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ABSTRACT: In this paper, we present a dual-mode, dual-polarized orbital angular momentum (OAM) antenna, implemented as a four-
element uniform circular array (UCA) with a series-fed network on a single-layer substrate. The novelty of the antenna lies in its ability
to generate four orthogonal states simultaneously in a single transmission channel — two from [ = +1 OAM states and two from
vertical/horizontal polarizations — without requiring multilayer feeds or complex phase-shifting networks. Full-wave simulations and
experimental measurements have been used to validate the antenna’s performance within the 5.85-6.1 GHz band. Far-field radiation
patterns exhibit the characteristic vortex-beam profile, featuring a conical shape with a central null, while phase distributions reconstructed
via FFT-based holography confirm the generation of distinct OAM modes. The antenna has four feed ports; of these, activating Ports 1
and 4 yields the highest OAM modal purity at 6 and 6.1 GHz, while Ports 2 and 3 peak in purity at 6.1 GHz. Owing to its compact,
reconfigurable architecture, the designed and tested antenna is well-suited for integration into space- and power-constrained platforms

such as UAVs, IoT devices, and full-duplex MIMO systems.

1. INTRODUCTION

Since the early days of analog voice transmission in the first-
generation cellular networks, to the applications enabled by
5@, such as video conferencing, virtual reality, cloud comput-
ing, and smart internet of things (IoT) systems, the evolution
of wireless communication has been both rapid and transfor-
mative. With the advent of 6G, there will be a demand for
data rates exceeding 10 Gbps [1], along with more spectral ef-
ficiency and massive connectivity support. Addressing these
challenges requires innovations at the physical layer, includ-
ing a higher spectrum utilization and advanced multiplexing
strategies. In this regard, orbital angular momentum (OAM)
has gained recognition on a global scale for its ability to ad-
dress these needs. Furthermore, the ITU-R Working Party 5D
(WP 5D), responsible for terrestrial elements of International
Mobile Telecommunications (IMT), has highlighted OAM as
an enabling technology for IMT-2030 (6G) networks [2].

Since Thidé et al.’s 2007 work [3], OAM has attracted atten-
tion in the radio frequency (RF) domain. OAM-carrying vor-
tex beams feature a helical phase structure described by e7*?,
where j is the imaginary unit, [ the OAM mode number, and
¢ the azimuthal angle. Over a full 27 rotation, the phase of
an OAM wave advances by 27, leading to a helical wavefront
whose number of spirals per wavelength is determined by the
OAM mode number. These beams exhibit two key characteris-
tics: orthogonality between different modes and the divergence
of beams. The property of orthogonality can be utilized for
multiplexing to increase the capacity and spectrum efficiency
in communication systems [4], whereas the divergence prop-
erty can be used in the future to replace conical scanning anten-
nas [5, 6].
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Since their original design, OAM beams have been gener-
ated using various techniques across optical, acoustic, and ra-
dio frequency (RF) domains. In RF, methods include spiral
phase plates, holographic gratings, metamaterials, and espe-
cially uniform circular arrays (UCAs) [7, 8], which stand out
for their compactness and phased array compatibility. How-
ever, most UCA-based designs require switches or complex
feeds for mode and polarization control [6,9—-13]. The pro-
posed antenna (Fig. 1) is more simplified in its design, enabling
+1 OAM modes in both polarizations solely by port selection.

Recent research on OAM antenna design has focused on im-
proving mode configurability and polarization diversity, while
simplifying feeding mechanisms, though often this leads to
greater structural or circuit complexity. For instance, Rao et
al. [9] employed three PIN diodes to switch among modes 0,
+1, and —1 using a circularly polarized (CP) UCA and cen-
tral linearly polarized (LP) elements, though the configura-
tion produced linearly polarized OAM modes. Veerabathini et
al. [10] used stacked dual-feed networks to excite rotated ellip-
tical patches for dual-mode generation. An et al. [11] proposed
a passive ring array, leveraging spatial rotation for fixed-mode
generation, offering structural simplicity but limited flexibil-
ity. Naseri et al. [12] avoided diode switching by integrating
varactor-based phase shifters into a low-profile UCA for tun-
able =1 modes. Wu et al. [13] demonstrated a sequentially ro-
tated feed network for wideband dual-CP OAM generation with
high purity.

