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Abstract: The earliest underwater wireless communication technology originated in 1490, 

when Leonardo da Vinci suggested using acoustic methods to detect ships via hollow tubes 

submerged in water, laying the groundwork for modern acoustic communication. Substantial 

progress was made in the 20th century, which catalyzed the evolution of electromagnetic 

wave and optical communication technologies. Nonetheless, progress in underwater wireless 

communication has been hindered by challenges such as water pressure, temperature, and 

other environmental factors. Through a review of pertinent publications, papers, and journals, 

this work examines and summarises the state of multi-modal integration of underwater 

optical, acoustic, and electromagnetic wave communications, highlighting its main obstacles 

and future possibilities. In the future, developments could focus on integrating artificial 

intelligence, adaptive protocols and energy-efficient hardware to improve system 

performance. In addition, developing hybrid networks for applications such as autonomous 

underwater vehicles (AUVs), environmental monitoring and the Internet of Underwater 

Things (IoUT) could open up new possibilities for ocean exploration and resource 

conservation. 

Keywords: Underwater Wireless Communication, UWOC, RF Communication, Acoustic 

Communication 

1. Introduction 

Living creatures and the entire planet depend on water for their survival, yet humans know far less 

about a planet that is 70 per cent ocean. Ocean exploration requires communications technology to 

intercept information travelling from the oceans to the land. Underwater wired communication is one 

such method, and although it offers high transmission rates, this method is only suitable for large 

fixed systems and requires proper maintenance and engineering issues [1]. Therefore, mobile 

underwater devices such as Autonomous Underwater Vehicles (AUVs) require the use of wireless 

communication technology. Different modes of communication have their own advantages and 

disadvantages. Underwater acoustic communication, which was the first to emerge and is now one of 

the most mature technologies, is valued for its long-range capabilities. Underwater optical 

communication, which is known for its high-speed data transmission, and underwater radio wave 

communication, which has a smooth air-water interface transmission [2]. Each of these modes has 

different advantages and limitations for different scenarios. 

This paper analyses the current status, challenges and explores their future prospects with respect 

to these underwater communication technologies, in addition to discussing related application 
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techniques and investigating whether these communication methods can be used as a basis for 

emerging technologies such as multimodal communication systems and artificial intelligence 

optimisation. It provides academics with comprehensive technical summaries, comparative analyses, 

and sorts out research hotspots and technical bottlenecks, reveals possible future research directions, 

and promotes further development in the field. 

2. Modes of Communication- Underwater Wireless Optical Communication 

2.1. Current State 

Underwater optical communication is relatively new compared to the other two modes of 

communication and makes use of ultraviolet (UV), visible or infrared light [2], especially light within 

the blue-green spectrum (470-570 nm) as its wavelengths have the lowest energy attenuation in the 

ocean, reaching up to 200 metres in clear oceans [3]. Under the conditions of clear oceans, data rates 

can exceed 1 Gbps, which makes optical communications particularly suitable for applications that 

require real-time data transmission, such as video streaming and synchronised operation of automatic 

underwater vehicles (AUVs).  

Recent advances in light emitting diode (LED) and laser diode (LD) technologies have greatly 

improved the performance and efficiency of optical systems [2]. While LEDs are widely adopted 

for their flexibility and energy efficiency [3], laser diodes provide a highly focused beam to support 

transmission over longer distances. Adaptive beam steering mechanisms are essential for 

maintaining stable communication and improving the alignment between the transmitter and 

receiver, as Underwater Optical Communication Systems (UW-OCSs) necessitate accurate Line of 

Sight (LOS). 

Despite its potential, optical communication is very sensitive to environmental factors such as 

water turbidity and suspended particles. While effective transmission distances can reach tens of 

metres in clear water, scattering and absorption phenomena in turbid water can cause transmission 

distances to be significantly reduced [5]. These limitations highlight the importance of further 

innovations in system design and channel tuning to optimise performance under different 

underwater conditions. 

2.2. Challenges and Future Outlooks 

Optical communication faces great challenges in underwater environments, mainly due to the 

inherent physical properties of water that affect light propagation, i.e., its inherent optical properties 

(IOPs) and apparent optical properties (AOPs). The IOPs depend only on the transmission channel, 

but the AOPs depend on both the optical field's transmission channel and the geometry of the optical 

field [6]. However, the IOP will be more relevant in underwater wireless optical communications [7]. 

The two main IOPs are the spectral absorption coefficient and the spectral volume scattering 

function [8], and one of the main problems of lightwave communication is scattering and absorption. 

