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Tailored complex optical fields, may find applications in optical manipulation, imaging, microscopy, quantum
information processing, and optical communications. Here, we focus on data information transfer for optical
communications using complex optical fields. We review recent research progress in complex optical field
modulation, multiplexing, and multicasting for data information transfer on different platforms of waveguides,
free space, and fiber. Challenges and perspectives are also discussed.
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One distinct feature of photons and light is their multiple
physical dimensions including wavelength/frequency,
time, complex amplitude, polarization, and spatial struc-
ture, as shown in Fig. 1. Very recently, the spatial structure
of light has attracted increasing interest in optical commu-
nications to address the emerging capacity crunch?. One
typical example exploiting the spatial structure is a twisted
light carrying orbital angular momentum (OAM)2, which
has a spiral phase structure similar to the natural spiral
phenomenon (e.g., helical stairs). An OAM-carrying light
is one type of complex optical fields. In general, complex
optical fields have complex spatial distributions and/or
complex temporal waveforms, as shown in Fig. 2. The com-
plex spatial distributions include spatial amplitude such as
a Hermite-Gaussian (HG) beam, spatial phase such as an
OAM beam, and spatial polarization such as a vector beam,
which can be generated by various schemes®Y. The com-
plex temporal waveforms include complex amplitude and
other special waveforms. The complex amplitude is well
known for advanced modulation formats such as M-ary
phase-shift keying (m-PSK) and M-ary quadrature ampli-
tude modulation (m-QAM)2Y. The tailored complex opti-
cal fields may find a wide variety of interesting applications
in optical manipulation, imaging, microscopy, quantum in-
formation processing, and optical communications on dif-
ferent platforms of waveguides, free space, and fiber™2Y,

In this Review, we focus on data information transfer
using complex optical fields in waveguides, free space,
and fiber.

Taking an OAM beam as one example of complex
optical fields, as shown in Fig. 3, the typical data informa-
tion transfer approaches include modulation, multiplex-
ing, and multicasting. Modulation employs different
orthogonal OAM states to encode data information
which is similar to the widely used complex amplitude
modulation (e.g., m-PSK, m-QAM). Multiplexing adopts
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different OAM beams as orthogonal carriers to deliver and
combine multi-channel data information. Multicasting
duplicates data information into multiple copies for multi-
ple end wusers (i.e., one-to-many communications).
Remarkably, not only OAM beams but other complex op-
tical fields can be used for data information transfer by
modulation, multiplexing, and multicasting.

First, we discuss complex optical field modulation for
data information transfer.

The complex amplitude modulation, has been not only
widely used in long-haul optical fiber communications™,
but applied to metro/access and data center applica-
tions™®. Moreover, chip-scale optical interconnects have
also employed complex amplitude modulation for data
information transfer?2J. Here one example is shown of
chip-scale data information transfer in a compact silicon
microring using orthogonal frequency-division multiplex-
ing based on offset QAM (OFDM/OQAM), which is
modulated with a 256-QAM. Figure 4 shows scanning
electron microscope (SEM) images of a fabricated silicon
microring. We demonstrate chip-scale data information
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Fig. 1. Multiple physical dimensions of photons and twisted
light carrying OAM.
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Fig. 2. Classification of complex optical fields and their applica-
tions on different platforms.
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Fig. 3. Illustration of data information transfer using complex
optical field modulation, multiplexing and multicasting.
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Fig. 4. SEM images of a fabricated silicon microring. (a) Wave-
guide cross section; (b) grating coupler; (¢) microring; (d) coupling
region between the bus waveguide and bending waveguide.

transfer of 191.2 Gbit/s eight wavelength OFDM/OQAM
256-QAM signals, as shown in Fig. 5.

Similarly, complex spatial amplitude/phase/polariza-
tion modulation can be also used for data information
transfer®2J. Here, we show two examples of Bessel beam
modulation in free space, and hybrid linearly polarized
(LP) mode and OAM mode modulation in fiber.

