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ABSTRACT: This paper proposes an antenna based on a rectangular waveguide to generate dual higher-order orbital angular momentum
(OAM) beams. The OAM beams with modes l = −6 and l = −7 are produced by radiating the higher order TEmn transmitted
in the rectangular waveguide through a slot. The measurement results indicate that the impedance bandwidth of less than −10 dB is
approximately 37.8% in the range of 15–22GHz, and the mode purity of the antenna is above 55%. The proposed antenna feed structure
is simple and does not require a complex phase-shifting network to generate multi-mode and higher-order OAM beams. Such an OAM-
based antenna with dual higher-order OAM beams can be utilized in MIMO-OAM communication systems, radar imaging systems, and
rotational speed measurement systems.

1. INTRODUCTION

Orbital angular momentum (OAM) has garnered significant
attention for providing additional degrees of freedom in

modulating electromagnetic waves. In 2012, [1] successfully
utilized two OAM modes, l = 0 and l = +1, to conduct OAM
multiplexing communication experiments with a transmission
distance of 442m, marking the inception of radio frequency
(RF) OAM communication systems. Building on this progress,
in 2021, [2] developed a complex communication technology
that integrated OAM-multiple-input multiple-output (MIMO)-
polarization. By combining OAM and polarization orthog-
onality, the device achieved wireless transmission speeds of
117Gb/s at 40GHz over a distance of 200 meters. The mul-
tiplexing capability of OAM beams has partially alleviated the
issue of limited spectrum resources in wireless communication.
Moreover, the wave vector characteristics of OAM beams in
azimuth induce a rotating doppler effect on reflections from ro-
tating objects. This phenomenon can be harnessed to measure
the rotational speed of objects [3, 4]. Importantly, the precision
of this measurement is solely dependent on the rotational speed
and the order of the OAM beam; it remains unaffected by op-
erational frequency. Multi-mode and high-order OAM beam
generation is a prerequisite for these applications.
In order to take advantage of the orthogonality of OAM

modes, antenna designs tend to produce OAM beams with mul-
tiple modes. Because electromagnetic theory and a genera-
tion model for OAM beam-producing antennas are insufficient,
generating multi-mode [5] or higher-order modes [6] is chal-
lenging, let alone simultaneous. A few antennas have been pro-
posed thus far to generatemulti-modeOAMwaves, such as uni-
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form concentric circular array (UCCA) [7], metasurface [8, 9],
metallic traveling-wave ring-slot antenna [10], solid cylinder
dielectric resonator antenna [11], tri-mode concentric circularly
polarized patch antenna [12], time-switched array antenna [13],
and SPPs [14]. However, the antennas mentioned above have
a maximum mode of +4, and all have narrow bandwidths.
This paper demonstrates a circularly bent rectangular waveg-

uide loaded with a horn-shaped slot to produce OAM beams
with modes l = −6 and l = −7. The proposed antenna is the-
oretically designed, fabricated, and measured. The mode pu-
rity is above 55%, and the impedance bandwidth of less than
−10 dB is approximately 37.8% in the range of 15–22GHz.
The wide impedance bandwidth and simple feed structure of
a single port feed make it attractive in practical applications.

2. ANTENNA CONFIGURATION
The construction of the antenna is illustrated in Figure 1. The
rectangular waveguide, with a wide side of 18mm and a nar-
row side of 8mm, is bent and joined end to end to form a ring
waveguide. According to the theory of rectangular waveguides,
TEmn waves in the waveguide are distributed throughout the
ring. When an annular current with a phase change of 2πl is
emitted by the slot on the wide side of the waveguide, an OAM
beam with mode l is formed. The coaxial probe is used for
feeding, saving the waveguide component for coupling, and
impedance matching is achieved by adjusting the length of the
probe. Additionally, a metal wall is inserted between the two
feed ports to ensure that electromagnetic waves travel in the
intended direction from port 1 to port 2 along the ring.
Thewidth of the slot increases steadily with transmission dis-

tance, starting narrow and becoming wider towards the end to
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FIGURE 1. Antenna configuration. (a) The top view; (b) the side view; (c) oblique view; and (d) sectional view.

ensure a constant amplitude of the transmitted electromagnetic
field. The shape of the slot is determined by parametric Equa-
tion (1). Wmin represents the minimum width of the slot at the
beginning, while Wmax represents the maximum width at the
end. Specifically,Wmin is 3mm, andWmax is 9mm. R denotes
the distance between the center of the slot and the center of the
circular waveguide circle.


x(t) = ((R1 + (Wmin/2)) · exp((t/2π)

· ln(Wmax/Wmin))) · cos t
y(t) = ((R1 + (Wmin/2)) · exp((t/2π)

· ln(Wmax/Wmin))) · sin t

(1)

The slot structure that radiates electromagnetic waves ex-
hibits a significantly narrow impedance bandwidth due to its
resonant state. In order to increase the impedance bandwidth,
the gap is gradually widened along the z-axis, resulting in the
formation of a horn structure with a gradual exponential line
shape. The shape of the exponential line is determined by Equa-
tions (2)–(4), as shown in Figure 1(d) which depicts the profile
of the slot. For ease of manufacturing, the annular slot struc-
ture is divided into 8 segments in the φ direction, with both the
beginning and end parts having identical widths.

