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Broadband Generation of Orbital Angular Momentum Carrying
Beams in RF Regimes
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Abstract—We propose a novel approach for the broadband generation of orbital angular momentum
(OAM) carrying beams based on the Archimedean spiral. The mechanism behind the antenna is
theoretically analyzed and further validated by numerical simulation and physical measurement. The
results show that the spiral-based antenna is able to reliably generate the OAM carrying beams in
an ultra-wide frequency band. Of particular interest is the fact that the mode number of radiated
beams is reconfigurable with a change in operating frequency. Prototypes of a single-arm spiral antenna
(SASA), a multi-arm spiral antenna (MASA), and a compact multi-arm spiral antenna (CMASA) are
investigated and demonstrated to support our arguments. The proposed approach provides an effective
and competitive way to generate OAM carrying beams in radio and microwave bands, which may have
potential in wireless communication applications due to its characteristics of simplicity, broadband
capacity and reconfiguration opportunities.

1. INTRODUCTION

In recent years, electromagnetic fields carrying orbital angular momentum (OAM) have captured
attention due to their fascinating properties and broad application prospects in various fields such
as quantum entanglement [1], electron vortex [2, 3], microscopy and imaging [4, 5], neutron control [6],
remote sensing [7], and optical tweezers [8]. Especially in information science [9–12], the mutually
orthogonal feature of OAM modes may increase spectral efficiency and system capacity. Understanding
how to generate OAM beams flexibly and simply is an essential issue. Compared to optical OAM
generators [13–20], radio frequency (RF) OAM generators are still in the initial research stage.

To the best of our knowledge, five OAM generators in the RF band have been reported, including a
circular phased antenna array [21, 22], a helical paraboloid antenna [23], a circular polarized patch [24],
a circular loop antenna [25], and an electromagnetic metasurface [26]. Unfortunately, all of these OAM
generators have some defects more or less. In more concrete terms, the phased antenna array performs
well in the reconfiguration mode, but it needs a complex feed network, which is hard to implement [27].
The helical paraboloid antenna has a bulky structure and no ability for mode reconfiguration. The
circular polarized patch and the circular loop antenna only work in a very narrow frequency band
because of their resonant properties [28, 29]. The metasurface is not suitable for the miniaturized
scenario, as it requires a large geometry with respect to the operating wavelength [30]. Therefore, it
is necessary to explore an alternative approach to generate OAM carrying beams that overcomes these
defects.

In this paper, we propose a method for broadband generation of the OAM carrying beams based
on the Archimedean spiral. Theoretical analysis is conducted to explain the work principle of the new
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OAM generation approach. Then, simulation models of a single-arm spiral antenna (SASA), a multi-
arm spiral antenna (MASA), and a compact multi-arm spiral antenna (CMASA) are performed to verify
the theoretical results. Further, an experimental prototype of the MASA is fabricated and measured.
Compared with existing OAM generators in the RF regime, the proposed spiral-based OAM antenna
performs better in terms of bandwidth, mode reconfiguration, and structural complexity. Therefore, it
may be suitable for broad applications in the field of OAM-based wireless communication systems.

2. MODEL OF THE ANTENNA

The polar coordinate equation of the Archimedean curve is expressed as ρ = ρ0 + δ(ϕ − ϕ0), where ρ,
ρ0, δ, ϕ0 and ϕ are the radial distance, initial radial distance, spiral constant, initial angle and winding
angle, respectively. This structure can be used to design SASA. As is well known, SASA supports a
circular active region when excited by a current travelling wave, which is shown in Fig. 1(a), in which
the shaded annular area represents the active region. Radiation from the spiral comes mainly from an
equivalent travelling ring of current with the circumference lλg in the active region [31–33]. l and λg

are, respectively, the integer and waveguide wavelength. For the convenience of theoretical analysis, the
travelling ring of the current is mathematically modeled as a circular-ring quasi array with tangentially
placed elements, as depicted in Fig. 1(b), where P (θ, ϕ, r) is an observation point located in the far-field
zone. The array factor of the quasi array is found as:

S(θ, ϕ) =
1
N

N∑
n=1

ej[ka sin θ cos(ϕ−ϕn)+lϕn], (1)

where N , ϕn, a, and k are, respectively, the number of elements, azimuthal angle of the nth element,
radius of the array, and the wave number. Using the integral form of the Bessel function and the
limitation N → ∞, the normalized radiation vector

⇀

F (θ, ϕ, z) of the array can be deduced as:

Fθ =
l

z
ejl(ϕ+π/2) cos θJl(z), Fϕ = jejl(ϕ+π/2)J ′

l (z) (2)

where z = ka sin θ, and Jl(·) and J ′
l (·) are the Bessel function of the first kind and its derivative,

respectively. The corresponding electric field component of the radiated beam is obtained by
⇀

E =
(jkI0η/2)ejkr

⇀

F , and the magnetic field component by
⇀

H = ⇀
r × ⇀

E/rη, where η stands for the intrinsic
impedance of free space, and I0 is the current magnitude of the elements. Thus the electric field, for
instance, can be deduced as

