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Fig. 1 Development history of underwater acoustic communication
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Fig. 2 Development history of underwater electromagnetic communication”
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Fig. 3 Development history of underwater wireless optical communication”
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Table 1 Development of underwater wireless optical communication in past decade

Year Source Scheme Date rate Distance / Water Optical PD Bit error rate  Ref.
m type power (BER) No
2013 470 nm LED DMT 58 Mbit/s 2.5 Municipal water 10 W APD <107° [63]
2014 421 nm LD N/A 2.488 Gbit/s 1.7 Harbour water 30 mW PIN Error-free [72]
2015 450 nm LLD 1-QAM-OFDM 4.8 Gbit/s 5.4 N/A 15 mW APD 2.6X107° [64]
2016 450 nm LD  160AM-OFDM 3.2 Gbit/s 6.6 Tap water 15 mW APD 6.83x10 * [73]
2017 520 nm LD OOK 2.7 Gbit/s 34.5 Tap water 19.4mW  APD 2X10°° [74]
2018 448 nm LED NRZ-OOK 25 Mbit/s 10 Tap water 1w APD 1x10°" [75]
2019 457 nm LED  128QAM-SGS 2.534 Gbit/s 1.2 N/A N/A PIN <3.8X10°° [76]
2019 457nm LED  64QAM-DMT  3.075 Gbit/s 1.2 N/A N/A PIN  <3.8x10° [77]
2019 520 nm LD NRZ-OOK 500 Mbit/s 100 Tap water  7.25mW  APD  2.5x10°  [78]
2019 450 nm LD NRZ-OOK 2.5 Gbit/s 60 Tap water 50 mW APD 3.5X10° [79]
2019 520nm LD  32QAM-OFDM  312.03 Mbit/s 21 Tap water <15mW MPPC <C3.8X10° [66]
2020 450 nm LD NRZ-OOK 2 Mbit/s 117 Tap water 22.9mW SPAD 5.31X10°* [80]
2020 450 nm LD NRZ-OOK 500 bit/s 144 Tap water 22.9mW SPAD 1.89x10° [80]
2020 520 nm LLD 32-QAM 3. 31 Gbit/s 56 Tap water 17.8mW  APD <3.8x107* [81]
2021 450 nm laser ~ DFT-SDMT 5 Gbit/s 50 Coastal ocean  16.18 mW  APD  <(3.8X10 ° [67]
2022 450 nm LD OOK 3 Gbit/s 100. 6 Coastal ocean  14.99mW PMT <(3.8X10° [82]
2023 450 nm LD I-SC-FDM 660 Mbit/s 90 Pool 188.8 mW PMT <{3.8X10° [68]
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Table 2 Comparison of three underwater wireless
]

communication technologies™

Communication  Acoustic RF Optical
technology ~ communication communication communication
Range km scale 10-100 m 100-200 m
Data rate <10 kbit/s  <C0.1 Gbit/s <40 Gbit/s
Speed 1500 m/s  2.25X10°m/s 2.25X10°m/s
Frequency 10 Hz-1 MHz MHz scale 10"-10" Hz
Bandwidth kHz scale MHz scale  MHz-GHz scale
Consumption Low High Low
Cost High High Low
Antenna size 0.1m 0.5m 0.1m
Latency High Moderate Low
Biohazard Yes No No

BE AL IR A 0T ARG . A O AL St 4k
BELOAM B & T2 MU 4 . — J7 1, OAM #
KA ZE M HIE SR, B OAM /] LA 1R £ Bt
{F LW PR AH B OE 32, AT LA HAth 4 3 — 42 T 15 B 4

£=1 =2

i FAE R 2 ik A7 (5 B2 M s 5 —Jr i, OAM B %
1] & i 55 56 % AL G5 4 B AN .3 25, BT OAM AR 1y
HHGEHEARTUSEGEEFEEARA IS . FHit,
FT OAM B A9 /K T JE 2t 8 15 B AR 7T LLZE BLA K
TR CE AR H AR IR FE— L S A YA
3.1 OAMBEXRFRERFEMNEH %

OAM A 20 2 — Ffr A5 W8 e AH A7 I8 1T 19 7 K 285 44
6, A EE T 0 AR 37 & o0 ~F 1 0k iy ) , L2 TRl AR 42
SE PR R X R A A T Bk B R s T 0 A
OAM 20 B A7 exp (i00) B2 A7 R 1, Horpr ¢ 3 4b
L A 2k 8 OAM B3 (¢=0, =1, +2,--+) , 0} J7 ir
1, B OE T HEAR 9 OAM K (h (R Ry 2916 3% B3 5 %
B o OAM 52X A 12E A 057 25 44 fiff 75 mp o0 Ry AH 47 3
A, PRI S B e S b R A ) FOIR 5 A A, L
LA WZE AR o 45 A8, DR A B R R BE O 4 BFOR A
a7 )R TR OAM By B0 I8 e 6 o B 4 Al AR 47 4
i IRGEM AL ) o F LB OAM BYOE IR £ Ff
A AL K - TG BR DL ZE R - m TR AR L 58 R R
eGR4 S

