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Orbital Angular Momentum Radiation from Circular Patches
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Abstract—Orbital angular momentum (OAM) with a huge potential application in multiplexing and
coding has become the subject of intense research in recent years. This paper presents a method to
generate radio beams carrying OAM based on a circular patch antenna. A 3dB quadrature hybrid is
employed in the design to enable the circular patch to reconfigure opposite OAM states of a radiated
field. The results of numerical simulations are presented to show that the circular patch radiates two
OAM modes with opposite rotation directions simultaneously. The proposed circular patch is believed
to be significant to the wireless communication applications due to its simple geometry, low cost, and
OAM mode reconfiguration.

1. INTRODUCTION

With the rapid development of mobile internet, user data are explosively increased, which puts much
higher requirements on the capacity and spectrum efficiency of communication systems. By providing
much more transmission channels on a limited spectrum band, the technologies of multiplexing greatly
improve both the capacity and spectrum efficiency of the communication system. OAM is an external
parameter to describe the transverse rotating characteristics of electromagnetic waves. What is
important is that the different OAM modes are orthogonal to each other, thus the channels identified
by different OAM states can be clearly distinguished from each other. Such a property of OAM
makes it possible to be used in multiplexing [1]. At present, by applying the OAM multiplexing, the
communication system has been able to achieve data rate at least 320 Tb·s−1 and spectrum efficiency
230 Tb·s−1·Hz−1, which is much higher than LTE system’s [2, 3].

As the basis of developing the OAM multiplexing technology, simple and efficient methods for
generating OAM beams have been the hot spot in academic attention in recent years [4–6]. In an optical
band or even in Terahertz regime, the OAM generation can be achieved easily by multiple methods such
as spiral plate [7], metasurface [8], q-palate [9], computer-generated holograms [10], whispering gallery
modes based emitter [11], Dammann optical vortex grating [12], anisotropic dielectric plate [13], spiral
plasmonic lens [14], chiral polaritonic lenses [15, 16], etc. However, in microwave regime, the selectable
recipes for OAM generation are still rare. The phased circular antenna array was investigated to generate
OAM beams [17–20]. Nevertheless, the complexity of this scheme is too high to implement in many
scenarios. Helical paraboloid antenna was presented in [21] to radiate OAM carried beams, while its
OAM mode was not reconfigurable, and a paraboloid reflector assisting OAM generator was employed
in the pending patent [22] to enhance propagation performance. Recently, both circular traveling-wave
antenna [23, 24] and circular polarized patch antenna [25] were demonstrated to produce OAM beams.
In this paper, we propose an antenna that combines the circular patch and 3 dB quadrature hybrid to
generate radio beams with good defined OAM mode, and the signs of OAM mode are reconfigurable.
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2. MODEL OF THE ANTENNA

A model of a circular patch is shown in Figure 1, where Figure 1(a) shows the full view of the antenna,
Figure 1(b) the top view, and Figure 1(c) the bottom view. It is clear from Figure 1(a) that the
infrastructure of antenna is composed of circular patch ‘1’, feed network ‘2’ and substrate ‘5’. The feed
network is electrically connected with a metallic patch through vias 1© and 2©. The ground plane is
set at the middle of the substrate. The vias and ground are electrically isolated, which is guaranteed
by isolation belts set at the ground plane, i.e., ‘3’ and ‘4’ presented in Figure 1(a). ‘6’ and ‘7’ are the
input ports of excitations, which can be excited individually or simultaneously. It is noteworthy that
the feed network adopted here is a 3 dB quadrature hybrid. So the signal from the output of via 1© will
delay −90 degrees than that from via 2©, when the input port of ‘6’ is individually excited, and vice
versa. This provides the circular patch the ability of OAM modes reconfiguration, i.e., l and −l, where
l is the mode number of OAM. The radius of metallic circular patch is a, and its relationship with the
resonance frequency fr can be expressed as [26]

fr = χnmc/(2πa
√

εr) (1)

where χnm is the nth root of J ′(·) = 0 and J ′(·) the derivative of Bessel function of the first kind. For
the antennas whose working frequency is greater than 2 GHz, a in formula (1) must be substituted by
an equivalent radius ae, which can be calculated as bellow [27]

ae = a [1 + 2h(ln(πa/2h) + 1.7726)/(πaεr)]1/2 (2)

where h is the thickness of substrate. According to the theory of cavity, the z-component of electric
field in thin cylindrical cavity can be expressed as

Ez = E0Jn (knmρ) cos nϕ (3)

where Jn(·) is the first kind of Bessel function, knm = χnm/a the wavenumber of resonance modes
TMnm, and ρ the radial distance. The distributions of electric field intensity are shown in Figure 2,
where l is the index of TMn1 mode, which is also equal to the mode number of OAM in our case.