Z(x) = C1 · exp(a · y) + C2 (2)

The curve’s starting point (y11, z11) and end point (y22, z22)
are put into Eq. (2), resulting in C1 and C2.

C1 =
z22− z11

exp(q · y22)− exp(q · y11))
(3)

C2 =
z22 · exp (q · y11)− z11 · exp (q · y22)

exp (q · y11)− exp (q · y22)
(4)

where (x11, z11) and (x22, z22) represent the starting point
and end point of the curve, respectively.
The fundamental mode of the rectangular waveguide is TE10,

where the electric field component Ez is zero, and the electric
field Ex can be represented as

Ex =
−jwµa

π
A10 sin

(πx
a

)
e−jβz (5)

That is, Ex has a sinusoidal distribution in the radial direction
of the circular waveguide, and Ex propagates in the azimuthal
direction of the circular waveguide. The annular waveguide
has an inner diameter of 6.5mm. The rectangular waveguide
has a wide side of 18mm and a narrow side of 8mm, with a
cutoff frequency of fc10 = c

2a = 8.33GHz. The cutoff fre-
quencies for the two higher order modes are as follows: TE20

is 16.67GHz, and TE11 is 20.51GHz.
The direction of current on the continuous gap of the waveg-

uide is seen in Figure 2. This current is known as travelingwave

FIGURE 2. The current direction on the continuous slot.
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FIGURE 3. (a) Simulated phase distribution and (b) the electric field intensity distribution from left to right are 17.2GHz, 18.3GHz, and 20GHz.
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FIGURE 4. Simulated far-field radiation pattern. (a) 17.2GHz, (b) 18.3GHz, (c) 20GHz.

current, and it can be used to create an OAM beam [15]. To
compensate for the phenomenon of uneven radiation, the slot
structure employs two spiral curves that change in the opposite
direction, causing the electromagnetic wave transmitted along
the propagation path to increase slowly. In the case of the slot,
the current direction is tangential. The waveguide has an aver-
age inner and outer diameter of 15.5mm and a circumference
of approximately 97.34mm, which corresponds to 5.6 wave-
lengths for 17.2GHz electromagnetic waves, 5.9 wavelengths
for 18.3GHz electromagnetic waves, and 6.5 wavelengths for

20GHz electromagnetic waves. Figure 3 provides verification
of this. Thus, an OAM beam of mode 6 is formed at 17.2GHz
and 18.3GHz, whereas an OAM beam of mode 7 is generated
at 20GHz.

3. RESULTS
Figure 3 illustrates the phase distribution of the rectangular
waveguide’s higher order mode on the observation plane and
the simulated electric field intensity distribution within the
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FIGURE 5. Simulated far-field radiation pattern.
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FIGURE 6. The photos of the manufactured antenna. (a) The top view.
(b) The bottom view.

FIGURE 7. The reflection coefficient of the input port.

(a)

(b)
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FIGURE 8. (a) Measured the phase distribution, (b) measured the electric field intensity distribution, and (c) the mode purity from left to right are
17.2GHz, 18.3GHz, and 20GHz.
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waveguide. The observation surface is a 60mm radius circle
located 30mm from the antenna surface. It can be observed in
Figure 3 that OAM modes −6 and −7 can be generated within
the impedance bandwidth. The electric field strength indicates
that the higher order mode transmits lλ times in the waveguide
at the relevant frequency, resulting in the generation of an OAM
beam with mode l at various frequencies.
The simulated 3D far-field radiation patterns of the suggested

antenna are displayed in Figure 4. The 2D radiation patterns on
the antenna’s xz plane are concurrently displayed in Figure 5 to
provide a deeper understanding of the antenna radiation fields.
The results show that the maximum radiation occurs in the di-
rection of θ = 50◦ and that there is a clearly deep null at the z
axis, indicating that the power density is zero along the prop-
agation axis. Because of its inconsistent amplitude along the
ring, the pattern beam produces an asymmetric radiation pat-
tern, making it less than optimal.
Figure 6 depicts photos of the manufactured antenna. The

signal is transmitted through the input port, while the termi-
nal port is utilized to match the load during measurement. In
Figure 7, the reflection coefficient of the antenna is displayed,
indicating an impedance bandwidth of up to 37.8% for S11 <
−10 dB, spanning from 15GHz to 22GHz. Figure 8 presents
the measured phase distribution of the antenna on a rectan-
gular observation surface measuring 70 ∗ 70mm and situated
30mm away from the antenna surface. Additionally, it displays
both mode purity and electric field intensity distribution on this
viewing surface. The analysis in Figure 8 reveals that the an-
tenna has capabilities to generate OAM beams at frequencies of
17.2GHz, 18.3GHz, and 20GHz with corresponding modes of
−6, −6, and −7, respectively. However, it is noted that mode
purity is low due to the inconsistency of the electric field inten-
sity on the ring. To address this issue, adjustments can be made
by optimizing slot position and slot equation curve in order to
enhance mode purity.

4. CONCLUSION
In conclusion, we have demonstrated the feasibility of an OAM
antenna based on a waveguide slot structure for multi-mode and
high-mode OAM beams. The antenna impedance band is wide,
and the feed network can be easily constructed with coaxial
connectors, making it easy to integrate into millimeter wave
communication systems. Furthermore, we have developed a
prototype and conducted measurements on the OAM modes
l = −6 and l = −7. This antenna shows great potential for
applications in target detection and millimeter wave wireless
communication systems.
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