Unlike prior works that rely on electronic components or
stacked feed networks for mode control, the antenna proposed
in this work can uniquely achieve four distinct OAM states (%1
vertical and £1 horizontal polarizations) without any electronic
switches, multilayer feed networks, or phase shifters. Hence,
the orthogonality of OAM modes and the orthogonal polariza-
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FIGURE 1. Proposed antenna. (a) Design and vortex beam of port 1 excitation. (b) Implementation.

tions of beams enable us to achieve four orthogonal states in
one communication channel. The proposed antenna is a single-
layer, series-fed UCA with four ports, implemented on a low-
loss RO4003 substrate. Reconfigurability is achieved solely
through port selection, enabling variations of both the OAM
mode and polarization, without any active components or com-
plex feed structures. This results in a highly compact, struc-
turally simple and reconfigurable platform for dual-polarized
OAM communication. This design is particularly well suited
for integration into space- and power-constrained systems such
as unmanned aerial vehicles (UAVs) or IoT platforms. More-
over, the orthogonal feeding scheme proposed in this work is
well aligned with the full-duplex MIMO schemes [14].

2. ANTENNA DESIGN

2.1. OAM UCA Theory

An OAM-generating UCA with N microstrip elements, repre-
sentatively shown in Fig. 2, is designed such that the first and
last elements are fed with equal amplitude, and a total phase
difference of 27/ is introduced across the array. This design en-
sures that each consecutive element is fed with a uniform phase
increment of 0 = 271/ N, where [ is the OAM mode number.
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FIGURE 2. N-element OAM generating UCA.
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Under this configuration, the array can generate OAM modes
satisfying the condition in (1).

~N/2<1<N/2 (1)

The excitation of the nth element in the uniform circular ar-
ray (UCA) to generate an OAM mode [ is given in phasor form
by

I, = I/t (=D, — 12 N) @)
where ¢ is the initial excitation phase of the first element, [
the OAM mode number, and I the excitation amplitude. The
progressive phase shift between adjacent elements is denoted
by 0 = 2xl/N, as illustrated in Fig. 2.

The total electric field at a far-field observation point P, due
to IV isotropic elements uniformly spaced on a circle of radius
a, is given by

N

le” 7" 3 edlkasindcos6—pn)+oo+n—13el
T

E(r,0,¢) =

n=1

A3)
where ¢, = 2m(n — 1)/N is the azimuthal angle of the nth
element. This formulation corresponds to the generation of an
OAM mode of order [, with a total azimuthal phase variation of
2wl across the array. For instance, to generate the mode [ = +£1
with N = 4 elements, the phase difference between adjacent
elements is A¢ = +90°.

2.2. Proposed OAM UCA Design

In this work, we introduce a compact, single-layer feeding
structure capable of generating dual-mode, dual-polarized
OAM beams with a four-element UCA, as illustrated in Fig. 1.
A series-fed network along both the x- and y-axes ensures
equal power division and precise phase progression for | = +1
modes. The UCA radius is optimized to 29 mm, enabling
accurate inter-element spacing and required phase shifts. To
compensate for the 180° polarization reversal between the
second and third patches, the interconnect line is lengthened to
add a 180° phase shift, yielding a total 270° phase difference.
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FIGURE 3. Co-design framework of the series-fed UCA. Each patch
element is modeled with two ports (e.g., ANT1 P1: port 1 of patch
1, ANT1 P2: port 2 patch 1), resulting in an eight-port representation
of the four-patch array. The transmission line sections (e.g., TL2: in-
terconnect between patch 1 and patch 2, TL3: interconnect between
patch 2 and patch 3, TL4: interconnect between patch 3 and patch 4)
connect adjacent antenna elements in series. Ports 1 and 2 indicate the
symmetric excitation points located at the opposite ends of the array.

The feeding network was initially designed for a single linear
polarization and subsequently reused for dual-polarized opera-
tion by rotating the structure by 90°. To ensure proper per-
formance in both polarizations, a final joint optimization of
the complete four-port configuration was carried out at the end
of the design process. This approach enabled dual-polarized
OAM generation using a single compact, single-layer feed
structure without the need for multilayer substrates or addi-
tional circuitry. Building on this conceptual configuration, the
detailed feeding network was designed and optimized as fol-
lows. First, a single patch element with input and output ports
was modeled in CST Microwave Studio. Four identical ele-
ments were then arranged in a circular configuration, forming
an eight-port UCA model. The S-parameters of this model
were extracted to characterize the input impedance and trans-
mission behavior of the cascade. The schematic model was then
coupled with a 3D microstrip interconnect layout in CST, as il-
lustrated in Fig. 3. In this hybrid schematic — 3D environment,
the imported antenna S-parameters (left block) were embedded
together with the parametrized interconnects (right block), en-
abling mixed-mode co-simulation. The interconnect lines were
optimized using a particle swarm optimization (PSO) routine,
with the objective function defined to achieve: (i) return losses
below —10dB at both ports for the design frequency, and (ii)

TABLE 1. Essential geometric and electrical parameters of the antenna.

