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Abstract—Underwater Wireless Optical Communication (UWOC) offers high-speed data 
transmission in aquatic environments. This paper reviews challenges and advancements in 
transmitting images over UWOC systems, considering factors like water turbidity and 
attenuation. It discusses modulation techniques, encoding schemes, and signal processing 
methods for efficient image transmission. Recent developments, including adaptive optics and 
deep learning algorithms, aim to improve reliability and speed. Practical applications and 
future research directions for underwater image transmission highlight its potential in 
exploration, surveillance, and scientific endeavours.  
 
Index Terms— Underwater Channel, Wireless optical communication, turbulence, absorption, 
scattering. 

I. INTRODUCTION 

Oceanographic studies intrigue scholars due to the vast coverage of water on Earth, especially in oceans. The 
burgeoning interest in ocean exploration systems offers opportunities for surpassing air-based communication 
networks. Choosing the primary carrier wave for underwater communication poses a challenge. Kaushal et al. 
[1] extensively reviewed radio frequency (RF), optical, and acoustic waves, presenting conclusions in Table 1. 
Optical waves emerge as promising for highly efficient underwater communication [2][3]. UWOC (Underwater 
Wireless Optical Communication) gains traction [1]–[4], operating in the blue spectrum (450nm to 550 nm) with 
potential applications in various domains [5][6]. Despite benefits, challenges like high attenuation and link 
misalignments hinder UWOC development [7][8]. Factors affecting link performance and aquatic environments 
complexity require deeper exploration [9][10]. Efforts focus on overcoming design complexities for reliable 
UWOC systems. 

II. THE UNDERWATER FUNDAMENTALS 

Understanding how light propagates underwater is crucial for designing UWOC systems [2]. Light undergoes 
significant attenuation in seawater compared to the atmosphere [11]. Various studies have examined the effects 
of ocean water's optical properties [1]–[3], [12], [13]. Environmental factors impact UWOC system performance 
[14]. Water's optical traits include inherent optical properties (IOPs) and apparent optical properties (AOPs) [1]. 
IOPs include absorption, scattering, attenuation coefficients, and volume scattering function [15], [16]. Different 
water types present challenges for UWOC systems [1]. Dissolved particles' concentration affects water 
complexity [2].  For instance,  pure  seawater  exhibits  limited  light dispersion, while clear ocean water contains  
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phytoplankton and light-absorbing elements like chlorophyll [17].  Coastal waters contain elevated 
concentrations of organic matter, affecting light absorption [1]. 

III. CHARACTERISTICS OF THE UWOC CHANNEL 

Understanding the UWOC channel requires comprehension of its primary features, classified by Guerra et al. 
into eight characteristics: Absorption, scattering, turbulence, refractive index, surface reflections, seabed 
diffusion, optical fouling, and attenuation index [18]. 

A. Absorption and Scattering 
When light travels underwater, it undergoes absorption and scattering, impacting energy distribution [2]. 
Absorption transforms light energy into chemical or thermal forms, while scattering disperses energy spatially. 
These processes influence photon reach and light distribution, crucial in UWOC design. Various scattering 
models, like Rayleigh and Mie's approximation, are employed based on particle size [18]. The attenuation index 
(k(λ)) combines absorption (a(λ)) and scattering (b(λ)) indices, representing the decay of optical beam in water 
[12].  

B. Optical Turbulence 
Optical turbulence is an indication that the refractive index of the seawater is changing quickly. At any depth, 
these changes could take effect. The temperature, salinity, turbidity and presence of air bubbles can cause 
turbulence [1]. Vali et al. [14] have presented the variations in refractive index and the link span as two 
important decision factors towards the turbulence strength. 

