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Toroidal multipole is a special current distribution that has many different characteristics from electric multipole and mag-
netic multipole distributions. Because of its special properties, the toroidal dipole is a research hotspot in the field of
metamaterials and nanophotonics. However, the low scattering of the toroidal dipole moment makes its excitation a chal-
lenging task. At present, there are relatively few studies on its specific engineering applications. In this paper, by slotting in
the rectangular cavity, the excitation of an equivalent toroidal dipole is successfully achieved over a wide frequency range
of 53-58 GHz. Results indicate that under the action of the toroidal dipole, the TE;; mode electromagnetic waves transmitted
in the rectangular waveguide are converted into vector beams and are radiated outwards. Further adjusting the spatial
distribution of the magnetic dipoles in the toroidal dipoles yields results that indicate that the resonance mode in the slot is
still dominated by the magnetic toroidal dipole moment, and the electromagnetic waves radiating outward are vortex beams
carrying vector polarization. The scattered energy of each dipole moment inside the antenna is calculated. This calculation
verifies that the mass of the vector beam and vector vortex beam is closely related to the toroidal dipole supported by this
antenna. The proposed structure can be applied to explorations in vortex filtering, in photon entanglement, and in the
photonic spin Hall effect.
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1. Introduction

Toroidal multipole is a peculiar electromagnetic excitation, its
closed toroidal current cannot be directly represented by an elec-
tric/magnetic multipole. Toroidal multipole was originally first
proposed by Zel’dovich to explain parity violation in weak inter-
actions!']. In fact, in some solid systems such as ferroelectric sys-
tems, macromolecules, and molecular magnets, the role of the
toroidal dipole moment cannot be ignored'*™. In condensed
matter physics, the toroidal dipole moment has also been
responsible for some unusual phenomena'®~"!. Due to its special
properties, toroidal multipole is currently a research hotspot in
the field of nanophotonics and metamaterials.

Although dynamic toroidal dipole moments can radiate
electromagnetic waves to the far field just like electric/magnetic
dipole moments, it is not included in the standard multipole
expansion and is thus often omitted from considerations in
classical electrodynamics'®'"!. The far-field radiation produced
by the toroidal dipole is completely consistent with the electric
dipole moment, and the destructive interference between them
will produce a special nonradiative state called the anapole

© 2024 Chinese Optics Letters

0116011

mode!>"?| It is still uncertain whether this non-radiative mode
can produce the Aharonov-Bohm effect and further experimen-
tal proof is needed.

Due to the low scattering energy of the toroidal dipole
moment, its excitation has always been a challenging task. The
toroidal multipole performance is usually masked by the elec-
tric/magnetic multipole. In recent years, with the development
of metamaterials, significant progress has been made in the exci-
tation and research of the electric/magnetic toroidal dipole.
Since Zheludev achieved the excitation of magnetic toroidal
dipole using multiple metal rings in 2010""*), researchers have
realized the excitation of electric toroidal dipole and magnetic
toroidal dipole by using dielectric cylinders, metal arms, metal
rings, and other structures. However, most of the current
research on the toroidal dipole is focused on its interaction with
other modes, and the application of the toroidal dipole itself in
engineering is seldom studied.

Different from the traditional plane electromagnetic wave,
the electromagnetic wave carrying orbital angular momentum
(OAM) has a spiral phase distribution, so it is called a vortex
beam. Using the orthogonal characteristics of the vortex beam
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OAM modes, the mode division of the OAM can be realized to
improve the transmission rate of wireless communication''>®),
The OAM carried by the vortex beam can be transferred to par-
ticles, which can be adopted to realize the operation of small par-
ticles!"”'®!. In addition, the rotating Doppler effect produced by
the vortex beam can be used to measure the rotation speed of the
object and the flow velocity of the fluid!*~*"),

Compared with the traditional vector beam and the vortex
beam, the vector vortex beam is a new type of structured optical
field with a helical phase and cross-sectional anisotropic polari-
zation distribution, which has been proposed and explored in
various apphcatlons, such as vector optical Vortex filtering!®?),
particle acceleration®”), photon entanglement!®*), and photon
spin Hall effect'>>*®!. Driven by these applications, researchers
have proposed many means to generate vector vortex beams,
including using a spatial light modulator®”), a laser resonator
configuration®**), a metasurface!*’), and a vector beam com-
bined with spiral phase plate®']. However, most of these meth-
ods face challenges of having a low damage threshold and a
lower conversion efficiency, and require a large volume to
manipulate the phase of the electromagnetic waves, making it
difficult to reduce the overall volume.