Parameter Symbol/Ref. Value/Notes
Patch length Lp 12.5mm
Patch width Wp 12.5mm

Substrate - RO4003C

Substrate thickness h 0.813 mm
Copper thickness tcu 35 um
TLO, TL6 width wo, We 0.5mm
TL1, TLS width w1, Ws 1.2mm
TL2, TL4 width wa, W4 1.2 mm
TL3 width w3 1 mm
Reference frequency fo 6.0 GHz
Connector type - SMA end-launch, 50 2
Connector part number - Amphenol 132323

241

correct cumulative phase progression, including the necessary
compensation between the second and third elements. The op-
timized design parameters are summarized in in Table 1.

With the optimized feeding network in place, the antenna
supports selectable OAM modes and polarizations through port
excitation. Specifically, Ports 1 and 4 generate [ = +1 modes,
while Ports 2 and 3 generate | = —1. The beams from Ports
1 and 2 are y-polarized, and those from Ports 3 and 4 are x-
polarized. The four-port antenna is designed and implemented
on a 0.813mm thick RO4003 substrate with dimensions of
12.6cm x 12.6 cm.

3. ANTENNA MEASUREMENT SYSTEM

In this section, a brief description of the antenna measurement
system is provided. Antenna measurements were conducted in
an anechoic chamber of the Sabanci University Nanotechnol-
ogy Research and Application Center (SUNUM) using a vector
network analyzer and a spherical near-field antenna measure-
ment system. The setup incorporates automated positioners that
enable independent rotation in both azimuth (¢) and elevation
(0) directions, as illustrated in Fig. 4. The antenna under test
placed in the anechoic chamber is shown in Fig. 5.

I 1
| >R |
1 1
1 1
1 1
1
Dual-pol [}
measurement Antenna
3 D-axis
o V Pos. Dire({tion
-pol z AUT Of Rotation
D-pol
B-axis X

Pos. Direction
Of Rotation

Anechoic chamber

FIGURE 4. Schematic representation of the anechoic chamber measure-
ment setup and axis definitions for antenna characterization [15].

4. RESULTS AND DISCUSSION

This section presents the results of the antenna simulations
and measurements. The designed antenna was analyzed in
Computer Simulation Technology (CST) Studio Suite 2022 us-
ing the frequency-domain solver. For experimental validation,
the dual-mode OAM antenna was measured to obtain its S-
parameters, realized far-field gain pattern, and phase distribu-
tion. In Fig. 6, the simulated and measured port reflection co-
efficients are presented.

To assess the polarization performance and verify OAM
mode generation across the operating band, the radiation pat-
terns measured for each port are analyzed below. The radiation
pattern measurements were conducted sequentially for horizon-
tal (y-polarized) and vertical (z-polarized) polarizations, and
the full 2D results for | = +1 for both z- and y-polarizations are
presented in Figs. 7 and 8. Each figure shows six subplots, cov-
ering both polarizations at 5.9, 5.95, and 6.0 GHz. The valley
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FIGURE 5. Measurement setup in the anechoic chamber, showing the
dual-mode OAM antenna under test (inset: fabricated antenna).

(b) 360°

(a) 360°

FIGURE 7. Equirectangular projection of measured Port 1 patterns. Left
column: y-pol (co-pol). Right column: z-pol (cross-pol). Rows corre-
spond to (a), (b) 5.9 GHz, (c), (d) 5.95 GHz, and (e), (f) 6.0 GHz.

alongside § = 0° in the equirectangular projection of the mea-
sured patterns corresponds to the null at the beam center. When
the locations of peak gain values are analyzed in these plots,
they clearly reveal the principal radiation directions. Conse-
quently, radiation cuts were also taken at ¢ = 45° for Ports 1
and 2, and at ¢ = 135° for Ports 3 and 4, which are not E- and
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FIGURE 6. Measured and simulated port reflection coefficients.
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FIGURE 8. Equirectangular projection of measured Port 4 patterns. Left
column: y-pol (cross-pol). Right column: x-pol (co-pol). Rows corre-
spond to (a), (b) 5.9 GHz, (c), (d) 5.95 GHz, and (e), (f) 6.0 GHz.