C. Refractive Index, Surface Reflection, Seabed Diffusion and Optical Fouling 
Guerra et al. provided insights into refractive index, surface reflections, seabed diffusion, and optical fouling 
[18]. Refractive index, dependent on salinity, temperature, and wavelength, affects light speed and reflections, 
with salinity having a greater impact. Surface reflections result from sea wave movements, influenced by wind 
stress noise, causing random variations. Seabed diffusion arises from light scattering, described using various 
models. Optical fouling, accumulation of substances like algae, affects emitted power in UWOC systems, with 
spectral analysis aiding in modelling [18]. 
Figure 1 illustrates the values of absorption, scattering, and attenuation coefficients for various water types.  

 
Figure 1. Absorption, Scattering and Attenuation co efficient values of different types of water 

In clear ocean water and pure sea water, the working wavelength range is 450 nm to 500 nm, covering the blue-
green spectrum. Coastal ocean water and turbid harbor water, in the yellow-green spectrum, operate within 520 
nm to 570 nm. 
Figure 2 depicts absorption and scattering characteristics across different seawater compositions. Coastal ocean 
water has high concentrations of humic, fulvic, and chlorophyll compared to pure seawater and clear ocean 
water, while turbid harbour water shows a relatively higher abundance of these elements. 

 
Figure 2. Absorption, Scattering Characteristics with different seawater compositions 
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IV. UWOC CHANNEL MODELLING 

Understanding established channel models is crucial for comprehending light behaviour underwater. Johnson et 
al. surveyed various models used in underwater optical communication, aiding in loss calculations and 
performance evaluation [19]. Absorption and scattering mechanisms significantly impact photon interaction in 
the water medium [20], affecting timing irregularities and multipath dispersions [21]. Literature covers 
absorption and scattering models, detailing seawater properties and chlorophyll concentration [22][23]. Zeng et 
al. provided an overview of UWOC channel models [2]. Two main configurations, Line of Sight (LOS) and 
Volume Scattering Function (VSF), are employed based on aquatic optical attenuation [19]. Monte Carlo method 
is widely used for numerical simulation, though facing challenges like time complexity and statistical 
inaccuracies [24][25]. Novel approaches like impulse response modelling and simulation networks aid in 
improved channel characterization [26][27]. Recent models consider additional factors like air bubbles and 
temperature-related turbulence effects, but further exploration is needed [13]. 

V. CHALLENGES IN SYSTEM MODEL 

The UWOC system design comprises a transmitter, channel, and receiver. Optical carrier modulation occurs at 
the source, with interception by a photoelectric detector [28]. Proposed models include LOS, MRR, and 
Reflective links [2]. Turbulence challenges include intensity and phase fluctuations, especially in vertical links 
[14]. Johnson et al. studied oceanic composition's impact on attenuation in vertical links [19]. UWOC link 
effectiveness depends on transmitters like Laser Diodes and LEDs [29]. Receiver parameters, including PIN 
photodiodes, APDs, and MPPCs, significantly affect overall link performance. 

TABLE I. A COMPARISON OF DETECTORS 

Parameter MPCC APD PIN Photodiode 

Gain 100000 10 to 100 1 

Range Long Long Short 

Accuracy High High High 

UWOC system performance relies on modulation techniques: Intensity Modulation (IM) or Coherent 
Modulation (CM) [1][2]. IM, like IM/DD, offers simplicity by modulating data on receiver intensity. Coherent 
detection (homodyne or heterodyne) provides higher spectral efficiency but at a higher cost [1][2]. Various 
schemes (OOK, PPM, PIM) aim to enhance transmission distance and data rate. Coherent schemes (PSK, QAM) 
offer higher efficiency and BER performance, albeit with increased complexity and cost [1][2]. Error detection 
methods (FEC with RS, BCH, LDPC) improve system performance under interference [2]. 

