0◦. If the nth unit of
the array is fed with an equal step phase delay (2πnl/N)
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(a) (b)

Fig. 1. OAM array antennas in different arrangements:
(a) CAA (unit translation), (b) RAA (unit rotation).

between the elements, the OAM wave with a mode num-
ber of l can be successfully excited.

For RAA, as depicted in Fig. 1 (b), the electric
field characteristics of the array elements in the back-
to-back structure are opposite because the change of the
element handedness leads to the change of the elec-
tric field size and orientation of each element in the
X and Y components, respectively. Therefore, as ana-
lyzed in Fig. 1 (b), the theoretical modal values are no
longer equal to the modal values produced by the model.
The antenna rotates counter-clockwise, so the angle ßn
between the electric field vector of the nth element and
the +x axis is 2π(n-1)/N, then the initial phase differ-
ence between adjacent elements of the RAA ∆α0 = ßn -
ßn−1 is no longer 0◦, but 2π/N. At this time, the elec-
tric field phase delay of the unit can be caused by rotat-
ing the antenna. From this, it can be concluded that the
phase difference caused by the rotation of the antenna in
the RAA is equivalent to the phase difference caused by
applying current excitation in the CAA.

B. Simulation
The two structures in Fig. 1 are employed for addi-

tional simulation verification in accordance with the the-
oretical analysis mentioned above. Both antennas are fed
by wave port excitation; the radius R of the array is about
0.6λ . A square plane with a distance of 1000 mm above
the array antenna is selected as the observation area,
and the component (x or y) in the same direction must
be guaranteed for sampling. The only variation between
CAA and RAA is the array elements’ various orien-
tations. The simulation results of wavefront phase dis-
tribution in different arrangement modes are illustrated
in Fig. 2. As seen, both CAA and RAA with six units
are capable of producing electromagnetic vortices in the
OAM modes of ±1, ±2, and ±3.

The wavefront phase distribution is calculated by
collecting the phase value of each point on the wave-
front plane, which is a square with sides 800 mm. Fur-

(a)

(b)

Fig. 2. Simulated phase distribution of array antenna
under different arrangements: (a) CA, (b) RAA.

thermore, the wavefront plane should be perpendicular
to the radiation direction of the OAM array antenna. As
depicted in Fig. 2 (a), the wavefront phase distribution
corresponds to the OAM simulation results of CAA, and
Fig. 2 (b) corresponds to that of RAA.

Fig. 3. Comparison of the mode purity between CAA and
RAA in different OAM modes.

Obviously, the phase distributions of CAA and RAA
depicted in Fig. 2 are slightly different, which is due to
the array scheme being able to affect the OAM mode
purity. For further clarification on the influence of dif-
ferent arrangements, mode purity has been calculated.
Figure 3 compares the OAM mode purity of the CAA
and RAA in different modes, and the purity of the vortex
waves excited by the CAA is higher than that of the same
vortex waves generated by the RAA [18]. Therefore, to
generate broadband OAM with higher purity, the CAA
arrangement is adopted in the following design.

III. BROADBAND OAM ANTENNA
A. Array design

In order to achieve broadband OAM characteristics,
the crossed dipole with a single asymmetrical cross-loop
is adopted as the array unit [19]. The simulated results
of this unit are depicted in Fig. 4. As seen, the crossed
dipole antenna performs a -10 dB impedance bandwidth
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(IBW) of 47.51% (3.45∼5.60 GHz), and the axial ratio
bandwidth (ARBW) of 61.51% (3.31∼6.25 GHz), which
meet the request of the broadband OAM array antenna.

Fig. 4. Simulated reflection coefficient and axial ratio of
the crossed dipoles.

The configuration and geometric size of the pro-
posed broadband OAM array antenna are illustrated in
Fig. 5. This array antenna consists of four crossed dipoles
arrayed in CAA and a broadband feeding network with
90◦ clockwise phase difference. As shown in Fig. 5 (a),
these four units are printed on the top layer of substrate
1, and the feeding network is printed on the bottom layer
of substrate 2. To save processing cost, the dielectric sub-
strates used in the proposed antenna array are the same,
both of which are FR4 materials (εr = 4.4) with thick-
ness of 0.8 mm.

Taking into account the excitation principle of vor-
tex waves and the integrity of the array antenna structure,
a broadband feeding network is designed, as depicted in
Fig. 5 (b). The feeding network includes an input port
with impedance of 50 Ω and four output ports arranged
in the clockwise direction. A 180◦ phase shifter and two
90◦ phase shifters are cascaded to form the broadband
feeding network. The broadband phase shifter for both
90◦ and 180◦ can be equivalent to the three-port device
shown in Fig. 5 (b). After passing through the three-port
device, one signal is divided into two signals with equal
amplitude and phase difference of 90◦ or 180◦.

The proposed planar balun shown in Fig. 5 (b) is
composed of a wide-band Wilkinson power divider, a
microstrip line with two branches, and an N-shaped
impedance transformation section with 90◦ or 180◦

phase delay. Among them, the 100 Ω isolation resistor,
which plays the role of absorbing echoes and adjusting
port isolation, is welded to the Wilkinson power divider.
These two branches are an open circuit branch and a
short circuit branch connected to a via hole on the ground
to realize a short circuit [20]. The amplitude and phase
imbalance are stable within a wide operation band.

Figure 6 depicts the simulated reflection coefficient
and the phase imbalance results of the feeding network.

(a)

(b)

Fig. 5. Configuration of the broadband OAM array
antenna: (a) 3D view, (b) feeding network.

(a) (b)

Fig. 6. Simulated results of the broadband feeding net-
work: (a) Reflection coefficient, (b) phase shift.

