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We propose a method for selectively propagating optical
vortex modes with specific charge numbers in a photonic
integrated circuit (PIC) by using a topological photonic sys-
tem. Specifically, by performing appropriate band tuning in
two photonic structures that comprise a topological wave-
guide, one specific electromagnetic mode at the Γ point of
a band diagram can be excited. Based on theoretical anal-
ysis, we successfully propagated optical vortex modes with
specific charge numbers over a wide range in the C band in
the proposed topological waveguide. The proposed method
could be useful in controlling optical vortex signals at the
chip level in future orbital angular momentum multiplexing
technologies. © 2022 Optica Publishing Group

https://doi.org/10.1364/OL.454946

The transmission performance of optical networks is determined
by three basic technologies: baud rate increase, multi-symbol
operations, and multiplexing with some physical parameters.
Current optical communication is achieved by combining
these technologies. Multiplexing can be of several types, and
those already used in the market include wavelength-division
multiplexing (WDM) and polarization-division multiplexing
(PDM). Recently, transmission of the order of 10–100 Pb/s has
been achieved by combining these technologies with spatial
multiplexing using multicore fibers [1,2].

In this context, many aspects of optical vortices have not yet
been explored, and numerous studies have been conducted so far
in this regard [3–6]. The optical vortex carries the orbital angu-
lar momentum (OAM) of light and can be used to multiplex
signals by assigning each signal to a light wave with a differ-
ent momentum. Orbital angular momentum is characterized by a
wavefront with a helix shape, and the wavefront consists of mutu-
ally orthogonal helices with different charge numbers l (the step
length of each helix surface is equal to lλ). This technique has
excellent affinity with existing multiplexing technologies such
as WDM and PDM, and is becoming an increasingly promising
future multiplexing technology [7–15].

However, the affinity with optical vortices is not high in the
planar photonic integrated circuits (PICs) that are widely used
today in optical communications [16–20] because waveguide
devices in a PIC operate only with transverse electric/magnetic-
mode light. Therefore, we aim to perform various control
operations, including the propagation of optical vortex modes
in optical circuits, by replacing parts of conventional optical
circuits with topological photonic systems (topological PICs)
[21–23].

One of the most well-known phenomena in topological pho-
tonic systems is the topological edge state that occurs at the
interface between two photonic structures with different topolo-
gies, and this phenomenon allows the selective propagation of
light with specific internal degrees of freedom [24–28]. Conse-
quently, optical waveguides that exhibit low loss even through
sharp bends become feasible; in such lines, information aris-
ing from photonic topology such as circularly polarized light
(i.e., optical spin) and optical vortices (i.e., orbital angular
momentum) is retained. Such lines are hereafter referred to as
“topological waveguides” [29–32].

To facilitate the use of the abovementioned phenomenon
in future OAM multiplexing technologies, it is expected that
topological waveguides capable of propagating optical vortex
modes with specific charge numbers (l) in PICs will be devel-
oped. In this paper, we propose that it is possible to selectively
excite/propagate optical vortex modes with specific charge num-
bers (l) by performing appropriate band tuning in topological
photonic crystals through band analysis using the plane wave
expansion (PWE) method. We constructed an optical vortex
multiplexing device using the proposed method, and the prop-
agation characteristics were analyzed using the time-domain
difference (FDTD) method.

Figure 1(a) shows a schematic band diagram of two photonic
structures used in typical topological waveguides. In this case,
the band inversion of the electromagnetic mode occurs near the
Γ point in the band diagram, which induces the topological edge
state at the interface between the two photonic structures with
different topologies. Using modes with the same symmetry as
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Fig. 1. (a) Schematic band diagram of two photonic structures
used for typical topological waveguides. (b), (c) Tuned band diagram
of two photonic structures used for specific topological waveguides
capable of propagating optical vortex modes with l=±1 and l=±2.

the atomic orbitals pz, px, dzx, and dz
2
−x

2, the distribution of
the electromagnetic field localized in each lattice forming the
topological waveguide can be expressed as follows [26]:

p± =
1
√

2
(pz ± ipx), d± =

1
√

2
(dz2−x2 ± idzx). (1)

These are called the p-wave and d-wave, respectively. These are
modes with a phase change of 2π in one cycle (optical vortex
with charge number l=±1) and 4π in one cycle (optical vortex
with charge number l=±2), respectively.

Generally, the center of the bandgap of each photonic structure
is matched to the wavelength (frequency) of the light propagating
through the topological waveguide, and therefore the transition
ratio of the electromagnetic mode (p±, d±) is the same for all
band diagrams. Consequently, the optical vortex modes with
l=±1 and l=±2 propagating through the topological wave-
guide are mixed in a ratio of 1:1. When optical vortices are used
to realize multiplexing technology, it is generally necessary to
handle mutually perpendicular optical vortex signals with spe-
cific charge numbers. Hence, in optical circuits, it is essential to
selectively propagate only optical vortex modes with a specific
charge number l rather than the abovementioned mixed optical
vortex modes.

