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ABSTRACT

Underwater Optical Wireless Communication (UOWC) is a promising technology for short-range communication 
in marine environments, offering significant advantages in terms of high data transfer rates and low latency. 
However, its performance is highly dependent on environmental factors such as absorption, scattering, and 
turbulence of light in seawater. This study investigates the effects of absorption and scattering on UOWC systems 
in the South China Sea (SCS), a region with unique marine conditions and limited research on UOWC, by estimating 
the attenuation coefficient, simulating the UOWC channel models, and analysing system performance in terms of path 
loss, impulse response, and frequency response. A key contribution of this work is the estimation of the attenuation 
coefficient for SCS, which is essential for accurately modelling UOWC channels in this region. Based on theoretical 
calculations and empirical data, the attenuation coefficient is estimated to be 0.8748 m-¹, indicating moderate optical 
signal loss compared to other water types. Then, using Monte Carlo numerical simulations, this estimated coefficient is 
incorporated to analyse path loss, impulse response, and frequency response by varying the water depth. The 
obtained results show that both absorption and scattering considerably increase path loss and delay spread compared 
to the coastal water type, with laser and LED beams experiencing delays of up to 2.92 × 10-¹¹ and 1.13 × 10-9 seconds, 
respectively. Additionally, frequency-dependent attenuation leads to signal distortion. These findings offer practical 
implications for optimising UOWC systems in the South China Sea. The study highlights the need for further research 
to address regional variations in optical properties and improve system design for more reliable communication.

Keywords: Underwater optical wireless communication; South China Sea; Monte Carlo method; absorption, 
scattering

INTRODUCTION

More than 70 per cent of the earth’s surface is covered by 
oceans, making them a critical domain for scientific 
research, environmental monitoring, resource exploration, 
and military operations (Mohammad Furqan Ali et al. 2019; 
Fang et al. 2023). Effective communication is essential for 
these activities. However, underwater exploration is high 
risk and poses significant challenges for wireless data 
transmission. 

The recent incident in 2023, the Titan submersible 
losing connection and imploding while diving into the 
Titanic wreck, killing all five people on board (The 
Independent 2024), shows the importance of the 

advancement of underwater wireless communication 
(UWC) technologies. The advancement of underwater 
technology also gives crucial improvements in safety and 
optimizes various underwater applications. The 
advancement of UWC is also one of the components that 
is driven by the development of the Internet of Things 
(IoT), which serves as the backbone of Industrial 
Revolution 4.0 (IR 4.0) (Khamil et al. 2020). These 
applications include underwater wireless sensor networks 
and autonomous underwater vehicles (AUVs), which are 
essential for environmental monitoring, resource extraction, 
and scientific research (Ali et al. 2020).

Traditional UWC technologies are categorised into 
three types: acoustic, radio frequency (RF), and optical 
wireless communication. Each type has unique advantages 



2192

and limitations depending on the specific underwater 
environment and intended application. The primary 
advantage of UWC is real-time, high-speed, long-distance 
communication in underwater environments (Islam et al. 
2022). Table 1 compares the differences between these 
three UWC technologies.

The most widely used method is underwater acoustic 
communication (UAC) technology, which can transmit 
data over long distances of up to several tens of kilometres 
(Stojanovic 1996). This capability is due to the low 

attenuation properties of sound waves propagating in water. 
However, UAC suffers from low data rates due to its low 
modulation bandwidth. Additionally, the propagation speed 
of acoustic waves in underwater channels is relatively slow 
(Ali et al. 2020). On the other hand, underwater radio 
frequency (RF) communication is limited by high 
attenuation due to the low conductivity of electromagnetic 
waves in water, causing a limited transmission distance of 
only a few tens of meters  (Ali et al. 2020; Ibrahim et al. 
2021).

TABLE 1. A comparison of Underwater Wireless Communication (UWC) technologies
Parameter Underwater Acoustic 

Communication 
(UAC)

Underwater Radio 
Frequency (RF) 
Communication

Underwater Optical Wireless 
Communication (UOWC)

Transmission Distance Up to several tens of 
kilometres

A few tens of meters Moderate distances (up to 100 
meters)

Data Rate Low Moderate High (reaching Gbps)
Attenuation Low High Moderate

Latency High Low Very Low
Cost High Moderate Low

Power Consumption High Moderate Low
Latency High Low Very Low

In contrast, underwater optical wireless communication 
(UOWC) has been the promising alternative with its 
potential to achieve high data rates, reaching gigabits per 
second (Gbps), low latency, and energy efficiency (Fang 
et al. 2023; Alghamdi et al. 2019). These high-speed and 
low-latency advantages facilitate real-time underwater 
applications. Furthermore, it is also more effective 
compared to UAC and RF communication, benefiting from 
low-cost and low-power transceivers such as light-emitting 
diodes (LEDs) and photodiodes (PDs) (Zhu et al. 2020). 