Shown in Fig. 6 is the concept and principle of high-speed
Bessel beam modulation enabling a free-space data infor-
mation transfer link through turbulence. Although Bessel
beams are generated using a commercially available spatial
light modulator (SLM) with slow switching response,
high-speed operation is achievable by mapping traditional
intensity modulation with tens of gigabits speed to spatial
modulation. We demonstrate a 20 Gbit/s Bessel beam
modulation link in the experiment, as shown in Fig. 7.

Figure 8 shows the concept, principle, and results of
spatial mode modulation for data information transfer
in fiber. As shown in Fig. 8(a), two spatial modes (OAM
and OAM_;) can be used to represent binary numbers 0
and 1, while four spatial modes (LPg;, LPyy,, LPyyy,, and
OAM_,) can be used to denote quaternary numbers 0, 1,
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Fig. 5. Measured results of chip-scale data information transfer
in a silicon microring using complex amplitude modulation.
(a) Spectra of eight wavelength channels (W1-W8); (b) Bit-error
rate (BER) versus received optical signal-to-noise ratio (OSNR)
for all eight-channel OFDM/OQAM 256-QAM data transmis-
sions; (c)-(e) constellations of 256-QAM signals. B-to-B, back-
to-back; FEC, forward error correction.
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Fig. 6. Concept and principle of high-speed adaptive Bessel
beam modulation through turbulence. BPG, bit-pattern gener-
ator; IM, intensity modulator; BS, beam splitter.
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Fig. 7. Measured results of 20 Gbit/s Bessel beam modulation
link for free-space data information transfer. (a) BER perfor-
mance; (b)-(d) eye diagrams; (b) B-to-B; (¢) before and (d) after
turbulence compensation; (e) temporal waveforms.
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Fig. 8. (a) Concept, (b) principle, and (c) results of spatial mode
modulation for data information transfer in fiber.

2, and 3. As shown in Figs. 8(b) and 8(c), by employing
four hybrid LP mode and OAM mode modulation, we
demonstrate successful image transfer in a 10 km few-
mode fiber in the experiment.

Second, we discuss complex optical field multiplexing
(e.g., spatial mode multiplexing) for data information
transfer.

The spatial mode multiplexing using different mode sets
has been reported in waveguides, free space, and fiber2 2,
We show here three examples of data-carrying spatial
mode multiplexing.

Shown in Fig. 9 are the SEM images of a fabricated sil-
icon mode (de)multiplexer. An asymmetrical directional
coupler is employed to enable mode coupling from the
fundamental mode (TE,) in a narrow waveguide to a
high-order mode (TE; or TE,) in a wide multi-mode
waveguide. Apodized grating couplers are used for light
coupling in/out of the chip. We demonstrate chip-scale
two- and three-mode (de)multiplexing using OFDM
256-QAM signals with measured bit error rate (BER)
performance shown in Fig. 10.

Figure 11 shows the concept of full-duplex data infor-
mation transfer using OAM multiplexing in an OAM
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Fig. 9. SEM images of fabricated silicon mode (de)multiplexer.
(a) Two-mode; (b) three-mode; (c) asymmetrical directional
coupler; (d) grating coupler.
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Fig. 10. Measured BER performance and constellations of
(a) two-mode and (b) three-mode (de)multiplexing using OFDM
256-QAM signals. I11-13, input ports; O1-O3, output ports.
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Fig. 11. Concept of full-duplex data information transfer using
OAM multiplexing in an OAM fiber.

fiber. The downlink and uplink using z- and y-polarized
OAM,; and OAM_; modes share the same OAM fiber
link. We demonstrate full-duplex 20 Gbit/s quadrature
phase-shift keying (QPSK) data information transfer link
using OAM multiplexing through a 1.1 km OAM fiber in
the experiment, as shown in Fig. 12. The measured BER
performance and constellations are plotted in Fig. 12,
showing favorable operation performance.