Therefore, as shown in Figs. 1(b) and 1(c), we consider the
situation in which the band diagrams of the two photonic struc-
tures that comprise the topological waveguide are shifted in
opposite directions. In this case, when the lower bandgap edge
of the trivial photonic structure and the upper bandgap edge of
the topological photonic structure are brought close to the target
light wavelength, the transition of the p ± electromagnetic mode
becomes dominant compared to that of the d ± electromagnetic
mode [Fig. 1(b)]. Therefore, the optical vortex mode that propa-
gates through the topological waveguide consisting of these two
photonic structures is limited to the mode with l=±1. Similarly,
when the upper bandgap edge of the trivial photonic structure
and the lower bandgap edge of the topological photonic structure
are brought close to the target light wavelength, the transition of
the d ± electromagnetic mode becomes dominant [Fig. 1(c)]. In
this case, the topological waveguide only allows the optical vor-
tex mode with l=±2. It should be noted that these phenomena
are unique to cases in which the used photonic structures have
Z2 topology.

We examined the possibility that each topological waveguide
is able to select the appropriate optical vortex mode using the
method described in the preceding paragraph. First, a photonic
structure with band diagrams as explained in Figs. 1(b) and 1(c)
was designed. In this study, a structure in which nanoholes were

Fig. 2. Topological photonic waveguide and lattice structure with
Z2 topology used in the simulation.

Fig. 3. (a) Theoretical results of the wavelengths (i.e., energies)
of the upper and lower bandgap edges in the band diagram of each
structure with different parameters. (b) Band diagrams of a photonic
structure with R= 229 nm and L= 305 nm and a photonic structure
with R= 256 nm and L= 282 nm. Only the optical vortex mode with
l=±1 can pass through a topological waveguide using these struc-
tures. (c) Band diagrams of a photonic structure with R= 216 nm
and L= 275 nm and a photonic structure with R= 253 nm and
L= 307 nm. Only the optical vortex mode with l=±2 can pass
through a topological waveguide using these structures.

arranged in a deformed honeycomb lattice with C6v symmetry
was used as the photonic structure with Z2 topology (Fig. 2).
The dielectric that constitutes the photonic structure was silicon
[33] and the period of the honeycomb lattice a0 was fixed at
730 nm. The distance from the center of the hexagonal unit cell
to the center of the nanohole R and the length of the nanohole L
were taken as parameters.

Figure 3(a) shows the results of the wavelengths (i.e., the ener-
gies) of the upper and lower bandgap edges in the band diagram
of each structure according to the PWE method. Here, in the
range R= 245–320 nm, the inversion of the p-wave and d-wave
modes near the Γ point of the band diagram is observed, and
the topology of the photonic structure changes. The respective
topologically different structures are called the “trivial photonic
structure” and the “topological photonic structure” satisfy the
condition a0/R>3 and a0/R<3 [26]. In this case, because the
width of the bandgap changes mainly according to the change
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in R and the wavelength band of the bandgap changes according
to the change in L, it is possible to obtain the desired bandgap
by selecting R and L appropriately.

Using the results shown in Fig. 3(a), we selected four struc-
tures for realizing the concept shown in Fig. 1 and performed
a detailed band analysis using the FDTD method. Figure 3(b)
shows the results of combining the band diagrams of a triv-
ial photonic structure with R= 229 nm and L= 305 nm and a
topological photonic structure with R= 256 nm and L= 282 nm.
The positional relationship of these structures with the target
light wavelength (1537 nm) agrees with the relationship shown
in Fig. 1(b). Additionally, Fig. 3(c) shows the results of com-
bining the band diagrams for a trivial photonic structure with
R= 216 nm and L= 275 nm and a topological photonic structure
with R= 253 nm and L= 307 nm. The positional relationship
of these structures with the target light wavelength (1537 nm)
agrees with the relationship shown in Fig. 1(c). It is thought
that by forming a topological waveguide using these structures,

Fig. 4. (a) Calculated phase and intensity of the magnetic field
(Hy) near a topological waveguide consisting of photonic structures
with the band diagrams shown in Figs. 3(b) and 3(c) at a wavelength
of 1540 nm (see Visualization 1, Visualization 2, Visualization
3, Visualization 4, Visualization 5, Visualization 6, Visualization
7, and Visualization 8). (b) Calculated propagation loss for each
topological waveguide as a function of wavelength.

Fig. 5. (a) Optical vortex and polarization demultiplexer obtained by constructing a band-tuned topological waveguide. (b) Enlarged center
of the device. (c) Calculated magnetic field distribution (Hy) when a signal multiplexed with all optical vortices and polarizations is used as
input. (d), (e) Results obtained when left circularly polarized signals with l= |1| and |2| are used as inputs.

the transition of the p± (or d±) electromagnetic mode becomes
dominant, and it becomes possible to select the propagation of
only the optical vortex mode with l=±1 (or l=±2). In this
case, because the direct bandgap at Γ point is required to real-
ize the topological edge state, the operation wavelength bands
in Figs. 3(b) and 3(c) become 1526–1549 and 1524–1548 nm,
respectively, and it is possible to cover a wide range within the
C band.