H-planes of the antenna, but rather in the region between these
planes. For comparison with the simulated realized gain, the
total measured gain was computed by coherently summing the
power contributions of both polarizations as below.

Gmeas = 101og;, (10Gm/10 + 10Gy/10> )

Www.jpier.org
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The combined measurement is shown alongside the simu-
lated gain in Fig. 9. The radiation cuts are taken at ¢ = 45° for
Ports 1 and 2, and at ¢ = 135° for Ports 3 and 4. These selec-
tions are appropriate, as the two port groups are orthogonally
oriented with respect to each other.

Port 2 Meas.
"""" Port 2 Sim.

Port 1 Meas.
"""" Port 1 Sim.

Port 4 Meas.
----- Port 4 Sim.

Port 3 Meas.
"""" Port 3 Sim.

FIGURE 9. Measured and simulated realized gain patterns. (a) Port

1 excitation. (b) Port 2 excitation. (c) Port 3 excitation. (d) Port 4
excitation.

Furthermore, Fig. 10 depicts the peak values of the mea-
sured realized gain across the 5.8-6.25 GHz frequency range
for all four ports. The peak realized gain values are extracted
along azimuthal planes of ¢ = 45° for Ports 1 and 2, and
¢ = 135° for Ports 3 and 4. These planes are determined
as the dominant directions of the OAM radiation. A dip in
gain is observed between 5.85 GHz and 6.1 GHz, correspond-
ing to the frequency range where the OAM mode is most effec-
tively generated. In this frequency range, the antenna produces
a doughnut-shaped beam with a divergence angle of approxi-
mately 30° (See Fig. 9), resulting in a lower peak gain due to
the reduced directivity. The observed increase in gain beyond
6.15 GHz indicates a transition toward a more directive radia-
tion pattern, where the antenna behavior deviates from vortex-
mode characteristics and begins to concentrate energy closer to
the boresight.

5.5

e Port 1 (¢h = 45°) = Port 2 () = 45°)
S| s PoIt 3 () = 135°) mmmmm Port 4 ( = 135°)

w R
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w

5.9 6 6.1
Frequency/GHz

6.3

FIGURE 10. Measured realized gain versus frequency for each port of
the proposed antenna. The peak realized gains are 2.55 dBi (Port 1),
1.80dBi (Port 2), 1.75 dBi (Port 3), and 2.79 dBi (Port 4).
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Finally, the phase distributions were obtained 30 cm away
from the antenna, using the fast Fourier transform (FFT) holo-
gram reconstruction algorithm provided in NSI2000 software,
with an FFT size of 1024 x 128. The spatial extent of the recon-
structed field distribution spans 0.3048 m along both the z- and
y-axes. The results are presented in Fig. 11 for Ports 1 through
4. Since Port 1 and Port 2 are primarily y-polarized, only the
E, phase distributions are shown for these ports. Conversely,
as Port 3 and Port 4 are x-polarized, only the F, phase distri-
butions are provided. For each port, distributions are given at
6.0 GHz and 6.1 GHz to illustrate frequency dependence. The
phase contours indicate purer OAM behavior for Ports 1 and 4
at 6.0 GHz, while Ports 2 and 3 exhibit clearer mode formation
at 6.1 GHz.

To quantify these observations, simulated OAM mode pu-
rities were computed at the same observation plane (z =
300mm) on circular sampling contours of » = 90 mm and
r = 120 mm. Table 2 summarizes the simulated purities for
Ports 1 and 4 at 6.0 GHz and 6.1 GHz. Consistent with the
phase contours, Ports 1 and 4 attain higher purities at 6.0 GHz,
whereas Ports 2 and 3 show a marked increase at 6.1 GHz. This
agreement between the measured phase distributions and sim-
ulated purity values supports the OAM performance of the pro-
posed antenna.

TABLE 2. OAM purity evaluated at an observation plane 300 mm from
the aperture and along circular contours of radius 90 mm and 120 mm.

