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Orbital angular momentum (OAM) antennas have recently attracted attention for their potential to enhance communication
capacity and and robustness against interference. However, most existing designs rely on complex multilayer feed structures.
This work presents a compact, single-layer, series-fed dual-mode OAM antenna composed of four patches arranged in a
circular array with a 29 mm radius. The series-feeding network can be excited from two ports to simultaneously generate the
=+1 and /=-1 modes. Measurements were performed in an anechoic chamber to obtain far-field realized gain patterns and
holographic phase distributions in the 6 GHz band. Two identical antennas were also tested in a transmit-receive configuration
in a multipath environment using a two-port vector network analyzer. The maximum realized gains are 3.65 dBi for /= +1 and
4.8 dBi for [ =-1 at 6.1 GHz. The proposed single-layer topology enables dual-mode OAM generation and supports multimode

multiplexing, enhancing spectral efficiency and suppressing interference without added hardware complexity.
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1. Introduction

OAM is a physical layer multiplexing method characterized
by two key properties: the orthogonality of different modes
and beam divergence. Orthogonality can be leveraged for
multiplexing and to enhance capacity and spectrum effi-
ciency in communication systems [1], whereas beam diver-
gence may replace conical scanning antennas in the future
and be used for radio frequency systems such as satellite
communication antennas on vehicles [2, 3]. Owing to the
OAM properties, the International Telecommunication
Union Radiocommunication Sector (ITU-R) Working Party
5D (WP 5D), which is responsible for terrestrial radio sys-
tems of International Mobile Telecommunications (IMT),
has framed OAM as one of the potential technologies for
IMT-2030 systems, aka 6G [4].

The foundation of OAM's unique characteristics can be
traced back to 1992, when Allen et al. first demonstrated that
an OAM beam possesses a spiral wave front which is charac-

terized by an additional phase term ¢’® (i imaginary unit, [
OAM mode number, ¢ azimuth angle) [5]. The phase term
of the spiral wave front ranges from 0 to 27/ in a full turn,
with the number of modes defined by the number of wave
front twists occurring over a propagation distance equal to
one wavelength. Recent reviews on various OAM antennas
highlight the critical need for simpler feeding networks for
future wireless communication applications [6-8]. To
address this, we develop a novel feed technique for uniform
circular array antennas (UCAA), to reduce both the cost and
profile. The simulation and design of the single-layer dual-
mode OAM antenna were presented in our previous work
[9]. In the paper, we proposed series-feeding network for
the design of OAM generating UCAA that can be applied
to different polarization and frequency bands to create mul-
timode OAM antennas, instead of UCAA designs that either
support single polarization or require complex feeding
networks [10, 11], multiple concentric UCAAs [12], or mul-
tilayer structures [13] to achieve dual-polarization, dual-
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FIGURE 1: Single-layer dual-mode OAM antenna: (a) implementation (8¢, represents the interelement phase differences between the a'

and b™ elements), (b) current flow for [ = +1, and (¢) current flow for = -1.

TABLE 1: Design properties of the UCA-based dual-mode OAM
antenna.

Antenna property Value

Array radius 29 mm

Port number 2 ports
Dimensions 99 x 109 x 0.813 mm®
OAM modes (I) +1
Polarization Linear
Element number 4

90° (270 if element is inverted)
Rogers RO4350B

Interelement phase difference

Substrate material

band, and multimode OAM generation. Recent OAM
antenna studies reveal clear trade-offs between reconfigur-
ability, aperture size, and design simplicity. Rao et al. [14]
enabled three modes (I=0, £1) at 6 GHz with PIN-diode
switching, but with higher circuit complexity. A simpler
approach was shown by Vedaee and Mallahzadeh [15],
who used a single-layer SIW slot array for two modes
(I=0, +1) with moderate gain. For long-range links, Habibi
Daronkola et al. [16] employed concentric UCAs to form
quasi-OAM superpositions, improving directivity at the cost
of larger apertures. Compact alternatives include Li et al.
[13] with a dual-polarized four-element array at 5.5 GHz
and Rao et al. [17] with a 6 GHz UCA producing [ = -1. Dis-
tinct from these efforts, the proposed antenna achieves dual-
mode OAM (I =+1) at 6 GHz with only four elements in a
single-layer PCB, offering a uniquely compact and

FIGURE 2: Design of a single patch unit cell for S-parameters of a
square radiating element.