VII. COMPREHENSIVE REVIEW ON UWOC 

Cossu et al. provided an overview of UWOC, positioning it as a promising solution [5], while Saeed et al. 
delineated challenges and strategic directions for Underwater Optical Wireless Networks (UOWNs) [3]. A 
comprehensive survey summarized crucial aspects of UWOC, including channel characterization and 
modulation schemes [2]. Kaushal et al. detailed UWOC system implementation [1]. Breakthroughs in UWOC 
include high-speed transmissions and advancements in technology [13]. Li et al. achieved a remarkable 50 Gbps 
transmission [30], while Singh et al. analyzed underwater communication using a statistical model [31]. Li et al. 
developed a full-duplex UWOC system based on FPGA architecture [32]. Oubei et al. reviewed UWOC data 
rates and link distances [13]. Hong et al. demonstrated a 2-Gbps UWOC system, setting a new data rate 
benchmark [33]. These advancements pave the way for the Internet of Underwater Things (IoUT) [8][34]. 

VIII. DISCUSSION AND SUMMARY 

Developing new channel models tailored for Underwater Optical Communication (UWOC) is crucial due to the 
inadequacy of existing terrestrial Free-Space Optical (FSO) models. Turbulence effects must be accounted for, 
influencing signal transmission underwater. Energy-efficient modulation and coding techniques are needed, 
especially in murky waters. Innovation in smart localization, beam alignment, and adaptable 
transmitters/receivers is essential. Research into enhancing data rates within the blue-green spectrum is 
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warranted. Nonlinearity issues affecting receiver performance must be addressed, with proposed solutions like 
nonlinear equalizers. Exploiting light scattering in the ocean can mitigate link misalignment, enabling optimized 
receiver design with minimal adjustments to transmitter power. 

IX. CONCLUSION 

In conclusion, advancing underwater wireless optical communication (UWOC) requires a multidisciplinary 
approach to tackle its unique challenges. Specialized channel models considering underwater conditions and 
turbulence effects are crucial. Energy-efficient modulation, coding schemes, and adaptive technologies are 
essential for reliable communication in varying underwater environments. Addressing nonlinearity issues and 
exploring innovative light scattering techniques to mitigate link misalignment are key areas for improving 
UWOC systems. Continued research and innovation in these areas promise efficient, reliable, and high-speed 
communication in underwater settings, facilitating advancements in fields such as ocean exploration, 
environmental monitoring, and underwater data transmission. 

REFERENCES 
[1] H. Kaushal and G. Kaddoum, “Underwater Optical Wireless Communication,” IEEE Access, vol. 4, pp. 1518-

1547,2016,https://doi.org/10.1109/ACCESS.2016.2552538 
[2] Z. Zeng, S. Fu, H. Zhang, Y. Dong, and J. Cheng, “A Survey of Underwater Optical Wireless Communications,” IEEE 

Commun. Surv. Tutorials, vol. 19, no. 1, pp. 204–238, 2017, https://doi.org/10.1109/COMST.2016.2618841 
[3] N. Saeed, A. Celik, T. Y. Al-Naffouri, and M. S. Alouini, “Underwater optical wireless communications, networking, 

and localization: A survey,” Ad Hoc Networks, vol. 94, 2019, https://doi.org/10.1016/j.adhoc.2019.101935 
[4] M. Jouhari, K. Ibrahimi, H. Tembine, and J. Ben-Othman, “Underwater Wireless Sensor Networks: A Survey on 

Enabling Technologies, Localization Protocols, and Internet of Underwater Things,” IEEE Access, vol. 7, pp. 96879–
96899, 2019, https://doi.org/10.1109/access.2019.2928876 

[5] G. Cossu, “Recent achievements on underwater optical wireless communication [ Invited ],” vol. 17, no. October, 2019, 
https://doi.org/10.3788/COL201917.100009 

[6] J. Xu, “Underwater wireless optical communication : why , what , and how ? [ Invited ],” vol. 17, no. October, pp. 1–10, 
2019, https://doi.org/10.3788/COL201917.100007.1 