Eθ = ejl(ϕ+π/2)e−jkr l
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]
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1
cos θ sinϕ

e−jkr. (3c)

Based on the above analysis, one can find that the radiated fields are mainly characterized by
the Bessel functions (Jl(·) and J ′

l (·)) and the phase factor ejl(ϕ+π/2). Bessel functions transform the
generated waves into hollow beams, which, with toroidal-shape intensity distribution in its transverse
field, is one of the classical features of OAM carrying beams. Furthermore, the most essential
characteristic of an OAM carrying beam is the spiral phase structure, which here is controlled and
ensured by the phase factor ejl(ϕ+π/2). The mode number of the radiated OAM carrying beam is
exactly equal to l. The numerical results based on these formulas are shown in Fig. 2, which depicts
the typical behavior noted above of OAM carrying beams.

The radius of the active region, namely a = lλg/2π, is synchronous varying with the operating
frequency. Thus, the spiral can generate OAM carrying beams in an ultra-wide frequency band. This
broadband property can also be explained by the spiral’s input impedance. The input impedance of a
spiral embedded in a dielectric substrate with relative permittivity εr is defined as Zin = 0.5

√
μ0/ε0εr,
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(a) (b)

Figure 1. Schematic diagram and equivalent mathematical model. (a) The SASA excited by a current
travelling wave. (b) The equivalent model of the active region.

(a)

(b)

Figure 2. Calculated intensity and phase patterns of Eϕ based on the theoretical formulas. (a)
The normalized three dimensional (3D) and two dimensional (2D) intensity distribution. (b) Phase
distribution.

which shows frequency-independent behavior. The reason for this is that the spiral structure is self-
complementary.

This analysis has not been carried out to the point of a rigorous analytic solution for radiated
fields generated by the spiral. However, this explanation for the radiating mechanism of the SASA is in
accord with the following observations, and is helpful for designing new spiral-based OAM generators.
The methodology of the active region is adopted, based on the fact that the radiation from the actual
spiral current is approximated to the radiation from an equivalent travelling ring of current.

3. CALCULATIONS AND DISCUSSIONS

3.1. Single-Arm Spiral Antenna Strategy

The configuration of the proposed SASA is depicted in Fig. 3, in which rs=50 mm and hs=1mm are,
respectively, the radius and thickness of the substrate; rg=12 mm is the radius of the ground; ws=2mm
denotes the width of spacing; and wm= 2mm stands for the width of the spiral arm. The proposed SASA
is composed by the metal spiral arm, a small ground, a dielectric substrate, and the SMA connector.
The dielectric substrate is chosen as FR4 with a relative permittivity of εr = 4.4. The radius of the
ground is much smaller than substrate to avoid the resonance that may occur at the spiral arm and
prevent the radiation of OAM.The antenna is performed by the commercial electromagnetic analysis
software HFSS. The behavior of the wave front and intensity for the radiated field are investigated using
the full-wave simulation method.
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(a) (b) (c)

Figure 3. Geometric design of the proposed SASA. (a) Perspective view. (b) Cross-section view. (c)
Top view.

(a) phase distribution

(b) intensity distribution

Figure 4. Numerical results of SASA. (a) The phase distribution within an identical observation
window. (b) The intensity distribution of electric field within the same observation window that used
by (a).

The simulated results of phase and intensity of the radiated fields are shown in Fig. 4, in which
the superscript digit represents the working frequency. One may easily see from the phase distributions
of electric field that the presented SASA successfully radiates the OAM carrying beams as expected
(Fig. 4(a)). Note that the mode number of the radiated OAM carrying beams varies from 1 to 3, with
the operating frequency increasing from 1.5 GHz to 9 GHz. More precisely, according to our calculations,
the mode number of the radiated beam equals 1 in the band of [1.3, 3.25] GHz, 2 in [3.45, 6.1] GHz, and 3
in [6.25, 10.5] GHz. In other words, the SASA works in the modes of 1 ·λg, 2 ·λg, and 3 ·λg, i.e., l=1, 2, 3,
in these three bands, respectively. Compared to reported resonant OAM generators, the bandwidth of
the SASA is quite wide. The results also reveal another merit of SASA: reconfigurability of the OAM
state without any geometric changes. The corresponding normalized intensity distributions are drawn
in Fig. 4(b), from which one can determine the vortex movement of the radiated fields. In addition, a
weak field region appears near the center of the beams and increases its own size as l increases.
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3.2. Multi-Arm Spiral Antenna Strategy