TABLE 2: ABCD parameters of the unit cell at 6.1 GHz.

A B C D
0.474-0.069j 7.648 —68.01j —0.0004 —0.0112j 0.508 —0.055j

fabrication-friendly solution without the need for multilayer
structures, large apertures, or active switching.

Figure la presents the fabricated dual-mode OAM
antenna and interelement phase differences. In Figure 1b,c,
we showed the current flow that corresponds to OAM
modes [ =+1 and [ = -1, respectively.

In this paper, we aim to characterize the implemented
series-fed, single-layer, dual-mode OAM antenna using
anechoic chamber and in-lab measurements to demonstrate
its dual-mode OAM capabilities. We also aim to show that
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FIGURE 3: Anechoic chamber distributed axis system [19].

the designed and implemented single-layer UCAA and its
novel feeding network is capable of generating dual OAM
modes (/=+1). Eventually, this novel feeding approach
may lead to easier deployment of OAM multiplexing anten-
nas and can be generalized for multimode dual-polarized
OAM antennas.

This paper is structured as follows: Section 2 details the
antenna and feed network design, Section 3 provides an over-
view of the measurement setups, Section 4 details the measure-
ment results, and Section 5 offers concluding insights.

2. Antenna Design

This section outlines the design of the proposed antenna,
structured in two parts: the geometry of the uniform circular
array (UCA) and the synthesis and refinement of the series
feed network.

2.1. UCA Design. The proposed antenna system, illustrated
in Figure la, is a UCA specifically designed for orbital angu-
lar momentum generation. It consists of four microstrip ele-
ments implemented on a single substrate and optimized
through full-wave simulations. In this design, the feeding
network ensures equal power distribution among all ele-
ments. To realize OAM radiation, a cumulative phase pro-
gression of 27l is introduced between the first and last
array elements, achieved through carefully engineered inter-
element connections. As a result, each successive element is
excited with a phase increment (8¢) of 27t//N, where N is the
total number of elements in the array. It is well established
that a UCA with N elements can generate OAM modes are
bounded by N/2 << N/2.

In this work, a four-element configuration is employed,
enabling the generation of vortex beams with mode numbers
I =+1. The required 90° progressive phase shift between con-
secutive elements is inherently embedded in the feeding
structure, yielding a compact, single-layer, series-fed dual-
mode OAM antenna.

UCA radius was optimized to 29 mm, ensuring proper
interelement connections for accurate power division and
phase progression. Due to the 180° polarization reversal
between the second and third patches (counting from the
ports), the interconnect line connecting these elements was
lengthened to introduce an additional 180° phase delay,
resulting in a total phase shift of 270°. Furthermore, the
interconnect line widths were carefully optimized through
rigorous analysis and simulations to achieve the desired
radiation characteristics and high OAM mode purity. The
design properties of the series-fed dual-mode OAM antenna
are summarized in Table 1.

2.2. Series Feed Network Design. In our design, the antenna
elements are series fed to create a concise and simpler design.
The challenges associated with series-fed OAM have been
addressed through a novel network that ensures equal power
distribution and the required phase shift between consecutive
elements for the generation of dual OAM modes.

The performance of the proposed series-fed patch array
is determined largely by the interconnecting microstrip
lines, which control both impedance matching and element
excitation. To establish a design basis for the feeding net-
work, a single square patch unit cell, as illustrated in
Figure 2, was designed and simulated in CST. The design
parameters a, b, and ¢ are 1.2 mm, 4.87 mm, and 12.5 mm,
respectively.
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FIGURE 4: Measurement setups: (a) far-field measurement in anechoic chamber, (b) antenna side view in anechoic chamber with coordinate
system, and (c) RF power transmission experiment using VNA in laboratory.
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FIGURE 5: Measured (solid) and simulated (dashed) S-parameters.