Phase /rad

Phase /rad Phase /rad

.‘zn -|27t .|2n
0 0 0

U & %

P4 BA A R A AT 9 O AM BECREE (o B2 23 A3 A AL 20 A AR

Fig. 4 Characteristics of OAM modes with different topological charges (intensity distribution, phase distribution, and wavefront)
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Table 3 Summary of recent underwater wireless optical communication achievements using OAM modes

Year Source Scheme Datarate  Distance Water type Topological  Attenuation / BER Ref
charge dB No
2016 445nm LD NRZ-OOK 3 Gbit/s 2.96 m Turbid water +8 35 2.073xX10°" [16]
2016 532nm LD OOK 40 Gbit/s 1.2m Tap water +3, £1 2.5 5X10°7 [17]
2017 450 nm LD NRZ-OOK 12 Gbit/s 3m Deionized water +8, =4 N/A 2.06X107"  [99]
2017 520 nm LD 16-QAM 1.4 GBaud 2m Tap water +3 5 1X10°° [100]
2017 520 nm LD 8-QAM 1.5 GBaud 3m Tap water +6, £3 5 1x107° [101]
2018 520 nm LD 16-QAM 1. 08 Gbit/s 2m Tap water +1, +3, +5 N/A 1Xx10°* [3]
2020 532nm LD Twisted photons N/A 55m N/A —2,—3,+3 40 N/A [102]
2021 520nm LD  Real-time OOK 1. 25 Gbit/s 6 m Tap water +3 N/A 1.5X107* [103]
2022 520 nm LD QPSK 4 Gbit/s 2m Tap water +3 2 3.8X107°  [104]
2023 488 nm LD  Real-time OOK 20 Mbit/s 9m N/A +3 37 1.26x107" [105]
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Fig. 5 Underwater wireless optical communication system using multi-ary OAMSK modulation over ocean turbulence™"”.
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(a) Quaternary OAMSK modulation-based underwater wireless optical communication system; (b) effective signal energy versus

transmitted OAM mode under weak ocean turbulence; (c) channel capacity versus signal-to-noise ratio
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Fig. 6 Analysis of adaptive OAM shift keying decoder based on machine learning under oceanic turbulence channels”””. (a) System

schematic diagram; (b) accuracy varying with transmission distance under three different environments; (c) accuracy under weak-

to-moderate turbulence
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Fig. 7 Experimental study of machine-learning-based OAM shift keying decoders in underwater channels"". (a) Experimental setup;

(b) testing results for OAM decoding accuracy in turbid salty water; (c) testing results for OAM decoding accuracy under

different ocean turbulences
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Fig. 8 Coherent demodulated underwater wireless optical communication system based on convolutional neural network'".

(a) Schematic diagram of experimental setup;(b) accuracy of demodulation over 60 m transmission distance; (c) transmission

demodulation accuracy in fixed water
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Fig. 9 Underwater OAM mode multiplexing optical communication link”. (a) Experimental setup; (b) photographs of transmitter and

receiver; (c) eye diagrams
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Fig. 11 Prototype system of underwater wireless optical communication using OAM mode multiplexing"*”. (a) Concept and principle

of underwater wireless optical communication using OAM mode multiplexing; (b) concept and principle of OAM mode

generation by geometric phase Q-plate
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Experimental results for underwater wireless broadcast communication using OAM modes"”". (a) Demodulated normalized

power distribution of OAM mode based 1-to-4 multicasting communication; (b) measured BER performance
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Fig. 18

OAM mode based adaptive feedback-control non-line-of-sight underwater wireless optical communication utilizing total

reflection at air-water interface™. (a) Concept and principle; (b) experimental setup
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Fig. 19 Experimental results of feedback-enabled adaptive underwater light transmission utilizing all reflection at air-water interface' .

(a) Measured results for transmitting OAM modes (OAM.;, OAM ;) through adaptive feedback system; (b) measured results

for impact of thermal gradient and salinity on beam displacement and power loss
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Fig. 20 Fast auto-alignment assisted underwater OAM mode multiplexing wireless optical communication””’. (a) Concept and

principle; (b) experimental setup
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', (a) Beam's trajectory under

different vibration condition; (b) BER performance under different vibration condition
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different spatial modes with and without obstruction
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Fig. 25

Underwater wireless optical communication system based on CNN recognition of Bessel-Gaussian beams"””. (a) Experimental

setup; (b) accuracy of CNN for recognizing Laguerre-Gaussian and Bessel-Gaussian beams under different turbulence

intensities; (¢) recognition accuracy of CNN versus transmission distance under different turbulence intensities
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Fig. 26 Constant-envelope modulation of Ince-Gaussian beams for high-bandwidth underwater wireless optical communication”*".
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(a) Experimental setup for generating Ince-Gaussian beams through second-harmonic process; (b) intensity distribution of Ince-