Absorption occurs in chlorophyll in phytoplankton, coloured dissolved organic matter (CDOM), 

water molecules and dissolved salts in water [9]. For this reason, wavelengths that are not in the 

blue-green range are easily absorbed. Underwater optical communication can only be used over 

short distances, usually less than 10 meters in saltwater, because absorption rises exponentially with 

distance, even in this ideal wavelength range (470–570 nm). 

Scattering, on the other hand, occurs when light deviates from its original path when it interacts 

with suspended particles and other tiny impurities in the water. This effect is particularly noticeable 

in turbid or littoral waters, where high concentrations of particles and organic and inorganic 

particles can greatly reduce the clarity and range of the signal [7][10]. 
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As mentioned earlier, precise alignment between the optical transmitter and receiver is important 

to ensure stable communications, but it can be affected and disrupted by water currents, equipment 

movement or marine life. This alignment becomes more difficult, especially when dealing with 

moving platforms such as AUVs and ROVs. 

In addition, environmental factors such as salinity, temperature and turbulence can increase the 

variability of the underwater optical channel, leading to attenuation and phase distortion. For 

example, temperature variations can affect the refractive index of water, altering the path of light 

propagation and increasing the complexity of system design [10].  

Future research priorities can address these challenges through advances in technology and 

algorithms. Instead, multi-wavelength systems capable of dynamically switching between optimal 

wavelengths under specific water quality conditions are now being developed to mitigate scattering 

and absorption effects, such as the spectroscopic measurements performed by A. Morel and the 

optical classification developed by L. Prieur and S. Sathyendranath [11, 12]. Similarly, the 

integration of Artificial Intelligence (AI) and machine learning algorithms into optical systems can 

enhance real-time beam alignment, error correction, and adaptive power allocation to ensure more 

reliable communications. 

The integration of optical communication with acoustic or electromagnetic systems can yield 

hybrid networks that enhance operational range while ensuring high-speed data transmission. These 

networks can effectively balance the trade-offs among range, speed, and reliability, rendering them 

ideal for intricate underwater operations. 

3. Modes of Communication- Underwater Wireless Acoustic Communication 

3.1. Current State 

Acoustic communication is the most mature and widely used underwater wireless communication 

technology. Compared to air, sound waves have a higher bulk modulus (lower compressibility) in 

water. The propagation speed is given by: 

 v = √K/ρ   (1) 

Therefore propagation in water is more efficient and acoustic waves are transmitted faster and 

over longer distances. 

This is in addition to the fact that it uses low frequency (usually in the kilohertz range) operating 

frequencies to minimise signal attenuation and enable reliable communication over large areas. Due 

to the limited bandwidth of acoustic channels, data transmission rates are usually limited to kilobits 

per second [2]. In contrast, recent advances in modulation techniques such as Orthogonal Frequency 

Division Multiplexing (OFDM) and Direct Sequence Spread Spectrum (DSSS) have improved the 

spectral efficiency and reduced the BER [13]. Moreover, techniques such as error-correcting codes 

and adaptive equalization enhance signal resilience in adverse underwater environments marked by 

noise and multipath propagation [13], thus expanding the utility of acoustic communication in 

domains like Underwater Sensor Networks (UWSNs), Autonomous Underwater Vehicle (AUV) 

communications, and seismic monitoring. Despite various environmental challenges, the adoption 

of acoustic technologies in essential underwater applications remains prevalent. 

3.2. Challenges and Future Outlooks 

Long latency times and low data rates are two of the inherent drawbacks of acoustic communication, 

despite its high reliability over long distances. This is because acoustic communication uses low 

frequencies (in the kilohertz range) to minimise signal attenuation, which typically restricts the 
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achievable data rate to kilobits per second [2], essentially also reducing the available bandwidth for 

bandwidth acoustic communication. In addition, sound travels at about 1500 m/s in water, which is 

associated with higher latency and increased complexity for real-time applications compared to 

electromagnetic waves [14, 15]. Examples include operations involving multiple AUVs or sensor 

nodes. 

However, environmental factors including temperature, salinity variations and water depth still 

pose significant challenges to the stability of acoustic signals [7]. In addition to this, noise from 

marine organisms, human activities (shipping) and natural phenomena (waves and underwater 

currents) can lead to signal attenuation, and multipath effects (reflections of signals off surfaces 

such as the seabed or water surface) can also lead to interference and reduced signal clarity [13]. 

Future developments in acoustic communications aim to overcome these limitations through 

technological innovations: 

(1) Signal Processing: Techniques such as adaptive equalisation [7], time-reversal mirrors 

(TRMs) [16,17] and Doppler-compensated algorithms [18] are developing in order to reduce 

multipath and Doppler effects. 

(2) Artificial intelligence-driven noise suppression [19]: Machine learning algorithms are applied 

to dynamically filter environmental noise and improve signal clarity in real time. 