It can be seen from Fig. 6 (a) that the return loss is less
than -10 dB in the frequency range of 3.63 GHz∼6.90
GHz or 62.1%. Additionally, S12, S13, S14, and S15 are
relatively stable, and the maximum amplitude difference
between the four output ports does not exceed 1 dB.
Figure 6 (b) illustrates that these output phase imbal-
ances of the feeding network are stable within the opera-
tion band, and the maximum phase difference of the four
signals is less than ±3◦. Therefore, the feeding network
has good performance, which provides a good guarantee
for the broadband feeding of the CAA.

B. Results and discussions
The processed wide-band OAM array antenna and

feeding network are assembled, and nylon columns are
used to support the upper and lower dielectric substrates.
As the signal input end, a 50 Ω claw-shaped SMA con-
nector is soldered to the end of the microstrip line.
Photographs of the near-field measuring environment
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Table 1: Comparison between reported works and proposed antenna
Ref. Type of Unit Number of

Units
Arrangement Number of

Ports
Bandwidth

[6] Aperture-coupled antenna 24 CAA+RAA 1 21.3% (13.5∼16.7 GHz)
[7] Triangle patch antenna 12 RAA 2 8.7% (8.8∼9.6 GHz)
[8] Circular patch antenna 4 RAA 1 21% (2.21∼2.73 GHz)
[9] Bowtie dipole 4 RAA 2 25% (2.1∼2.7 GHz)

[10] Closed-loop dipole 4 RAA 1 66.9% (2.05∼4.11 GHz)
This work Crossed-dipole 4 CAA 1 82.35% (3.5∼8.4 GHz)

and the antenna’s physical composition are shown in
Fig. 7. The antenna was measured in an anechoic cham-
ber. And a broadband receiving antenna on the 3D scan-
ning platform is used to collect the amplitude and phase
in the near field. The sampling distance varies from 430
mm (3.5 GHz) to 180 mm (8.4 GHz).

Fig. 7. Fabricated prototype of broadband OAM array
antenna, and its measurement environment.

The S parameters of the antenna were measured with
the vector network analyzer (Ceyear 3635D). Addition-
ally, the results of simulation and measurement are plot-
ted in Fig. 8. As seen, these two curves are quite con-
sistent across most frequency ranges, and the measured
results degrade as frequency increases. The test inaccu-
racy results from the FR4 dielectric substrate’s evident
shift in relative dielectric constant with frequency. In
addition, machining and welding processes also cause
inevitable errors in simulation and measured results.
Overall, the consistency between the two is good, and
the measured bandwidth essentially agrees with the out-
comes of the simulation. It is evident that the bandwidth
is greater than that of comparable broadband array anten-
nas and that the -10 dB IBW is 82.35% (3.5-8.4 GHz).
A comprehensive comparison with reported works is fur-
ther conducted, as summarized in Table 1. It shows that
the proposed antenna realizes the broadband OAM with
fewer units and compact arrangement. It also proves that

Fig. 8. Comparison of simulated results and measured
results of reflection coefficient.

the analysis of CAA and RAA in section II are effective
to the design of the OAM array antenna.

The distance between the probe and the proposed
antenna changes continuously with the change of the
test frequency. The fixed scanning range of the wave-
front plane is 6λ 0×6λ 0, where λ 0 is the free-space
wavelength at the center frequency. And the sampling
grid period is 25 mm. In order to prove the broadband
OAM characters, the sampling frequency takes 0.9 GHz
equally spaced steps, followed by 3.5 GHz, 4.4 GHz, 5.3
GHz, 6.2 GHz, 7.1 GHz, 8 GHz, and 8.4 GHz. Figure 9
compares the simulated and measured wave-front phase

(a)

(b)

Fig. 9. Simulated and measured results of wave-front
phase distribution at different frequency points: (a) the
simulated results, (b) the measured results.
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distribution of the broadband OAM array antenna in near
field at different frequency points. Figure 9 (a) illustrates
the OAM phase distribution diagram on the X compo-
nent. The wave front phase diagram of each frequency
point has a clear rotation direction, and it is a curve
rotating counter-clockwise, which means the vortex elec-
tromagnetic beam with mode +1. Figure 9 (b) depicts
the measured results in the near field. It can be seen
that the measured results of each frequency point are in
good agreement with the simulated ones. The OAM vor-
tex characteristics at different frequency points can be
clearly observed from the theoretical simulated and mea-
sured results. Therefore, the proposed broadband OAM
array antenna successfully excited the OAM beam with
mode +1 in the frequency range of 3.5 GHz to 8.4 GHz.

To further demonstrate the effectiveness of the
design method, the simulated and measured OAM mode
purity of each frequency point is plotted in Fig. 10. The
main mode of the proposed antenna is +1, and the purity
is over 70% within the whole operation band. It is clear
that the wide operation band, high OAM mode purity,
compact structure size, and low profile of the proposed
antenna exhibit comprehensive advantages.

Fig. 10. Simulated and measured OAM mode purity at
different frequency points.

IV. CONCLUSION
In this paper, the effects of uniform circular array

antennas on vortex electromagnetic waves are analyzed
with the units placed in different ways. Compared with
the RAA, the CAA arrangement has the advantages of
simple principle, easy design, and high purity of excited
vortex electromagnetic waves. Furthermore, in order to
widen the spectrum resources, a broadband OAM uni-
form circular array antenna is designed, fabricated, and
measured. The simulation and experimental results show
that it exhibits obvious and stable vortex wave charac-
teristics in the wide frequency band of 3.5∼8.4 GHz.
The proposed broadband OAM array antenna has broad

application prospects in underwater short-range commu-
nication, radar imaging, and so on.
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