Gaussian beams with different mode coefficient under different phase matching conditions; (¢) BER of Ince-Gaussian beams

versus attenuation length for different modulation formats
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Abstract

Significance The ocean occupies more than 70% of the earth’s surface, which has vast area and rich resources. Research
and exploration of the ocean have never ended. Due to the complexity and variability of the underwater environment, the
ocean has not yet been fully explored and utilized. Further exploration of the underwater environment plays an important
role in climate change, oil and gas detection, disaster early-warning, biological research, and other fields. Underwater
wireless communication ensures information transmission and interconnection between unmanned devices in the
underwater environment during ocean exploration. As the demand for underwater data transmission increases, high-
bandwidth and low-latency underwater communication has become a key technology for exploring and utilizing the ocean at
a deeper level.

Commonly used carriers for underwater wireless communications include sound waves, electromagnetic waves (e. g.
radio frequencies), and light waves. Each of the three carriers has its own characteristics. Although sound waves, as a
traditional underwater communication method, have the advantage of a wide transmission range and have been widely
used, the problems of relatively narrow bandwidth and longer delay in the medium limit their applications.
Electromagnetic waves are difficult to be widely used in underwater environments as they require complicated equipment
and short transmission distances. As a new type of underwater communication technology, underwater wireless optical
communication has gained widespread attention due to its advantages such as larger transmission bandwidth, better anti-
interference ability, lower latency, and lower costs. Underwater wireless optical communication refers to an underwater
communication system that uses light waves as the transmission carrier. In recent years, underwater wireless optical
communication has made considerable progress in the transmission capacity through the expansion and utilization of
multiple physical dimensions of light waves, such as wavelength, time, amplitude, phase, and polarization. However,

there are challenges in further improving the transmission capacity. The exploration of the spatial dimension of light waves
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has become a feasible way for capacity scaling.

Structured light refers to a special light field that exploits the spatial dimension by tailoring the spatial amplitude,
phase, and polarization distribution of light waves to obtain the required characteristics. Especially, structured light with a
spiral phase front carrying orbital angular momentum (OAM) has attracted interest in many applications such as optical
manipulation, tweezers, sensors, metrology, microscopy, imaging, and quantum science. OAM-carrying structured light
appears spatially as an annular intensity distribution due to phase singularity at the beam center. Since OAM-carrying
structured light can accommodate multiple orthogonal spatial modes, it has important advantages in expanding the capacity
of underwater wireless optical communication. We comprehensively reviewed the advances in underwater OAM optical

communications.

Progress We first introduced the development history of three types of underwater wireless communication technology,
including underwater acoustic communication, underwater electromagnetic (radio frequency) communication, and
underwater optical communication, and summarized their respective advantages and disadvantages. Then, we focused on
underwater wireless optical communication using OAM modes, with their basic principle, generation, and measurement
methods introduced. The research progress of underwater OAM mode wireless optical communication was
comprehensively reviewed, including underwater OAM mode encoding and decoding communication, underwater OAM
mode multiplexing communication, and underwater OAM mode broadcasting communication. Moreover, OAM mode
optical communications involving air-water interface ("water-air-water" crossing air-water medium, total reflection by "air-
water" interface) and fast auto-alignment assisted OAM mode optical communications were presented. In addition to the
OAM mode, other underwater structured light (e. g. Bessel beam and Ince-Gaussian beam) communications were also
introduced. Additionally, complex medium optical communications using OAM modes assisted by adaptive turbulence

compensation and fast auto-alignment were presented.

Conclusions and Prospects OAM mode exploits the spatial dimension of light waves, providing a new way for the
sustainable capacity expansion of underwater wireless optical communication. The future development trend of underwater
wireless optical communication is as follows. From the spatial mode point of view, more flexible and powerful spatial light
manipulation, a large number of OAM modes, more general structured light accessing the full spatial dimension (spatial
amplitude, spatial phase, and spatial polarization), and full use of multiple dimensions are highly desired. From the
underwater communication point of view, complex channel modeling, high capacity, long distance, and high robustness
are highly expected. Key devices [lasers, modulators, detectors, converters, and (de)multiplexers] and techniques (high
speed, high power, high sensitivity, high efficiency, high scalability, and high integration) are of great importance.
Meanwhile, from the perspective of future underwater wireless optical communication, on the one hand, it is expected to
be combined with electromagnetic (e. g. RF) communication and acoustic communication. According to different
application scenarios and different capacity and distance requirements, one or more suitable communication methods and
their combinations can be selected. On the other hand, the integration of underwater wireless optical communication
technology and underwater perception technology (i. e. integrated communication and perception) is also an important
research direction in the future, which is of great significance for improving the development capacity of marine resources,
developing the marine economy, protecting the marine ecological environment, and serving the strategy of becoming a

powerful marine country.

Key words optical communications; underwater wireless optical communications; orbital angular momentum; structured

light; spatial dimension; light field manipulation
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