(3) Energy-efficient acoustic modems: In addition to the many signal processing tools to be 

included in order to achieve high data rates using any available technology or where environmental 

conditions allow [7], low-power modem designs are needed for the deployment of large-scale 

underwater sensor networks in remote or deep-sea environments with limited power supply. 

Future prospects for acoustic communications can be integrated into hybrid systems. Acoustic 

links can be used as the backbone of long-distance communications, supplemented by high-speed 

optical or electromagnetic (EM) links for local data transmission, to take full advantage of the 

strengths of each technology and overcome the limitations of individual modes. 

4. Modes of Communication- Underwater Wireless RF Communication 

4.1. Current State 

Electromagnetic (EM) communications, while less prevalent than optical or acoustic methods, are 

crucial for application-specific underwater communication. Current EM systems utilize radio 

frequency (RF) waves within the EM spectrum[20], predominantly operating in the extremely low 

frequency (ELF, 3-30 Hz) and very low frequency (VLF, 3-30 kHz) bands, which experience lower 

attenuation underwater, facilitating longer-distance communication despite limited data rates. 

High-frequency electromagnetic waves (e.g., GHz range) suffer significant attenuation in seawater 

due to high conductivity, restricting their effective range to mere meters. As illustrated in Figure 1, 

attenuation intensifies with increasing RF frequency. However, these waves perform effectively in 

freshwater environments with minimal attenuation or at the air-water interface, making them suitable 

for shallow water or buoy applications[7]. 

 

Figure 1: RF attenuation in sea water[21] 
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Recent advances in antenna design have improved the viability of underwater electromagnetic 

wave communications, such as compact and efficient loop antennas and low-power transceivers 

[22]. Advancements in communication for autonomous underwater vehicles (AUVs), 

environmental sensors, and pipeline monitoring have been achieved. Electromagnetic (EM) 

communications are particularly beneficial for seamless interface transitions, such as data relay 

between underwater equipment and surface buoys to satellite or terrestrial networks. Although 

limited by distance and data rate, EM communication is crucial for short-range, high-data-rate 

applications and effectively complements acoustic and optical methods in hybrid underwater 

networks. 

4.2. Challenges and Future Outlooks 

Electromagnetic (EM) communications encounter substantial challenges in underwater settings due 

to water's physical properties. Seawater's high electrical conductivity results in significant attenuation, 

restricting practical propagation range at high frequencies to mere meters. For instance, at 2.4 GHz, 

seawater attenuation can surpass 100 dB/m, rendering high-frequency EM waves impractical for 

long-distance use.[23]. Energy consumption poses a significant challenge; electromagnetic wave 

communication systems necessitate large antennas and substantial power for reliable transmission, 

particularly at low frequencies to reduce attenuation, resulting in oversized and cumbersome devices 

[2]. This makes the technology less practical for compact or energy-constrained underwater devices 

such as AUVs or sensor nodes. Environmental variability complicates electromagnetic 

communication deployment. Factors like salinity, temperature, and pressure affect wave propagation, 

necessitating adaptive systems that dynamically adjust to changing conditions. 

Research in underwater electromagnetic communications focuses on: (1) Low-frequency 

optimisation for extended range and low-power signalling. (2) Compact, efficient hardware like 

miniaturised antennas and low-power transceivers. (3) Hybrid systems combining electromagnetic, 

optical, or acoustic methods for enhanced performance. (4) AI-driven adaptive protocols to optimise 

power, frequency, and error correction in dynamic environments. 

5. Conclusion 

Underwater wireless communications are an important means of advancing marine exploration, 

environmental monitoring, resource management and defence applications. This paper analyses the 

current status, challenges and future prospects of the three main modes - optical, acoustic and 

electromagnetic (EM) communications. Each technology offers distinct advantages but faces 

limitations in underwater environments. Optical communication provides high data rates and low 

latency, making it suitable for short-range, high-speed applications. Acoustic communication is 

prevalent in underwater sensor networks and seismic monitoring due to its effectiveness in 

long-range communication, though it suffers from low bandwidth, high latency, and environmental 

noise. Electromagnetic communication, despite significant seawater attenuation, shows promise in 

shallow water monitoring, cross-interface communications, and surveillance. Recent advancements 

in compact antenna design, low-frequency optimization, and hybrid system integration have 

broadened its applicability, especially for short-range, high-data-rate exchanges. Hybrid underwater 

communication systems leverage acoustic links for long-range communication, optical systems for 

high-speed local data transfer, and electromagnetic channels for water-air transitions, adapting to 

specific needs. Integrating AI, adaptive protocols, and energy-efficient hardware enhances network 

reliability, scalability, and efficiency. However, potential limitations include selection bias and 

possibly overlooking significant unpublished or less accessible research. 
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