In this paper, we first investigated the effect of toroidal dipole
moments in angularly distributed dipoles. Results showed that
when the magnetic toroidal dipole moment dominates, the
electromagnetic waves radiating outward carry radial polariza-
tion. Furthermore, by offsetting the spatial position of each
dipole in the toroidal dipole, the vector vortex electromagnetic
wave is successfully generated with little effect on the vector
polarization part. Results indicate that the OAM mode vector
vortex beam with /=1 is generated in the range of 55 GHz to
57 GHz. The designed resonant cavity structure is relatively sim-
ple and easy to manufacture, which can easily realize the gener-
ation of the vortex beam without a complicated phase control
structure. The method of vector vortex beam generation using
the toroidal dipole is universal and can be extended to high
frequencies in the future.

2. Theoretical Analysis

The main challenge of exciting the toroidal dipole moment is to
find the structure that supports the dynamic annular electric/
magnetic field on the surface. In the field of metamaterials, elec-
tric dipole p, magnetic dipole M, electric quadrupole Q,, mag-
netic quadrupole Q,,, electric toroidal dipole moment G, and
magnetic toroidal dipole moment T' can be expressed as
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where j is the current density, and ¢ is the speed of light in a vac-
uum. The total electromagnetic scattering energy can be
expressed as
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This method can quickly confirm which dipole moment
dominates the resonance peak, thereby linking the surface cur-
rent with the distribution mode of the far field.

The circularly polarized basis vector of the Poincaré sphere
can be generalized to the circularly polarized vortex basis vector
with opposite topological charges. The left-handed and right-
handed circular polarization vortex basis vectors with topologi-
cal charges of n and m can be expressed as"*?!

e)/V2, (8)
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In the paraxial approximation, the generalized vector vortex
beam can be represented as

U, = UL, + UTR,, (10)

where U} and U}’ are the plural amplitudes on the basis vectors
of two circular polarization vortices, respectively. By extracting a
common spiral phase factor of ¢/"+"%/2_ the formula above will
be converted to

Up =
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Compare Eq. (8) with the general form of the vector beam
obtained in referencel®"!

1 9’ , 9’ .
ly) = 75 |:cos ) (e, +iey)e™*? + sin ) (e, — ie},)e’”‘/’].
(12)
Clearly, this expression is equivalent to the expression in the
parentheses in Eq. (8), which only differs by a spiral phase factor

of expli(n + m)@/2]. To generate a vector vortex beam, some
researchers have combined the vector beam with a spiral phase
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plate to obtain the helical phase factor of the vector beam. In our
work, we have rearranged the radiation slots for the generation
of the vector beams to enable the generation of the vector vortex
beams without compromising the quality of the vector beam.
This method does not require a helical phase plate or other phase
adjustment structures and therefore significantly reduces the
overall size.

3. Theoretical Model and Parameter Optimization

The structure designed in this article is illustrated in Fig. 1. All
structures are composed of metal and are set as PEC in the sim-
ulation. The parameters of the resonant cavity structural units
are as follows: h; =2.3mm, h, =3.9mm, h; =0.5mm, hy=
1mm, h; =4mm, d; =94mm, d,=7.6mm, w, =6.5mm,
offset = 1.3 mm, feed, = 2.5 mm, feed, = 0.4 mm, slot, = 3 mm,
slot, = 0.4 mm, /; = 0.8 mm, /, = 0.4 mm. Due to the vector vor-
tex beam having the characteristics of outward divergence, a cir-
cular horn is designed at the top layer to adjust its beam width
and to better observe the characteristics of the vector vor-
tex beam.

4 Results and Discussions

Researchers have used radially polarized light to excite magnetic
toroidal dipole resonance!® because of the similar magnetic
field distribution between the radially polarized light and the
TE,;, mode in rectangular waveguides. This paper achieves
the excitation of toroidal dipoles by slotting on the rectangular
waveguide. An equivalent magnetic dipole can be achieved by

Horn layer
Slot layer
Cavity layer
Feeding layer

Fig. 1. Resonant cavity design. (a) 3D view, (b) top view of the feeding layer,
and (c) top view of the slot layer.
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opening a slot in the waveguide wall. In order to excite the res-
onance of the magnetic toroidal dipole, four slots are cut out on
the rectangular waveguide and arranged along the annular
direction. The S-parameter response and far-field radiation dia-
gram with only the lower slot structure are simulated, as illus-
trated in Fig. 2. Clearly, a sharp formant appears at 56.9 GHz.
The far-field radiation pattern at 56.9 GHz is a typical hollow
beam, which confirms that the electromagnetic moment oscil-
lates along the z-axis. The pattern in the x-direction is slightly
asymmetric because the upper and lower magnetic dipole
moments are slightly different. To confirm the resonance mode,
the response distributions of the electric field and magnetic field
at 56.9 GHz are simulated in Figs. 2(c)-2(e). The Z-component
magnetic field is twisted into an annulus, which causes the mag-
netic dipole to connect the head-to-tail. There is a phase singu-
larity in the center of the four slots where the field strength is
close to zero.