However, UOWC faces challenges with the scattering 
and absorption of light in the underwater environment, as 
stated by Elamassie, Sait, and Murat Uysal (2018) and M 
Mohamed (2021). Water molecules, suspended particles, 
and marine life can scatter and absorb optical signals, 
leading to signal attenuation and distortion, which cause 
condition limits to the propagation distance of UOWC 
systems. Light propagation in the water medium involves 
absorption and scattering phenomena influenced by the 
composition and condition of the medium. This interaction 
is quantified by the attenuation coefficient, c(λ). 

     Another significant limitation in UOWC systems 
is the impact of underwater turbulence on the communication 
channel. Turbulence, arising from factors such as 
temperature gradients, water currents, and the formation 
of bubbles, induces random fluctuations in the water’s 

refractive index. This condition results in optical effects 
like scintillation and beam wander, which disrupt the 
stability of the light beam (Nima Enghiyad and Abbasali 
Ghorban Sabbagh 2022). These disturbances can severely 
degrade signal quality, making reliable data transmission 
a challenging task in turbulent underwater environments. 

Most existing research on UOWC has focused on 
theoretical models and controlled experimental 
environments. Table 2 summarises recent studies on 
UOWC technology. These studies commonly address 
challenges in UOWC by investigating factors such as 
optical turbulence, channel conditions, and performance 
under different environmental influences, ranging from 
theoretical models and simulations to practical experiments 
and reviews. However, real-world optical propagation is 
heavily influenced by geographical variations in sweater 
composition, temperature, salinity, and biological activity 
(Waduge, Seet and Vopel 2024). The South China Sea 
(SCS), a vast and complex marine region, exhibits distinct 
optical properties that can significantly impact UOWC 
performance (Jin et al. 2023). 

Despite the increasing interest in UOWC technology, 
few studies have investigated how the unique optical 
general characteristics of the SCS affect UOWC channels. 
Understanding how absorption and scattering vary in this 
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region is crucial for accurately modelling UOWC 
performance and optimizing system design for real-world 
applications.

Therefore, this study aims to fill this research gap by 
investigating the impact of absorption and scattering on 
the UOWC channel in the SCS. Firstly, the attenuation 
coefficient of the SCS, CSCS, is estimated. This estimated 
CSCS is then incorporated into our developed UOWC 
simulation model. Then, an analysis is performed to 
determine the channel path loss, time impulse response, 
and frequency impulse response, providing critical insights 
into the feasibility and limitations of UOWC in this specific 
geographical region.

The following section outlines the methodology for 
this study. It is followed by a presentation of the simulation 
results and a discussion of key findings. The final section 
provides the conclusion of the paper.

METHODOLOGY

ESTIMATION OF ATTENUATION COEFFICIENT 
FOR THE SOUTH CHINA SEA REGION

The attenuation coefficient for the SCS region, CSCS is 
estimated based on the theoretical c defined by Johnson 
(2014):

c(λ) = a(λ) + b(λ) (1)

where a(λ)and b(λ) are the absorption and scattering 
coefficients, respectively. Note that the attenuation 
coefficient is a single value at the wavelength, λ as stated 
by Safiy Sabril et al. (2021). The absorption and scattering 
coefficients vary in composition across the different water 
regions. Absorption coefficient a(λ) is given by:

TABLE 2. Summary of recent studies in Underwater Optical Wireless Communication (UOWC) 
Overview of key research areas in UOWC, noting the lack of studies in the South China Sea

Authors Method Used Focus Study
Zayed et al. (2025) Simulation Focus on developing comprehensive models that 

accurately represent the behaviour of optical signals 
in underwater settings by analyzing factors such as 
absorption, scattering, and turbulence.

Geldard, Thompson, and 
Popoola (2024)

Simulation Investigates the effect of underwater optical turbulence 
under varying channel conditions.

Ji et al. (2024) Simulation Focus on improving the channel modelling for UWOC 
systems by incorporating various factors that affect the 
optical signal, especially in slanted paths. 