After analyzing the S-parameters of the unit cell, we con-
verted them into ABCD form (Table 2). Following the
approach in [18], Bloch theory was applied to extract the
Bloch impedance and phase per cell, yielding an initial
design target of approximately 78.7 Q) for the interconnect
microstrip lines at 6.1 GHz.

In the next stage, the feed network was refined through
full-wave optimization of the finite four-element array.
Because the interconnect lines incorporate bends to realize
the required interelement phase progression for OAM gen-
eration, the optimum impedance profile deviates slightly
from the Bloch-based target. The final optimized imped-
ances were approximately 64 (), 70.4(Q), and 64Q for the
interconnects between Patch 1-2, Patch 2-3, and Patch 3-
4, respectively. In addition, each input feed from the respec-
tive port to the unit cell was co-optimized with the intercon-
nects to achieve precise impedance matching, yielding a
characteristic impedance of 96.5 Q.
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FIGURE 6: (a-h) Normalized gain plots for 0° < ¢ <360° and —90° <6 < 90°.

3. Measurement Setups

surement process which involved two distinct experimental
setups. Initially, we evaluated a single OAM antenna within

To accurately characterize the performance of the dual-  ananechoic chamber, to assess its S-parameters, realized far-
mode OAM antenna, we undertook a comprehensive mea-  field gain pattern, and its phase distribution. This setup
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FiGURE 7: (a-f) OAM Phase Distribution.
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FIGURE 8: Measured OAM mode purity spectra for (a) Port 1 and (b) Port 2 excitations at 6.1 GHz.

allowed us to obtain detailed insights into the antenna's indi-
vidual performance characteristics. The axis definitions of
the anechoic chamber are provided in Figure 3.

The anechoic chamber measurement setup, located in
Sabanci University Nanotechnology Research and Applica-
tion Center (SUNUM), consists of an Agilent 2-Port and
4-Port PNA-X 250 kHz-50 GHz Network Analyzer, a SPIEL
Anechoic Chamber, NSI positioner and probes, and an NSI
Spherical Near Field Antenna Measurement System with an

NSI Double Ridged Horn Probe Antenna. In the measure-
ment setup, the distributed positioners in the chamber move
independently through the ¢-axis and 8-axis.

Subsequently, two identical OAM antennas were placed
facing each other to measure the transmitted power levels
across various modes. We utilized a two-port Rohde &
Schwarz FSH4 handheld network analyzer (VNA), with
one port connected to the transmitting OAM antenna and
the other to the receiving OAM antenna. In this setup, we
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FIGURE 9: Realized gain plots for / = +1 and Pol-1.
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FIGURE 10: Realized gain plots for /= -1 and Pol-1.
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FIGURE 11: Realized gain plots for /= +1 and Pol-2.
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FIGURE 12: Realized gain plots for /= -1 and Pol-2.

85U8017 SUOWILLOD 3AIEa1D) 9|qed!dde ay) Aq peusanob a1e Sapie YO ‘8sn J0 SajnJ 1o} Akeiq18UIjUO 8|1 UO (SUONIPUO-pUe-SWLR)W0Y A3 1M AReq)1jpU1UO//:SANY) SUONIPUOD PUe SWe 18U 88S *[9202/c0/92] U0 AklqiauljuO A8]IM ‘PIY 80USPIAT aueIyo0D AeXINL AQ Z2/€/E68AOWW/SSTT OT/I0p/WOod A IM Ake.d 1 jpuljuoy/:sdny wo.j pepeojumod ‘T ‘920z ‘sowli



International Journal of RF and Microwave Computer-Aided Engineering 9

Radiation efficiency (%)

70 1 1 1 1 1 1 1 1
58 585 59 595 6 6.05 61 615 6.2
Frequency (GHz)
—®— Port 1
—— Port 2
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FiGURE 14: OAM transmission for d =33 cm, 0 =0°.

transmitted [ = +1 and received [ = +1, then transmitted [ =
—1 and received I=-1, and finally transmitted /=+1 and
received [ = —1. The first two transmissions reveal the effec-
tiveness of the OAM transmissions, whereas the last trans-
mission reveals the amount of cross-mode we can achieve
in a multipath lab environment. Measurement setups in
the anechoic chamber and in a multipath laboratory envi-
ronment are depicted in Figure 4.