The scattering energy of each multipolar moment supported
in the slot is calculated as shown in Fig. 2(b). It can be seen that
in the wide band range of 52 GHz to 60 GHz, the magnetic toroi-
dal dipole moment T has always occupied the dominant posi-
tion. Because the magnetic dipole moment supported by each
slot is distributed along the annulus, its scattering energy is
greatly suppressed, and the overall scattering energy is close
to the electric dipole moment.

Figure 3 shows the amplitude and phase distribution of the
far-field magnetic field of the annular slot. The outgoing mag-
netic field is deflected into a toroidal, which is also one of the
important characteristics of the magnetic toroidal dipole. By
analyzing the emitted electric and magnetic fields, it can be seen
that the emitted electromagnetic waves carry radial polarization.

The effects of different slot combinations on the S-parameters
were simulated, as Fig. 4(a) shows. It is worth mentioning that
the radiation slots on the left and right sides are not in accor-
dance with the maximum points of the TE;; mode. Only the
presence of the slots on both sides can hardly radiate electro-
magnetic waves to the outside. But after adding the slot along
the x-direction, the radiation efficiency of the slot on both sides
increases and remains almost the same as the upper and lower
slots. This simulated the impact of each magnetic dipole spacing
on the overall radiation mode, as shown in Figs. 4(b) and 4(c). As
the spacing between each magnetic dipole increases, the radia-
tion efficiency of the designed antenna also goes up, but its far-
field mode quickly shifts from hollow beams to other modes.
This is mainly due to the increase in slot spacing, which makes
it closer to the extreme point of the TE;; mode, but correspond-
ingly, its resonance mode will be converted into a magnetic
dipole resonance. The far field of the vector beam is a hollow
beam, so when the value of the offset is increased the resulting
beam will not carry vector polarization.

The space/phase distribution of each magnetic dipole in the
toroidal dipole is further adjusted to make it carry spiral phase
factor and finally realize the generation of the vector vortex
beam. Moving the slots of each dipole in the toroidal dipole
directly onto a rectangular waveguide will result in different
radiation efficiencies of each dipole. Therefore, we adopt a
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Fig. 2. (a) The S-parameter response and far-field pattern. (b) The calculation of the multipole scattering energy of each multipole moment. (c) The Z-component
magnetic field. (d) The Zcomponent electric field. (e) The slot surface magnetic field.
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Fig. 3. (a) The magnetic field distribution of the outgoing electromagnetic wave. (b) The electric field distribution of the outgoing electromagnetic wave. (c) The
magnetic field amplitude of the outgoing electromagnetic wave. (d)-(f) The Phase distribution of Hy, H, and H,.

back-cavity structure with stable modes to complete the design.
In order to adjust the spatial distribution of each dipole in the
toroidal dipole, a cross-shaped metal back cavity is designed
on the basis of the original. When there is no metal short-circuit
wall, the back cavity can be regarded as a four-way equal power
divider. The simulation results of the structure are shown in
Figs. 5(a)-5(c).

The slot in the metal plate can radiate electromagnetic energy,
which is mainly because it truncates the continuous current in
the metal plate so that the radiation slot generates an equivalent

magnetic dipole. In order to realize the generation of the vector
vortex beam, we have modified the rectangular groove of the
previous annular distribution and set four rectangular slots with
the same offset on the top of the metal back cavity. The electro-
magnetic response of the resonant cavity is shown in Fig. 6(a).
An obvious formant appears at 56.1 GHz, and at this time, the
far-field radiation pattern is still a hollow beam. To further con-
firm the resonance mode in the radiation slot, the surface
current distribution of the top metal plane and the electromag-
netic energy distribution in the radiation gap were analyzed in
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Fig. 5. (a) S-parameter response without the top radiation slot and metal
short-circuit wall. (b) Magnetic field distribution in the cavity layer.
(c) Surface current distribution of the top metal.
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Fig. 6. (a) The S-parameter response and far-field pattern of the designed
structure. (b) The surface current distribution of the top metal plane.
(c) The electric field distribution in the radiation slot. (d) The Z-component
magnetic field at 56.1 GHz.

Figs. 6(b) and 6(c). The generated magnetic dipole is distributed
outward along the center.

The phase distribution of the electric field emitted at each fre-
quency is analyzed, as shown in Fig. 7. The outgoing beam has a
spiral phase distribution in the frequency range of 53 GHz to
57 GHz, and the central phase singularity is visible. At this time,
the outgoing beam is a high-quality vortex beam that carries an
OAM mode with [ = 1. The quality of the vector vortex beam has
significantly decreased at 58 GHz. We calculated the multipole
scattering energy of the radiation slot at this time, as shown in
Fig. 8. It is clear that the scattering energy of the toroidal dipole
decreases rapidly with increasing frequency, and its scattering
energy is surpassed by other dipoles around 58 GHz, which
ultimately leads to a decrease in the mass of the vector vortex
beam. In summary, it can be concluded that the intensity of
the scattering energy of the toroidal dipole has a significant
impact on the quality of the vortex beam in the designed antenna
system.

