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Abstract

We design and demonstrate a WDM-compatible polarization-diverse OAM generator and multiplexer. OAM modes with orders
from -3 to 43 are generated directly in circular polarization (left or right) within the wavelength range of 1540 nm to 1557 nm.

1 Introduction

Space division multiplexing (SDM) in optical fibre can be com-
bined with multiplexing in time, frequency and polarization,
as well as quadrature modulation, to increase the transmission
capacity and reduce the cost per bit. Orbital angular momen-
tum (OAM) modes, compared with LP modes, offer a reduction
in system complexity and power consumption by avoiding the
need for multiple-input, multiple-output pro-cessing [1].

OAM modes can be generated in free-space using spiral
phase plates [2], spatial light modulators [3], and q plates
[4]. These free-space OAM setups are bulky, hard to align
and become quite complex when the number of OAM modes
increases. The silicon on insulator (SOI) platform is one of the
most promising photonic integration platforms due to its tun-
ability and robustness. Solutions based on silicon resonators
[5], [6] has OAM order dependant on the resonance wave-
length; these structures are therefore not compatible with wave-
length division multiplexing (WDM). In [7], 2D-3D hybrid
photonic integrated circuits were used , and the modes gen-
erated were either azimuthally or radially polarized, thus, the
device cannot directly create the circular polarization required
for OAM transmission in fibre [1]. We previously proposed
[8] a photonic integrated circuit (PIC) where circularly polar-
ized OAM modes could be directly generated. The PIC was
scalable, and we described the design methodology along with
transfer-matrix model and optimizing techniques.

In this paper, we design and experimentally demonstrate
a WDM-compatible polarization-diverse OAM generator and
multiplexer. OAM modes from -3 to 43 order have been gener-
ated in both circular polarizations, across the wavelength range
of 1540 nm to 1557 nm.

2 Chip design

The schematic of our OAM generator and multiplexer is shown
Fig. 1a. The SOI-based circuit is enclosed in the dotted line.
The chip optical inputs consist of fibre-to-chip couplers cou-
pled to a single mode fibre (SMF) array. This circuit encodes
each input of the SMF array onto a distinct OAM mode and
polarization. Each input channel (far left, Fig. 1a) maps to a
unique OAM state, distinguished by its polarization, topolog-
ical charge and direction of rotation of the phase front. The
topological charge is an integer, and the direction of rotation is
the sign of the topological charge.

The input channels are separated into two sections based on
the intended circular polarization state at the output. The input
channels that are destined to left circular polarization (LCP) are
fed into the left star coupler SCy,, while the input channels des-
tined to right circular polarization (RCP) are fed to right star
coupler SCg. The two star couplers, SC;, and SCy, perform
the exact same task of rotating the phase front based on the
intended OAM order implied by the input waveguide position.
Assuming only one input port that is destined to LCP is acti-
vated, at all the outputs of SCy,, we will see lights with similar
amplitude (ideally equal) and uniformly spaced phase.

The difference between SCy, and SCy is the routing to their
outputs. Outputs of SCy, are routed to the upper ports of direc-
tional couplers, while outputs of SCg to the bottom. Above
these routing waveguides, we deploy metal for heating on top
of each path, allowing us to independently change the refrac-
tive index of each waveguide. By heating these elements, we
can compensate any phase error during fabrication. The rout-
ing waveguides are 65 um apart to avoid any heat crosstalk
from adjacent heaters. Per our design, after the directional cou-
pler, light passing through the directional coupler via the upper
port will see a 50-50 splitting ratio and 90-degree phase shift
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Fig. 1: (a) Schematic of the SOI OAM generator and multi-
plexer, (b) photograph of fabricated 2D grating coupler ring
and directional couplers, and (c) SEM image of one fabricated
2D grating coupler.

between its output ports, while light passing through the bot-
tom port will be evenly split, but with a negative 90-degree
phase shift.

The two output ports of each directional coupler are com-
bined by a 2D grating coupler. In this design, 17 of these 2D
grating couplers are used in the emitter section. Due to the 90-
degree phase difference introduced by the directional coupler,
the beam that emits from the 2D grating coupler is circu-
larly polarized. As shown in Fig. 1b, we placed the directional
coupler and 2D grating coupler as close as possible to well
maintain the 90-degree phase difference and to avoid phase
error. In Fig 1c, the scanning electron microscope image of a
fabricated 2D grating coupler is shown. We add reflectors after
the grating region of the 2D grating coupler to achieve vertical
emission for our experimentation.

3 Experimental results

Fig. 2 shows the experimental setup. Our first characteriza-
tion examines the chip in de-multiplexing mode and focuses
on fabrication and using the heaters to correct for phase errors.
The second characterization examines the chip in a multi-
plexing role to confirm generation of the OAM modes (with
proper circular polarization) by observing the characteristic
spiral interferograms.