[7] M. A. Khalighi, C. Gabriel, T. Hamza, S. Bourennane, P. Leon, and V. Rigaud, “Underwater wireless optical 
communication; Recent advances and remaining challenges,” Int. Conf. Transparent Opt. Networks, pp. 2–5, 2014, 
https://doi.org/10.1109/ICTON.2014.6876673  

[8] X. Sun et al., “A Review on Practical Considerations and Solutions in Underwater Wireless Optical Communication,” J. 
Light. Technol., vol. 38, no. 2, pp. 421–431, 2020, https://doi.org/10.1109/JLT.2019.2960131  

[9] J. W. Giles and I. N. Bankman, “Part 2 : Basic Design Considerations,” Appl. Phys., pp. 1–6.  
[10] S. Zhu, X. Chen, X. Liu, G. Zhang, and P. Tian, “Recent progress in and perspectives of underwater wireless optical 

communication,” Prog. Quantum Electron., vol. 73, no. July, p. 100274, 2020, 
https://doi.org/10.1016/j.pquantelec.2020.100274  

[11] M. Sui, X. Yu, and F. Zhang, “The evaluation of modulation techniques for underwater wireless optical 
communications,” Proc. 2009 Int. Conf. Commun. Softw. Networks, ICCSN 2009, no. April, pp. 138–142, 2009, 
https://doi.org/10.1109/ICCSN.2009.97  

[12] L. J. Johnson, “The Underwater Optical Channel,” no. November, pp. 1–18, 2012, 
https://doi.org/10.13140/RG.2.1.1295.7283.  

[13] H. M. Oubei et al., “Light based underwater wireless communications,” Jpn. J. Appl. Phys., vol. 57, no. 8, 2018, 
https://doi.org/10.7567/JJAP.57.08PA06  

[14] Z. Vali, A. Gholami, Z. Ghassemlooy, and D. G. Michelson, “System parameters effect on the turbulent underwater 
optical wireless communications link,” Optik (Stuttg)., vol. 198, no. July, p. 163153, 2019, 
https://doi.org/10.1016/j.ijleo.2019.163153  

[15] J. Theodore and T. J. Petzold, “UC San Diego,” 1972.  
[16] M. G. Solonenko and C. D. Mobley, “Inherent optical properties of Jerlov water types,” Appl. Opt., vol. 54, no. 17, p. 

5392, 2015, https://doi.org/10.1364/ao.54.005392  
[17] S. K. Sahu and P. Shanmugam, “A theoretical study on the impact of particle scattering on the channel characteristics of 

underwater optical communication system,” Opt. Commun., vol. 408, no. May 2017, pp. 3– 14, 2018, 
https://doi.org/10.1016/j.optcom.2017.06.030  

[18] V. Guerra, “Contribution on the study of underwater wireless optical links: channel prediction and energy efficiency 
[PhD thesis],” 2016.  

[19] L. Johnson, R. Green, and M. Leeson, “A survey of channel models for underwater optical wireless communication,” 
Proc. 2013 2nd Int. Work. Opt. Wirel. Commun. IWOW 2013, pp. 1–5, 2013, 
https://doi.org/10.1109/IWOW.2013.6777765  



 
591 

[20] C. T. Geldard, J. Thompson, and W. O. Popoola, “An Overview of Underwater Optical Wireless Channel Modelling 
Techniques: (Invited Paper),” Proceeding - 2019 Int. Symp. Electron. Smart Devices, ISESD 2019, no. 2, pp. 1–4, 2019, 
https://doi.org/10.1109/ISESD.2019.8909494  

[21] L. Zhou, Y. Zhu, and W. Zheng, “Analysis and Simulation of Link Performance for Underwater Wireless Optical 
Communications,” EAI Endorsed Trans. Wirel. Spectr., vol. 3, no. 12, p. 153467, 2017, https://doi.org/10.4108/eai.12-
12-2017.153467  

[22] A. Bricaud, M. Babin, A. Morel, and H. Claustre, “Variability in the chlorophyll-specific absorption coefficients of 
natural phytoplankton : Analysis and parameterization phytoplankton a • h ( A ) was analyzed using a data set including 
815 spectra determined chlorophyll concentration range ph values wer,” J. Geophys. Res., vol. 100, no. C7, pp. 13321–
13332, 1995.  