4. Measurement Results and Discussion

The anechoic chamber measurements presented in this sec-
tion include far-field normalized radiation patterns, realized
gain patterns as cuts at defined angles, and phase distribu-
tions obtained by holography. The S-parameters of the

dB
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Frequency (GHz)
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— I=-1tol=+1
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Ficure 15: OAM transmission for d =80 cm, 6 = 0°.

-50 . .

=55

dB

-60

65 L. .. -
=70

75k

58 585 59 595 6 6.05 6.1 6.15 62 625 63

Frequency (GHz)
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— I=-1tol=+1
I=-1tol=-1

FIGURE 16: OAM transmission for d = 33 cm, 0 = 25°.

antenna are also provided in Figure 5, which shows that
the matched frequency has shifted to the right by
100 MHz. The far-field measurement setup spans 180" in
the 0-axis and 360° in the ¢-axis. Each rotation axis has been
sampled with a 5° step size, resulting in 37 points in the 0
-axis and 73 points in the ¢-axis. The measurement radius
is 2.18818 m. The normalized gain plots at 6 GHz and
6.1 GHz over the measurement range, which is defined by
the rotation axes as 0°< ¢ <360° and —90° <0 <90°, for
the two orthogonal linear polarizations, Polarization 1 (¢
-pol as in Figure 3) and Polarization 2 (0-pol as in
Figure 3), are provided in Figure 6.

When the antenna is excited from Port 1 with Port 2 ter-
minated, a beam with OAM mode number [=+1 is
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FIGURE 17: OAM transmission for d = 33 cm, 6 = 30°.
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FiGURE 18: OAM transmission for d = 33 cm, 0 =35".

generated. Its corresponding normalized gain plots, at 6 GHz
and 6.1 GHz, are shown in Figures 6a, 6b, 6¢, and 6d. Simi-
larly, when the antenna is excited from Port 2 with Port 1
terminated, a beam with OAM mode number /= -1 is gen-
erated. Figures 6e, 6f, 6g, and 6h show normalized gain plots
for I=-1. As for the phase distributions, they are obtained
20 cm away from the antenna using the FFT hologram algo-
rithm in NSI 2000 software with an FFT size of 1024 by 128.
The phase distributions, spanning the x-axis and y-axis by
0.3048 m, are provided in Figure 7. Furthermore, Figure 7
shows the dual-mode OAM phase distributions at frequen-
cies 6.0GHz (Figure 7ad), 6.1GHz (Figure 7b,e), and
6.2 GHz (Figure 7c,f). In this plot, the [ = +1 mode phase dis-
tributions (Figures 7a, 7b, and 7c) seem to be purer com-

I=-1tol=-1

Fi1GURE 19: OAM transmission for d =70 cm, 6 = 30°.

pared to [=-1 (Figures 7d, 7e, and 7f), which is in line
with the simulated mode purities presented in our previous
work [9]. The experimental results in Figure 8 show that
the dominant mode purities reach 80.6% and 73.4% for the
I=+1 and I = -1 excitations, respectively, at 6.1 GHz.

The realized gain cut plots in Figures 9 and 10 represent
the ¢ cuts around 0° and 360°, whereas Figures 11 and 12
show the ¢ cuts around 90" and 270°. The stacked curves
in Figures 9 and 10 are plotted for cut angles of ¢ =0°, ¢ =
10°, ¢ =20°, ¢ =340°, ¢ =350°, and ¢ = 360" since they are
the patterns for Polarization-1 measurements. Similarly,
the patterns for Polarization-2 measurements are plotted as
stacked curves in Figures 11 and 12 at the cut angles of ¢
=90°, ¢=100°, ¢ =110°, ¢ =270°, ¢ =280°, and ¢ = 290".
These cut angles are determined based on the reasonable
gain and null formations according to the results presented
in Figure 6 for the OAM beams. There is a 90" difference
between the cuts for the two polarizations because the
antenna is linearly polarized; when rotated by 90° in the ¢
-axis to measure the other orthogonal polarization, the cut
angle must also shift by 90°.