Dong et al. (2023) Experiment To improve the efficiency and stability of UWLC.
Fang, Li, and Wang (2022) Simulation Develops a UOWC model, including both LOS 

and NLOS channels, for more accurate real-world 
representation.

Zhou et al. (2021) Field Measurements Examines the effects of marine particles on scattering 
and backscattering to understand the optical properties 
of water in the South China Sea.

Wan Hassan et al. (2022) Experiment Empirical study on how different light sources and 
water conditions affect UOWC performance.

Fang et al. (2023) Literature Survey Reviews advanced signal processing methods for high-
speed UOWC and identifies promising techniques.

Nima Enghiyad and Abbasali 
Ghorban Sabbagh (2022)

Simulation It uses the Monte Carlo simulation to analyze the 
impulse responses of UOWC channels considering 
turbulence, absorption, and scattering.

a(λ) = aw(λ) + aCDOM(λ) + achl(λ) + aNAP(λ) (2)
 

Here, aw(λ) represents the pure water absorption 
coefficient, aCDOM(λ) denotes colour-dissolved organic 
matter absorption, achl(λ) signifies phytoplankton absorption 
and aNAP(λ) represents non-algal particle absorption.

The scattering coefficient b(λ) is defined as:

b(λ) = bw(λ) + CSbS(λ) + CLbL(λ) (3)

Here, bw denotes the pure water Rayleigh scattering 
coefficient. CS and CL represent concentrations of small and 
large humic acids, respectively, influencing bS and bL:
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Cs = 0.01739*Cchl exp[0.11631 Cchl] (4)

CL = 0.76284*Cchl exp[0.03092 Cchl] (5)

where Cchl represents the chlorophyll concentration. 
The scattering coefficients bS and bL are calculated as:

(6)

(7)

These parameters characterize scattering caused by 
both small and large particles and are also influenced by 
wavelength. 

TABLE 3. Absorption and scattering coefficients 
used for estimating CSCS 

Component Value
aw (Johnson 2014) 0.00638 m–1

aCDOM (Idris, Jafar Sidik, and 
Hing 2021)

0.47600 m–1

aChl (Idris, Jafar Sidik, and 
Hing 2021)

0.0060 m–1

bw (Johnson 2014) 19.3x10–4 m–1 

CChl (Idris, Jafar Sidik, and 
Hing 2021)

0.53 mg/m3

From equation (1) – (7), the attenuation coefficient for 
SCS, CSCS(λ), is defined as 

CSCS(λ) = aSCS(λ) + bSCS(λ) (8)

The value of aSCS(λ) is estimated from (2), with each 
component in (2) listed in Table 3. It should be noted that 
the value of aNAP(λ) for aSCS(λ) is assumed to be negligible 
due to the difficulty in accurately quantifying its 
contribution. According to Shen, Zhou, and Hong (2012), 
the aNAP in open sea conditions typically ranges from 0.001 
to 0.015 m–1 at a wavelength of 440 nm. Since absorption 
by non-algal particles generally decreases with increasing 
wavelength, it is reasonable to assume that at 550 nm, aNAP  
is significantly lower than at 440 nm and approaches zero. 
Additionally, the lower absorption and scattering properties 
of 550 nm light contribute to greater optical penetration in 
seawater. Additionally, previous studies (Zhang et al. 2022) 
suggest that the 550 nm wavelength falls within the optimal 
transmission window for UOWC, particularly in coastal 
waters with moderate turbidity.

Similarly, the value of bSCS(λ) is estimated from (2), 
and the value of components in (3) is listed in Table 3. With 
the selected wavelength of λ = 550 nm and derived from 
(8), the estimate of CSCS(λ) = 0.8748 m–1. The value lies within 
the range of coastal and harbour environments, further 
supporting the suitability of 550 nm for modelling 
underwater light propagation in the SCS. The alignment 
of this value with Jerlov’s water-type classification theory 
reinforces the characterization of the study area as a coastal 
region (Johnson 2014).

SIMULATION PARAMETERS

This simulation employs a line-of-sight communication 
link for both laser and LED beams. The simulation 
parameters are provided in Table 4. Apart from the 
estimated value of CSCS, other values of C(λ) are obtained 
from Johnson (2014), while the CSCS is determined 
empirically or through a formula outlined in the earlier 
discussion on methodology. Table 5 presents the attenuation 
coefficients C(λ) for various water types, including Clear, 
Coastal, Harbour, and SCS conditions.

The wavelength of 550 nm is selected for both the 
laser and LED sources because it falls within the blue-green 
spectrum and exhibits a smaller attenuation coefficient 
compared to other wavelengths (Bigham and Sabbagh 
2025).