We further design and fabricate a 50 km OAM fiber for
OAM multiplexing data information transfer. Shown in
Figs. 13(a) and 13(b) are the relative refractive index pro-
file and a photo of a graded-index 50 km OAM fiber. Shown
in Fig. 13(c1)-13(c10) are the measured doughnut-shaped
OAM and demodulated Gaussian-like intensity profiles.
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Fig. 12. Measured BER performance and constellations of full-
duplex 20 Gbit/s QPSK data information transfer using OAM
multiplexing in a 1.1 km OAM fiber. EFEC, enhanced FEC.
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Fig. 13. (a) Relative refractive index profile and (b) photo of
OAM fiber. (c1)-(c10) Measured OAM and demodulated
Gaussian-like intensity profiles after 50 km fiber transmission.

We demonstrate OAM multiplexing data information
transfer in the 50 km OAM fiber, as shown in Fig. 14.

Third, we discuss complex optical field multicasting for
data information transfer.

Similar to wavelength multicasting?4J, complex optical
field multicasting can also be used to facilitate a one-
to-many data information transfer™2¥. We show here one
example of OAM multicasting using a metasurface.
Figure 15 presents the on-chip N-fold OAM multicasting
using a V-shaped antenna array (metasurface). As shown
in Fig. 15(a), an input Gaussian beam is modulated by a
V-shaped antenna array, which is designed to be equiva-
lent to a complex multi-OAM phase pattern to generate
multiple OAM beams. Inverse phase patterns are used to
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Fig. 14. Measured BER performance of OAM multiplexing data
information transfer in the 50 km OAM fiber.
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Fig. 15. On-chip N-fold OAM multicasting using V-shaped
antenna array (metasurface).
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determine the multicasted OAM modes. As shown in
Figs. 15(b)-15(d), the V-shaped antenna enables flexible
localized spatial amplitude and phase control by proper
design of geometric parameters (arm length and opening
angle). We achieve on-chip four-fold OAM multicasting
with a low crosstalk of less than —15 dB.

In summary, we review of complex optical field modu-
lation, multiplexing, and multicasting for data informa-
tion transfer on different platforms (waveguides, free
space, fiber). More challenges are expected.

For the complex optical field modulation, the challenge
would be high-speed spatial mode modulation. Although
the modulation mapping scheme shows a simple way to
enable a tens of gigabits operation speed®2, it is not
straightforward and scalable to a higher base spatial mode
modulation. Fast SLM techniques and devices are highly
desired.

For complex optical field multiplexing, the challenge
would be a (de)multiplexer supporting a large number
of spatial modes. Although mode sorters are reported 22
the performance in terms of loss, crosstalk, and scalablhty
to tens of modes still needs to be improved. Robust
spatial mode (de)multiplexers are highly desired.

For complex optical field multicasting, the challenge
would be the increasing number and flexible control of
multicasted channels. Although adaptive power-control-
lable multicasting is reported®?, the channel number is
still limited. More flexibility and large number spatial
mode multicasting techniques are highly desired.

Silicon photonics offers a promising photonic integra-
tion platform enabling ultracompact nanophotonic
devices for complex optical field manipulation. A long-
distance data information transfer link requires turbu-
lence compensation and high-accuracy acquisition, point-
ing and tracking (APT) techniques in free space, and a
specialty fiber supporting a large number of spatial modes.
Data information transfer using a conventional graded-
index multi-mode fiber could be valuable. Beyond wave-
guide, free space, and fiber, underwater data information
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transfer using complex optical fields would be also
interesting.

Overall, the data information transfer using complex
optical fields is still an emerging research field. High-
speed, high-efficiency, large-scale integration, multi-scale
distance, flexibility, and scalability are the trend. Tailored
complex optical fields may find more opportunities in
future communications and also in noncommunication
applications.
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