For I=+1, the maximum realized gains are 5.8dBi at
5.8 GHz, 3.75dBi at 5.9 GHz, 2.15dBi at 6.0 GHz, 3.65dBi
at 6.1 GHz, 4.4dBi at 6.2 GHz, and 6.6 dBi at 6.3 GHz. For [
= -1, the maximum realized gains are 3.6dBi at 5.8 GHz,
3.47 dBi at 5.9 GHz, 4.17 dBi at 6.0 GHz, 4.8dBi at 6.1 GHz,
4.83dBi at 6.2GHz, and 5.9dBi at 6.3 GHz. However, the
null, which is the signature of the OAM, has been main-
tained between frequencies 5.8 GHz to 6.2 GHz. Therefore,
the antenna is capable of generating OAM beams in the
range of 5.9GHz to 6.2GHz. Due to S-parameter and
matching of the ports, its performance is more efficient for
the range of 6.0-6.2 GHz.

The simulated antenna efficiencies for Port 1 and Port
2 are shown in Figure 13. Across the 5.8-6.2 GHz band,
Port 1 achieves efliciencies between 70.7% and 78.2%
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TABLE 3: Comparison of OAM antenna designs in the literature and the proposed dual-mode OAM antenna.

Frequency Element OAM mode  Gain Size

Height Divergence

Reference (GHz) number number (dBi) (mm?) (mm) Layers angle Complexity
-1 9.5 2 28°
120 x 112 o i
[13] 5.5 4 +1 102 5.3 (+Reflector) 26 High (3D structure)
[14] 6.0 2+8 2 o _ 1.0 | (+Bias) _ High (PIN diodes)
[15] 10.19 4+8 +1 23 170x170  0.813 1 6080 Medium (SIW TW)
[16] 100 9+10+411 +2, +3, +4 - 140 x 140 0.8 1 N/A High (concentric
arrays)
[17] 6.0 8 -1 10.5 — 1.6 1 22° Low (series feed)
-1 4.8 =25
99 x 109 o i
Proposed 6.0 4 +1 3.65 X 0.813 1 ~25 Low (series feed)

(mean = 73.1%), whereas Port 2 maintains a slightly higher
range of 71.4%-79.8% (mean = 75.3%).

The in-lab measurements, where there are multipath
conditions due to nearby walls and objects, we aim to show
how identical OAM antennas facing each other transmit and
receive the same OAM modes as well as different OAM
modes. The antennas are placed as shown in Figure 4c. We
have conducted several experiments and plotted the result-
ing graphs, illustrated in Figures 14, 15, 16, 17, 18, and 19,
to present our findings on the OAM transmission between
two identical OAM antennas.

Figure 14 presents the transmission curves obtained
when the beam axes of both antennas are aligned, where
the rotation angle 0 is 0°, with a separation distance of
33 cm between them. The results show that OAM multiplex-
ing can provide 5-8.2dB cross-mode separation in a com-
munication channel in the frequency range of 6.0-6.1 GHz.
In the case where the distance between OAM antennas was
increased to 80cm, the maximum cross-mode level was
achieved at 6.07 GHz. At 6.07 GHz, when the transmitted
and received OAM modes are the same, the transmission
is 11.8dB greater when compared with the transmission at
different OAM modes. Moreover, the results show that
OAM multiplexing can provide 8.5-11.8 dB cross-mode sep-
aration in a communication channel in the frequency range
of 6.05-6.1 GHz when antennas are separated by 80cm.
When Figures 14 and 15 are compared, we note that,
although the OAM cross-mode level is less variable within
the 6.0-6.1 GHz frequency range for the smaller distance, a
higher cross-mode level is achieved for the greater distance.
Moreover, both Figures 14 and 15 reveal that as the fre-
quency moves beyond the 5.9-6.2 GHz range, the levels of
both co- and cross-mode transmissions increase and con-
verge. At this point, the transmission curves begin to follow
the free-space path loss formula, as the nulls at the center of
the radiation pattern are removed.

To further explore the system's behavior, the effect of the
rotation angle was examined with the OAM antennas placed
33 cm apart. In this scenario, the antennas were rotated in
opposite directions on the 0-plane. The transmission curves
corresponding to rotation angles of 8 =25°, 8=30°, and 0
=35°, are shown in Figures 16, 17, and 18.