[23] V. I. Haltrin, “One-parameter model of seawater optical properties,” Ocean Opt. XIV CD-ROM, vol. 1998, no. 
November, pp. 10–13, 1998.  

[24] S. Jaruwatanadilok, “Channel Modeling and Performance Evaluation using Vector Radiative Transfer Theory,” IEEE J. 
Sel. Areas Commun., vol. 26, no. 9, pp. 1620–1627, 2008, [Online]. Available: 
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=4686801  

[25] J. Li, “Monte Carlo study on pulse response of underwater optical channel,” Opt. Eng., vol. 51, no. 6, p. 066001, 2012, 
https://doi.org/10.1117/1.oe.51.6.066001  

[26] Y. Li, M. S. Leeson, and X. Li, “Impulse response modeling for underwater optical wireless channels,” Appl. Opt., vol. 
57, no. 17, p. 4815, 2018, https://doi.org/10.1364/ao.57.004815  

[27] J. Zhang, L. Kou, Y. Yang, F. He, and Z. Duan, “Monte-Carlo-based optical wireless underwater channel modeling with 
oceanic turbulence,” Opt. Commun., vol. 475, no. June, p. 126214, 2020, https://doi.org/10.1016/j.optcom.2020.126214  

[28] R. Sahoo, S. K. Sahu, and P. Shanmugam, “Estimation of the channel characteristics of a vertically downward optical 
wireless communication link in realistic oceanic waters,” Opt. Laser Technol., vol. 116, no. October 2018, pp. 144–154, 
2019, https://doi.org/10.1016/j.optlastec.2019.03.023  

[29] C. Fei, X. Hong, J. Du, and G. Zhang, “High-speed underwater wireless optical communications : from a perspective of 
advanced modulation formats [ Invited ],” vol. 17, no. October, pp. 1–8, 2019, 
https://doi.org/10.3788/COL201917.100012.As 

[30] C. Li, H. Lu, and Y. Huang, “50 Gb/s PAM4 underwater wireless optical communication systems across the water–air–
water interface [Invited],” Chinese Opt. Lett., vol. 17, no. 10, p. 100004, 2019, 
https://doi.org/10.3788/COL201917.100004 

[31] M. Singh, M. L. Singh, G. Singh, H. Kaur, Priyanka, and S. Kaur, “Modeling and performance evaluation of underwater 
wireless optical communication system in the presence of different sized air bubbles,” Opt. Quantum Electron., vol. 52, 
no. 12, pp. 1–15, 2020, https://doi.org/10.1007/s11082-020-02638-5 

[32] J. Li et al., “A Real-Time, Full-Duplex System for Underwater Wireless Optical Communication: Hardware Structure 
and Optical Link Model,” IEEE Access, vol. 8, pp. 109372–109387, 2020, 
https://doi.org/10.1109/ACCESS.2020.3001213 

[33] X. Hong, J. I. Du, Y. Wang, R. Chen, and J. Tian, “Experimental Demonstration of 55-m / 2-Gbps Underwater Wireless 
Optical Communication Using SiPM Diversity Reception and Nonlinear Decision-Feedback Equalizer,” vol. 10, 2022, 
https://doi.org/10.1109/ACCESS.2022.3170889 

[34] M. F. Ali, D. N. K. Jayakody, and Y. Li, “Recent Trends in Underwater Visible Light Communication (UVLC) 
Systems,” IEEE Access, vol. 10, pp. 22169–22225, 2022, https://doi.org/10.1109/ACCESS.2022.3150093. 

 
 

 
  