The characterization begins by demultiplexing a fundamen-
tal mode beam incident on the chip and observing the output
ports via the fiber array. The beam from a tunable laser (top
right) first passes through a polarization controller for LCP
(or RCP) and then strikes the SOI chip. The beam splitter is
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Fig. 2: Experimental setup to characterize chip and observe
interference patterns.

assumed to be transparent in this direction. As we set the polar-
ization to left circular, ideally, all the power would go to the
output port that corresponds to zeroth order OAM LCP. The
power that goes to other ports is crosstalk to other modes.

To compensate for phase errors during fabrication, we sweep
the voltage applied on each heating metal from 2V to 6V, until
we have maximized the power at the zeroth order port. The
same manipulations are done for the RCP branch. After char-
acterization, the highest crosstalk to unwanted modes is -7 dB
for LCP and -12 dB for RCP.

To confirm generation of OAM modes, we adjust our setup
to generate an interference pattern between the output of the
SOI chip and a reference fundamental mode beam. We fix the
voltage applied on each heating metal to those optimal values
found previously. The top right laser is no longer used.

The beam from the laser on the bottom left is split into two
paths at a ratio of 90:10, with 90% of power coupled to the
SOI chip through one input of the fiber array. The SOI chip
functions as an OAM generator. The beam emitted from the
chip is collimated through an aspherical lens and then goes to
the beam splitter above it. On the left side of the beam splitter
is the reference beam, formed from 10% of the tunable laser.
Power of the reference beam is adjusted via a viable attenuator
to match the power emitted from the chip. A polarizer and a
quarter wave plate are used to produce a circularly polarized
reference beam. After the combination of the reference beam
and generated beam, interferograms are recorded at the CCD
camera to the right.

The input light to the chip is routed to one SOI input at
a time, each input corresponding to a target OAM mode and
polarization. We interfere the beam generated from the SOI
chip with the reference beam twice, once for each circular
polarization of the reference beam. The recorded interfero-
grams are shown in Fig. 3. The number on top of each column
indicates the intended OAM order (determined by input port).
When target and reference polarizations are identical we expect
the number of spirals in the interferometer to be equal to the
absolute value of the mode order. When the polarizations are
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Fig. 3: Interferograms (OAM order appear above columns) for: row 1) LCP generation with LCP reference, row 2) LCP
generation with RCP reference, row 3) RCP generation with LCP reference, and row 4) RCP generation with RCP reference.

unaligned, we expect the circular Gaussian intensity pattern in
the interferogram.

From Fig. 3, with opposite polarizations between target and
reference, we observe Gaussian intensity profiles. For all cases
with aligned polarizations we see spiral patterns, confirming
generation of OAM beams. The spiral patterns for RCP are in
general of greater purity, as expected given the 5 dB difference
in crosstalk levels for LCP and RCP observed in the first stage
of characterization. The number of spirals observed in each of
these interferograms matches with the intended OAM order.

To demonstrate the WDM compatibility of the design, we
collected interferograms at four wavelengths for each circular
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Fig. 4: Interferograms for target and reference beams with
identical polarizations for various wavelengths; target OAM
orders appear on the left, and polarization and wavelength are
indicated above each column.

polarization within the C band. We again fix the voltage applied
on each heating metal to those optimal values found previously.
Interferogram results are shown in Fig. 4. The maximum and
minimum wavelengths indicated the extremes we were able to
cover, which are different for LCP and RCP. The overlapping
region, 1540 nm to 1557 nm indicates this design, can generate
all 7 OAM modes in both circular polarizations (14 information
channels) over 17 nm of optical spectrum.

To quantify the wafer non-uniformity, we examined multiple
copies of our coupler structure at various locations on the fab-
ricated chip. By comparing six copies of splitting ratio data,
the non-uniformity was 2.3 dB for LCP branch and 1.8 dB
for RCP (uniform would be 0 dB for each). Starting from the
ideal directional coupler model proposed in [8], we introduce
this non-uniformity and simulate the resulting interferograms.
The deterioration in those interferograms could explain the
difference between LCP and RCP branches. A 2 x 2 multi-
mode interference (MMI) coupler could be used to replace the
directional coupler for better performance.

4 Conclusion

We demonstrated a WDM-compatible polarization-diverse
OAM generator and multiplexer that supports up to 3rd
order OAM in the fabricated design. Measured interferograms

| demonstrated OAM spirals of the correct chirality over 17 nm

within C band. The design can accommodate more OAM chan-
nels by adding 2D grating couplers in the emitter section. As

i the generated beam is circularly polarized by construction, only
| minimum free-space optics are needed for OAM fibre coupling.
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