When we interpreted the results, we found that the
imperfections due to the multipath environment and align-
ment of antennas may have also deteriorated the cross-
mode isolation level. Based on our findings, the OAM modes
can only be generated within the frequency range of 6-
6.2 GHz; this is because the phase shifts are provided with
fixed-length series microstrip lines which are designed at
6.0 GHz.

When the transmitted and received OAM mode is the
same, as depicted with the red and green curves, the trans-
mission is 5-10 dB higher than the cross-mode transmission
(blue). To highlight the relative merits of the proposed
design, Table 3 summarizes recent OAM antenna imple-
mentations alongside the proposed antenna. The design
complexity is qualitatively graded as high, medium, or low,
depending on the need for multilayer fabrication, biasing
networks, active tuning components, or intricate feed struc-
tures. Configurations employing PIN-diode switching,
reflectors, or 3D structures are classified as High; substrate-
integrated waveguide (SIW) or other moderately intricate
topologies are considered Medium, whereas single-layer,
series-fed implementations without active components are
categorized as Low. Many recent works rely on a higher ele-
ment count or incorporate additional components such as
PIN diodes for mode reconfigurability, SIW slots, or dual-
polarized feeds with reflector layers. These approaches' fre-
quency range also appears to be around 6.05-6.15 GHz. As
the antennas are rotated in opposite azimuthal directions,
they approach the points where the gain is highest, leading
to an increase in transmission levels. This increase in trans-
mission comes at the expense of a reduction in cross-mode
levels, which is due to the misalignment of the antennas.
Misalignment reduces the cross-mode level between the
antennas because it disrupts the phase distribution of the
vortex beams within the apertures of both the transmitting
and receiving antennas.

In the final experiment, we investigated the effect of dis-
tance. By increasing the separation to 70 cm, for antennas
rotated at 6=30°, we obtained the transmission curves
shown in Figure 19, inevitably increase footprint, fabrication
complexity, or operating frequency. By contrast, the pro-
posed antenna achieves dual OAM modes (I=+1) at
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6 GHz using only four elements in a single-layer, series-fed
topology, with a compact aperture of 99 x 109 mm? and a
profile of just 0.813 mm. The proposed antenna is not only
structurally simple but also easy to fabricate, since the com-
plete feeding and radiating structure is realized on a stan-
dard single-layer PCB, eliminating the need for multilayer
alignment, biasing networks, or active components.

5. Conclusions

In this paper, we presented the measurement results for the
fabricated, series-fed, dual-mode OAM antenna operating at
6 GHz. The measured results include S-parameters, far-field
realized gain patterns, phase distributions, and OAM trans-
mission levels for both the same and different OAM modes
of the receiving and transmitting antennas. Our results vali-
date that the series-fed, dual-mode OAM antenna, whose
elements are connected by fixed-length microstrip lines,
can generate OAM modes in the frequency range of 6.0-
6.2GHz. At higher and lower frequencies, the required
phase shift, which is 90°, cannot be formed in this design
due to the fixed length of the microstrip lines. Finally, the
maximum realized gain values are measured as 3.65 dBi for
I=+1and 4.8dBifor [ =-1 at 6.1 GHz. At 6.1 GHz, the mea-
sured OAM spectra obtained at the observation plane
exhibit dominant mode purities of 80.6% for I=+1 and
73.4% for [ = -1, confirming successful generation of orthog-
onal OAM modes.

A comparison of the results presented in Figure 17 ver-
sus Figure 19 indicates that as the distance between receiving
and transmitting OAM antennas increases, the cross-mode
level decreases due to the beam divergence in OAM trans-
mission. These results conclude our experimental assess-
ment of the proposed antenna.

In addition to compact dual-mode radiation, the archi-
tecture enables multimode OAM multiplexing, which can
increase spectral efficiency. Moreover, one mode may be
dedicated to communication while another is exploited for
interference suppression, providing robustness without
additional hardware complexity.

Nomenclature

OAM orbital angular momentum
VNA vector network analyzer
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