To confirm the polarization state carried by the outward radi-
ation vortex beam, the generated vortex beam is incident on dif-
ferent polarizers. As shown in Fig. 9, the field distribution
radiating outward at this time is consistent with the previously

X-direction Y-direction X-direction Y-direction

54 GHz

55 GHz

Fig. 7. Far-field phase distribution of the designed resonator in the range of
53 GHz to 58 GHz.
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Fig. 8. Calculation results of the multipole scattering energy in a radiation
slot.

Fig. 9. (a) The electric field distribution. (b) The magnetic field distribution.
(c) The intensity distribution of the vector vortex beam passing through differ-
ent polarizers. (Only the polarization state in the direction of the arrow is
allowed to pass through.)

excited vector beam, but the phase distribution of the two is
completely different. When the polarizer is rotated, the electric
field intensity distribution shows a typical S-type pattern, and its
rotation direction is the same as that of the polarizer. The inten-
sity is close in all directions. At this time, the vortex beam radi-
ating outward is not the traditional scalar vortex beam with
linear/circular polarization. The field intensity distribution after
passing through the polarizer is consistent with the classical vec-
tor vortex beam.

The influence of the top radiation slot offset on the S-param-
eter and the quality of the generated vortex beam is analyzed, as
shown in Fig. 10. With the increase of the offset, the intensity of
the formant experienced a process from strong to weak. When
the offset is set as 0.6 mm, the formant peak value reaches
—22dB, but the —10 dB bandwidth also decreases significantly.
Therefore, I, = 0.4 mm is selected as the parameter to design the
resonant cavity. In addition, the phase distribution of the out-
going electric field in the x-direction with different offsets is
simulated. The offset has little effect on the overall vortex phase
distribution, which provides convenience for machining.
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Fig. 11. OAM pattern variation of the x-polarized and y-polarized electric fields
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and the antenna base).
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Different from traditional scalar vortex beams, in some cases,
vector vortex beams may exhibit changes in the OAM mode
along the propagation direction®*!. The vector vortex beams
antenna designed in this paper also presents a similar situation.
When [, is set as 0.6 mm, a special vortex beam appears at
56.5 GHz. At this time, the orbital angular momentum mode
of the x-polarized electric field remains constant with the direc-
tion of propagation and always maintains the mode /= 1. In
contrast, the y-polarized electric field shifts from the / = 1 mode
to the I = —1 mode as the propagation distance increases.

Finally, the proposed method is compared with existing
antenna arrays or metasurfaces that generate vortex beams.
The contrast structure is mainly the traditional scalar vortex
beam generation method. Compared with the traditional meta-
surface array and antenna array, the proposed method does not
require phase control structure and complex feeding networks,
and the vector vortex beam can be generated by using only one
resonator element. Therefore, the overall size of the resonator is
greatly reduced.
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Table 1. Comparison with Other Methods for Generating Vortex Beams.

Vol. 22, No. 1| January 2024

Reference Method Size (Lx Wx H) Polarization Number of elements
[34] Ring patch antenna 1674 x 2A x not mentioned Not mentioned 1x1
[35] Metasurface antenna array 1.9824 x 1981 x 0.074 CcpP 2%?2
[36] Metasurface array 2381 x 2.382 x 0.0692 LP 2x2
(37] Spoof-plasmon ring resonators > 2.77TA x 2.77TA x not mentioned Vector 1% 1
This work Toroidal dipole 1754 X 1754 x 191 Vector 1% 1

5. Conclusion

In this paper, an annular slot is designed to excite the magnetic
toroidal dipole, and it is used as the feeding slot. A cross-shaped
back cavity and four rectangular slots with the same offset are
designed to excite the vector vortex beams. Using a multipole
scattering energy method to relate surface currents with far
fields, the calculations show that the intensity of the scattering
energy of the toroidal dipole in this antenna system is closely
related to the mass of the vector beam and vector vortex beam.
The analysis of the emitted electric field and magnetic field indi-
cates that TE;y mode in the rectangular waveguide is converted
into a vector vortex beam. The designed structure has an
S-parameter of less than —10dB in the range of 55.6 GHz to
56.7 GHz. All radiating slots are fed by the same back cavity, thus
greatly reducing the overall size. The overall size of the designed
antenna is only 1.754 X 1.754 X 1.94 (including the horn on
top). It can generate vector vortex beams quickly without a
complex phase shifter or phase regulation. The method of gen-
erating a vector vortex beam using a single toroidal dipole is uni-
versal and could be extended to the high frequency band in the
future.
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