6.0 GHz 6.1 GHz
Port | r (mm) | Purity (%) | Port | » (mm) | Purity (%)

! 90 84.5 ! 90 64.7
120 92.9 120 78.2

5 90 76.6 5 90 69.8
120 88.3 120 84.8

3 90 75.8 3 90 71.2
120 88.1 120 84.5

4 90 81.3 4 90 64.1
120 90.6 120 78.5

To contextualize the performance of the proposed antenna,
Table 3 summarizes representative OAM antenna designs re-
ported in the recent literature. The comparison highlights
the diversity of element types, reconfiguration mechanisms,
and structural choices employed in prior works, ranging from
stacked dual-feed patches and aperture-coupled CP elements
to substrate integrated waveguide (SIW)-based MIMO struc-
tures with varactor tuning. Most of these approaches rely on
multilayer configurations [16, 17], active components such as
PIN diodes or varactors [16, 18], or complex feeding networks
[17] to achieve mode reconfigurability or polarization diversity.
While such methods enable flexibility, they also increase fab-
rication cost, insertion loss, and structural complexity. Other
studies have pursued high gain or dual-band operation [19] but
typically support only a single polarization. In contrast, the pro-
posed antenna achieves dual-mode (I = +1) and dual-linear
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TABLE 3. Comparison of the proposed antenna with representative OAM antenna designs in the literature.

Freq. L Gain . 3 Element
Ref. (GHz) Polarization | | (dBi) N Layer Size (mm®) Type Reconfig. Method
HP +1 Stacked
HP -1 -
[16] | 2.29-2.59 52 | 4 | Three-layer | 170 x 170 x 7.8 dual-feed PIN diodes in feed
VP +1 microstrip
VP 1 patches
Aperture- . .
LHCP +1
[17] | 3.37-3.41 3.5 | 8 | Dual-layer | 158 x 158 x 3.95 coupled SPIE :efsﬁilgnd“ﬁif d‘g’;;h
RHCP -1 CP patches P &
+45° Slant | +1
+45° Slant | —1 . SIW-based . .
[18] 3.8-44 _45° Slant | 41 >6 | 8 | Single-layer - MIMO elements Varactor diodes in stubs
—45° Slant | —1
Dual-band
[19] | 5.3/5.77 LHCP +1 | 9.6/11 | 8 | Single-layer | 150 x 140 x 1.6 LHCP -
slotted patches
HP +1
HP -1
Prop. | 5.85-6.1 279 | 4 | Single-layer | 126 x 126 x 0.813 | Rec@neular | i endent Port Excitation
VP +1 patches
VP -1

HP: horizontal polarization; V

-180°

P: vertical polarization; LHCP: left-hand circular polarization;
RHCP: right-hand circular polarization; SIW: substrate-integrated waveguide.

-90°

0° 90°

_ @

180°

FIGURE 11. Measured phase distributions for all of the antenna ports at 6 GHz and 6.1 GHz. (a) Port 1 (I = +1) E, at 6 GHz. (b) Port 1 (I = +1)
E, at 6.1 GHz. (c) Port2 (I = —1) E, at 6 GHz. (d) Port2 ({ = —1) E, at 6.1 GHz. (e) Port 3 (I = —1) E, at 6GHz. (f) Port3 (I = —1) E; at
6.1 GHz. (g) Port 4 (I = +1) E, at 6 GHz. (h) Port4 (I = +1) E, at 6.1 GHz.

polarization operation within a compact single-layer UCA, re-
lying solely on port selection without active components, mul-
tilayer stacking, or external phase shifters. This distinction un-
derscores the structural simplicity, fabrication economy, and
integration potential of the present design compared with exist-
ing approaches.

5. CONCLUSION

As presented, this paper proposes a dual-mode, dual-polarized
OAM antenna, which is a four-port, four-element UCA with
a series feeding network. The novel multi-port series feeding
network simplifies the structure of the antenna and allows for
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a single-layer RO4003 substrate to be used for easy implemen-
tation. The proposed antenna is capable of generating OAM
modes of 1 in both vertical and horizontal polarizations. The
mode switching and polarization selection are done through a
port selection which avoids the need for multilayer feeds or
complex phase-shifting networks. The subsequent full-wave
simulations and measurements suggest that the antenna can op-
erate as an OAM antenna within the 5.85-6.1 GHz band. The
vortex-beam profile and phase distributions also confirm the
generation of distinct OAM modes in both orthogonal polar-
izations. The low-profile and small footprint architecture of
the antenna allows for integration into various applications, in-
cluding UAVs, IoT devices, and full-duplex MIMO systems.
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