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Abstract: This paper introduces the recent progress of underwater wireless optical communications 
(UWOC). Studies in channel dynamics and link alignment issues contribute to the mature 
applications of UWOC in real sea environments. © 2024 The Author(s) 

 
1. Introduction 

More extensive ocean explorations enhance human understanding of the ocean and demand for more advanced ocean 
technology, say ocean wireless communication. Reliable underwater wireless communication systems with a high 
data rate are of great significance for real-time data exchange among underwater vehicles, sensor networks and mother 
ships. For its advantages like high bandwidth, low latency and moderate transmission distance, underwater wireless 
optical communication (UWOC) has emerged as a promising technology in underwater communication [1]. To 
promote the deployment of UWOC, many efforts have been devoted to overcoming the large link loss caused by the 
absorption and scattering in seawater. With the breakthrough in high-performance transceivers and signal processing 
technologies, the link distance and data rate have been extended to hundreds of meters and several tens of Gbps, 
respectively [2]. Furthermore, not all experiments are confined to controlled smooth environments like water tanks in 
labs, and some have already moved to practical environments existing dynamic factors and link alignment issues [3]. 
The success in sea trials has also become an important benchmark for system performance evaluation. 

This paper presents an overview of the recent progress in improving the transmission distance and data rate of 
UWOC systems. Studies in channel dynamics and link alignment issues are also highlighted in this paper. With these 
advancements, UWOC systems have more opportunities for wide applications and deployment in real sea 
environments. 

2. Progress in Transceivers and Signal Processing 

Employing blue-green light to achieve lower attenuation is a common method for UWOC systems. However, devices 
operating in these wavebands normally have limitations in modulation bandwidth and transmitting power. Injection 
locking for laser diodes [4] and pre-emphasis circuits [5] for light-emitting diodes (LEDs) can effectively enhance the 
bandwidths of transmitters. On the other hand, the master oscillator power amplifier fiber laser is a promising solution 
to realize high average and peak powers [6]. Another useful method is to combine several high-speed outputs, to form 
a high-power output. A 3×1 fiber combiner was used in [7] to reach a total power of 2.4 W, achieving a 100-m/8.39-
Mbps UWOC link.  

High-sensitivity detectors have significantly extended the link distance of UWOC, and they have been widely used 
in recent UWOC transmissions over 100 m. The single photon avalanche diode exhibits sensitivity close to the 
quantum limit but its bandwidth is limited by the dead time [8]. While maintaining a high sensitivity, both multi-pixel 
photon counters [9] (MPPCs, also known as silicon photomultipliers, SiPMs) and photomultipliers (PMTs) [10] can 
achieve Gbps-level UWOC links. PMTs and MPPCs can typically operate in two modes: counting mode and analog 
mode. The analog mode supports higher data rates with high-order modulation, while the counting mode enables 
greater sensitivity. A 312.03-Mbps orthogonal frequency division multiplexing (OFDM) link was demonstrated using 
an analog MPPC with a 3-dB bandwidth of 4 MHz [11]. While using a photon-counting PMT and pulse position 
modulation (PPM), a receiving sensitivity of 3.32 bits/photon was achieved to overcome a link loss of 136.8 dB [12].   

Appropriate signal processing techniques based on the transceiver properties can lead to further breakthroughs in 
UWOC. For bandwidth-limited systems, modulations with high spectrum efficiency boost the data rate effectively. 
An LED-based UWOC transmission with a data rate exceeding 3 Gbps, within about 500-MHz bandwidth, was 
achieved by discrete multitone modulation [12]. For long-distance systems, PPM combined with high-peak-power 
pulsed lasers and photon-counting detectors can realize optimal energy efficiency. A distance record of 35.88 
attenuation lengths was achieved using 256-PPM and a pulsed transmitter with a 100-kW peak power [12]. In addition, 
signal processing is often adopted to mitigate signal distortion [14]. A compressed Volterra nonlinear equalizer was 
proposed to mitigate the nonlinear impairments and inter-symbol interference, reaching a data rate of 500 Mbps over 
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200 m in a swimming pool, which is the longest physical distance [15]. Furthermore, artificial neural network-aided 
signal processing has also recently emerged as a valuable and effective tool in UWOC [16,17].  

Recent long-distance results are depicted in Fig. 1(a) [5-9, 12, 14, 15, 18-21] and the attenuation lengths are noted 
for comparison. The transmission distance of UWOC systems has reached a level of several hundred meters at a data 
rate of several hundred Mbps, implying that studies in UWOC can enter a new stage for promoting practical 
applications. 

 
Fig. 1. (a) Recent long-distance demonstrations of UWOC systems, (b) a 2×2 MIMO-UWOC system in a swimming 

pool with air bubbles, and (c) the sea trial scene of the UWOC system based on beam-shaped LEDs. 

3. Studies in Practical UWOC 

The design of practical UWOC systems should consider hostile dynamic factors in real sea environments, like 
turbulences and air bubbles. The dynamic factors usually lead to scintillations and their effects on communication 
have been widely investigated theoretically and experimentally [3, 22-24]. Multiple-input multiple-output (MIMO) is 
considered to be one of the most effective methods to mitigate scintillation. For most UWOC systems, repetition 
coding and maximum ratio combining can lead to the best bit error rate performance [25-27]. In [25], a 2×2 MIMO-
UWOC system was demonstrated to counter air bubble-induced scintillation, achieving a 50-m/233-Mbps underwater 
link with an air intensity of 64 L/min, as shown in Fig. 1(b). A 100-m/1-Gbps sea trial of UWOC also adopted the 
MIMO technique to improve link stability [28]. In addition, methods such as polarization modulation [29] and the 
employment of low-coherence light sources [30] can also improve the system's robustness against scintillation.  

Transceiver movement and beam wandering will disturb link alignment, especially when using lasers with narrow 
divergence angles. Existing solutions can be divided mainly into two categories: using acquisition, pointing, and 
tracking (APT) systems and developing systems with relaxed alignment requirements. Precise ATP relies on the 
accurate analysis of sound signals [31], marker images [32], and light spot images [33], which contain location 
information. For easy alignment, reported research includes diffused laser [34], LED array [35], fisheye lens-based 
receiver [36], and omnidirectional photoluminescence-based receiver [37]. A sea trial of UWOC based on beam-
shaped LED was carried out on an offshore platform in the East Sea, China, as shown in Fig. 1(c) [38]. Despite the 
hostile sea condition and gale (force 8), it was still able to establish a stable UWOC link.  

Apart from the aforementioned works, studies in water-air links [1], non-line-of-sight links [3], and new 
components for beam shaping or steering [39-41], will also contribute to the development of practical UWOC. With 
the continuous technological advancement, practical UWOC systems require more sea trials for verifications. 

4. Conclusion 

In summary, this paper reviews the recent progress of UWOC in transceivers and signal processing. Methods to 
overcome dynamic channels and misalignment are also introduced. It can be foreseen that improving the robustness 
of UWOC and validating it through sea trials will be an important trend in this field. This work was supported by 
National Key Research and Development Program of China (2022YFC2808200, 2022YFB2903403) and Key 
Research and Development Program of Hainan Province (ZDYF2023GXJS016). 
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