In order to expand the design methods of the spiral-base OAM antenna, we arrange multiple spirals
into a circular ring array to form the MASA, which is drawn in Figs. 5(a)–(b). Note that the spirals
are independently fed by identical signals in this configuration, in order to make each spiral radiate an
OAM carrying field with a mode number l at the same frequency. The superpositions and interferences
among these fields will eventually form a new OAM carrying field with a mode number of L=n · l, where
n is the number of spirals. This intuitive inference is validated by the simulation results portrayed
in Figs. 5(c)–(h). For simplicity and without a loss of generality, we choose n= 2 as the example in
this instance. The behavior of the radiated field at 2 GHz and 8 GHz are depicted in Figs. 5(c)–(e),
and Figs. 5(f)–(h), respectively. Each arm of the 2-arm spiral antenna operates in state l = 1 and
l = 2, corresponding to 2 GHz and 8GHz. Accordingly, the 2-arm spiral antenna produces the OAM
carrying beam with a mode number of L= 2 · 1 for 2GHz, and L= 2 · 2 for 8 GHz. In short, not only
the correctness of L=n · l, but also the reconfigurability of the OAM state, is verified.

As mentioned above, another merit of the spiral antenna is the broadband characteristic. Here, the
word “broadband” has two meanings: the antenna radiates OAM carrying beams over broadband, and

(a)

(b)

(c) (d) (e)

(f) (g) (h)

Figure 5. Geometric design and simulated results of the MASA. (a)–(b) Schematic of the MASA. For
n = 2, f = 2 GHz, (c) phase, (d) intensity, (e) 3D polar radiation. For n = 2, f = 8GHz, (f) phase, (g)
intensity, (h) 3D polar radiation.

(a) top view (b) bottom view

Figure 6. Photos of the 2-arm spiral antenna. (a) Top view. (b) Bottom view.
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(a) Frequency/GHz (b) Frequency/GHz

Figure 7. Comparison of the simulation and experiment. (a) S11. (b) VSWR.

the antenna has an impedance match over a wide band. The first point is supported by Fig. 4. However,
to verify the second point, we further fabricated and measured the 2-arm spiral antenna. The relevant
photos are illustrated in Fig. 6. The cylindrical back cavity (BC) and a 2-way power splitter are used
for a good uni-directional radiation in the experiment. The excitation is first connected to the input of
the splitter, and then two signals with equal amplitude and phase are received at the outputs and fed
to different spirals. The voltage standing-wave ratio (VSWR) and return loss (S11) of the fabricated
antenna are measured by a vector network analyzer (Agilent Technologies E8362B 10MHz ∼ 20 GHz)
through a flexible test port cable (Agilent 87131F). The corresponding results are shown in Fig. 7, where
the measurements are in good agreement with the simulations. The slight discrepancies appearing at
some frequencies result from fabrication error, dielectric loss, insertion loss, and measuring error and
so on.One may see that the 2-arm spiral antenna achieves a good impedance match over the frequency
range [1.16, 9.13] GHz with S11 < −10 dB and VSWR < 2. This performance of bandwidth is far better
than that of other reported OAM generators based on the resonance principle [23–25, 27–29].

3.3. Compact Multi-Arm Spiral Antenna Strategy

Due to the need for a special power-splitting feeding network, the MASA is complicated and bulky.
However, when wm is small enough, we can reduce the initial radial distance as ρ0 = 0mm and directly
connect the n spirals. This will greatly simplify the geometry of the MASA and make it more compact,
namely CMASA. As depicted in Fig. 8, all the spiral arms are connected to a small junction with
diameter d = 2wm, and the n SMA connectors depicted in Fig. 5(b) are replaced with a single one. This
practice is feasible because the impedance of the n branches is equal, which means that the excitation
currents flowing from the junction to the end of the spiral arms, i.e., I0, I1, . . . , In, are very close, both
in amplitude and phase, when the size of the junction is small. In other words, the function of an n-way

(a) (b) (c)

Figure 8. The schematic of the CMASA. (a) Top view. (b) A zoomed-in view of the center of (a). (c)
The cross section.
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(a) (b)

Figure 9. Simulated 3D radiation and phase pattern of a 3-arm spiral antenna at 2 GHz. (a) Amplitude.
(b) Cumulative phase.

power splitter is inherently realized by the simplified configuration.
Taking n = 3 as the example, the simulated radiation and phase patterns of Eϕ are shown in Fig. 9.

The 3D polar radiation pattern (Fig. 9(a)) reveals a central hole that is characteristic of OAM carrying
beams. The spiral form of the phase pattern, plotted in polar coordinates (Fig. 9(b)), corresponds to
the linear variation of the phase versus the roll angle ϕ. Both the amplitude and phase show an OAM
carrying beam with l = 3.

4. CONCLUSIONS

An approach based on the Archimedean spiral is proposed to generate OAM carrying beams in the
RF regime. The results of theoretical analysis, numerical simulation, and actual measurement prove
the feasibility, validity and superiority of the presented method. Multiple prototypes of SASA, MASA,
and CMASA are described for a complete investigation that is significant for the design of the spiral-
based OAM antenna in the RF band. The proposed spiral-based OAM antenna represents a major
advance in design with respect to previously reported OAM generators in terms of bandwidth, mode
reconfiguration, and structural complexity, and as such it has considerable potential for many kinds of
OAM-based wireless applications.
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