It is demonstrated vividly in Figure 2 that surface electric fields close to the periphery of circular
patches are enhanced remarkably and alternately. The number of such enhanced local distributions of
surface electric field is equal to 2n, which can be considered as the element of a circular antenna array.
Thereout, it may be inferred that radiation from circular patch resonating at TMn1 mode behaves
as a circular array with 2n elements, which can reconfigure all the OAM states with mode number
−n < l < n. Managing to rotate the local enhanced fields clockwise or anticlockwise, the radio beams
carrying OAM can be radiated. One approach is to use dual feed ports, i.e., the 1st and 2nd ports
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Figure 1. The structure diagram of proposed circular patch.
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Figure 2. Normalized distributions of surface electric field for circular patches operate at TMn1 modes.

excite TMn1 mode respectively, then making the two TMn1 modes to be mutually orthogonal. After
this arrangement, the surface current will operate under travelling wave state, and OAM beams will be
radiated naturally. Concretely, the proposed circular patch applies a 3 dB quadrature hybrid network
to achieve the objective, which has already been shown in Figure 1(c).

3. RESULTS AND DISCUSSIONS

Assuming that the working frequency is 2 GHz, the thickness and dielectric constant of an FR4 substrate
are 0.762 mm and 4.6, respectively. As mentioned above, χnm is the root of J ′ (·) = 0. So for the
resonant modes TM11, TM21 and TM31, χnm is equal to 1.84118, 3.054 and 4.201 in turn. According
to formula (1), the radii of circular patches working at TM11, TM21 and TM31 modes can be calculated
as 20.4934 mm, 34.2 mm and 46.76 mm, respectively. These designs are performed by the commercial
electromagnetic simulation software HFSS.

Figure 3 presents the normalized distributions of surface electric fields for antennas, in turn, working
at TM11, TM21 and TM31 modes, where 1© and 2© represent vias electrically connected to the feed
network printed on the opposite surface of the substrate, which is a 3 dB quadrature hybrid circuit. The
positions of 1© and 2© are separated by an angular distance of (2k + 1) · 90◦/l, where k is integer by
principle; however, we set k=0 in our case for concise concern. It is obvious that the simulated results
on surface electric field distribution shown in Figure 3 agree well with those computed results shown
in Figure 2(a) to Figure 2(c). Moreover, the local enhanced electric fields presented in Figure 3 are
rotational over time, which leads to the OAM radiation.

(c)(a) (b)

Figure 3. Normalized surface electric field distribution of designed circular patches operating at OAM
modes l = 1, l = 2 and l = 3 in turn.

Figure 4 shows the normalized transverse electric field intensity distributions of helical beams
carrying OAM with mode number l = 1, l = 2 and l = 3 in turn. Obviously, all the radiated
electromagnetic fields possess the characteristics of helix. For the beams with mode number |l| > 1,
the distributions of their fields at transverse plane are hollow, and the size of such a hollow center
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Figure 4. Normalized electric field intensity distribution of radio beams with OAM mode number
l = 1, l = 2 and l = 3 in turn.

cell extends with the larger mode number. For the beam with OAM modes |l| = 1, they degenerate
into right-handed (or left-handed) circularly polarized field, thus there are no hollows in their boresight
propagation.

Figure 5 presents the phase structure of Ez radiated from antennas, which work at the resonant
modes TM11, TM21 and TM31 in turn. It is observed that spiral orbits with good defined number
appear in the wave fronts of the radiated fields. Such spiral phase distributions are the most important
characteristics of OAM beams. In other words, helical beams with clearly defined OAM states can be
achieved by the proposed circular patch based microstrip antenna.

(a) (c)(b)

Figure 5. Phase structure of Ez fields with OAM mode number l = 1, l = 2 and l = 3 in turn.
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Figure 6. The distributions of electric field intensity and phase of radiated field, where circular patch
works at mode l = 3 and l = −3 respectively.

Figure 6 demonstrates the reconfiguration of OAM states with mode number l = 3 and l = −3,
where Figure 6(a) and Figure 6(b) are the distributions of phase and electric field for the mode l = 3,
respectively, and Figure 6(c) and Figure 6(d) for the mode l = −3. In the case of Figure 6(a) and
Figure 6(b), we only excite port ‘6’, while in the case of Figure 6(c) and Figure 6(d), we only excite port
‘7’. The inverse spiral features are observed both in the phase structure and electric fields, which shows
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that by selecting the excited port at will, the proposed antenna can reconfigure dual OAM modes with
opposite signs.

4. CONCLUSIONS

A combination of a circular patch and 3dB quadrature hybrid circuit is proposed to construct the
circular patch to reconfigure helical beams with opposite OAM states. The operating principle and
radiation characteristics of the circular patch are discussed in detail. Moreover, multiple numerical
examples are demonstrated particularly to verify the validity of the proposed circular patches. The
proposed circular patches are beneficial to the wireless communication due to their simple geometry,
easy manufacture, low cost, and reconfigurable mode.
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