Based on the abovementioned photonic structure, we analyzed
the propagation characteristics of the topological waveguide cre-
ated at the interface between trivial and topological photonic
structures by the FDTD method. Figure 4(a) shows the phase
and intensity of the magnetic field (Hy) of the propagating light
at a wavelength of 1540 nm viewed directly above a topologi-
cal waveguide consisting of photonic structures with the band
diagrams shown in Figs. 3(b) and 3(c) (see Visualization 1,
Visualization 2, Visualization 3, Visualization 4, Visualization
5, Visualization 6, Visualization 7, and Visualization 8 for the
time variation). Enlarging the lattice in each topological wave-
guide, the propagating light has a phase change of 2π (optical
vortex with charge l=±1) and a phase change of 4π (optical vor-
tex with charge l=±2), respectively, which rotate over time. The
results show that, for each structure, l= 1 and l= 2 are selected
as the optical vortices propagating in the band-tuned topological
waveguide. By separating each orthogonal vortex mode from the
mode distribution in Fig. 4(a), the ratio of p-wave to d-wave (p-
wave/d-wave) for l=±1 and l=±2 waveguides was estimated to
be 10.11 and 0.0965, respectively. It should be noted that only
the Hy component behaves like an optical vortex. The cross-
sectional modes of the topological waveguide are the usual TE
modes, and the energy flow is proceeding in the direction of
the waveguide while their propagation direction changes in a
complex manner at each local point.

Figure 4(b) shows the wavelength-dependent analysis results
of the band-tuned topological waveguide. Here, in the wave-
length range of 1526–1548 nm (which is an operation wave-
length band of the topological waveguide), all waveguides have
the same wavelength dependence, and the decrease in trans-
mission intensity due to spin-spin scattering is observed at the
wavelength of 1545 nm. On the other hand, in the wavelength
range where the topological waveguide does not work, large
fluctuations were confirmed because remarkable light leakage
occurred outside the topological waveguides.

As one example, we designed the structure of an optical vor-
tex and polarization demultiplexer by constructing a band-tuned
topological waveguide on an optical circuit, and we analyzed its
characteristics. Figures 5(a) and 5(b) show schematic views of
the device. Here, the multiplexed signal incident on the center
of the device is separated into four waveguides through regions

https://doi.org/10.6084/m9.figshare.19114292
https://doi.org/10.6084/m9.figshare.19114295
https://doi.org/10.6084/m9.figshare.19114298
https://doi.org/10.6084/m9.figshare.19114298
https://doi.org/10.6084/m9.figshare.19114301
https://doi.org/10.6084/m9.figshare.19114274
https://doi.org/10.6084/m9.figshare.19114280
https://doi.org/10.6084/m9.figshare.19114283
https://doi.org/10.6084/m9.figshare.19114283
https://doi.org/10.6084/m9.figshare.19114286
https://doi.org/10.6084/m9.figshare.19114292
https://doi.org/10.6084/m9.figshare.19114295
https://doi.org/10.6084/m9.figshare.19114298
https://doi.org/10.6084/m9.figshare.19114301
https://doi.org/10.6084/m9.figshare.19114274
https://doi.org/10.6084/m9.figshare.19114274
https://doi.org/10.6084/m9.figshare.19114280
https://doi.org/10.6084/m9.figshare.19114283
https://doi.org/10.6084/m9.figshare.19114286


Letter Vol. 47, No. 9 / 1 May 2022 / Optics Letters 2193

composed of photonic structures with four different band tun-
ings. Based on the previous analysis, photonic structures of (R,
L)= (229 nm, 305 nm), (256 nm, 282 nm), (216 nm, 275 nm),
and (253 nm, 307 nm) were placed in the Tri A, Topo A, Tri B,
and Topo B regions in Fig. 5(b), respectively. In addition, no
nanoholes were placed in region C, and signals were inputted in
this area. The optical vortices and polarizations used for multi-
plexing were the two types of charge numbers l = |1| and |2|,
right circular polarization (RCP) and left circular polarization
(LCP), respectively.

Figures 5(c)–5(e) show the magnetic field distribution (Hy)
calculated by the FDTD method. Figure 5(c) shows the result
obtained when a signal multiplexed with all optical vortices and
polarizations is the input. It can be seen that each signal with
a particular optical vortex and polarization propagates to the
corresponding output. Figures 5(d) and 5(e) show the results
obtained when left circularly polarized signals with l = |1| and
|2|, respectively, were the inputs. It can be seen that an output was
obtained only for a specific topological waveguide. This shows
that by making good use of the characteristics of topological
waveguides, completely passive and powerless optical vortex
and polarization demultiplexing is possible, which will be very
useful for future optical vortex multiplexing communications.

In this paper, we proposed a method for selectively propa-
gating optical vortex modes with specific charge numbers in an
optical circuit by using a topological photonic system. It is pos-
sible to selectively excite/propagate optical vortex modes with
specific charge numbers in topological waveguides by perform-
ing appropriate band tuning in topological photonic crystals.
The proposed method could be useful for controlling optical
vortex signals in future orbital angular momentum multiplexing
technologies.
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