TABLE 4. Simulation parameters of the UOWC

Parameter Value
Number of photons 1000000

Link Range 5 to 25m
Wavelength 550 nm
Beam Waist 1 mm

Beam Divergence Collimated (Laser) 1.5 mrad
Diffused (LED) 15°

Receiver FOV 180°
Roulette Constant 10

TABLE 5. Attenuation coefficients of three different water 
types (Johnson 2014) and the CSCS

Water Type Attenuation Coefficient, c (m–1)
Clear Water 0.1510

Coastal Water 0.3999
Harbour Water 2.1950

South China Sea 0.8748
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MONTE CARLO SIMULATION METHOD

The Monte Carlo (MC) simulation method was 
employed in this study to track the movement of photons 
within the defined homogeneous model (Safiy Sabril et 
al. 2021; Cox Jr. 2012). The simulation process is divided 
into three main parts: photon transmission, 
propagation through the medium channel, and 
photon reception at the receiver. During transmission, 
photons are emitted from the source 

with predefined properties. As they propagate through the 
underwater channel, they undergo multiple scattering and 
absorption interactions based on the optical properties of 
the medium. Finally, the surviving photons are detected at 
the receiver, where their intensity and distribution are 
analyzed. Figure 1 presents a flowchart summarising the 
Monte Carlo simulation process. The diagram outlines the 
key steps, including photon initialisation, propagation, 
interaction events, and termination.

FIGURE 1. Flowchart summarising the Monte Carlo simulation process

PHOTON TRANSMISSION

Photon movement is governed by a generic path length S, 
defined as:

s = -ln(q)/c (9)

Here, q is a uniformly distributed random number 
between 0 and 1. Algorithms evaluate the weight and 
scattering direction of the photon after every motion. The 
photon’s weight is updated by multiplying it with the single 
scattering albedo ω:

Wn+1=Wn
ω =Wn (b/c) (10)

where b and c represent parameters adjusted for brevity 
from equations 1 and 3. If the updated photon weight Wn+1​ 
drops below a predefined threshold, the photon is either 
terminated or boosted using a roulette technique according 
to (Cox Jr. 2012). Surviving photons have their scattered 
directions updated based on angles derived from the 

scattering phase function (Safiy Sabril et al. 2021; Cox Jr. 
2012; Petzold 1972; Kokhanovsky 2018).

MEDIUM CHANNEL

The channel is modelled as a homogeneous medium 
between the transmitter and receiver, consisting of a single 
layer where the attenuation coefficient remains consistent 
and homogeneous throughout. Photons experience this 
attenuation coefficient as they propagate through the 
channel.

PHOTON RECEPTION

The propagation of the photons continues until they are 
either received by the receiver, lose power in the channel, 
or are backscattered (not counted). Photons captured within 
the receiver’s aperture and field-of-view (FOV) contribute 
to the count of received photons. This process is repeated 
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for the predetermined number of photons involved in the 
simulation, from transmission to reception.

RESULTS AND DISCUSSION

PATH LOSS ANALYSIS

This study’s path loss analysis refers to the loss of received 
power as the transmission link increases. Figures 2 and 3 
clearly show that the normalized received power using 
both LED and laser light sources decreases as the link range 
increases, indicating that path loss is directly proportional 
to the distance between the transmitter and receiver. This 
behaviour aligns with findings from  (Safiy Sabril et al. 
2021; Cox Jr. 2012), which also observed significant 
attenuation effects in UOWC due to absorption and 
scattering in turbid waters.

Both LED and laser light sources have shown a similar 
path loss trend across all different water types. The results 
indicate that clear water experiences the least path loss, 
followed by coastal water, SCS water, and finally, harbour 
water, which has the highest path loss. These findings 
support previous research (Abla Kammoun et al. 2019; 
Saeed et al. 2019), where increasing turbidity levels were 
shown to worsen path loss due to higher absorption and 
scattering coefficients.

Laser-based communication demonstrates superior 
performance over LED, with nearly 10 dB higher received 
power across all water types. This observation is consistent 
with the work of Fei et al. (2018) and Fang et al. (2023), 
where laser sources were found to provide higher data rates 
and better transmission efficiency in underwater 
environments due to their narrow beam divergence and 
lower scattering losses.

From the path loss analysis shown in Figure 2 and 
Figure 3, it is evident that the path loss in SCS  water is 
better than in harbour water but worse than in coastal water. 
When using a laser light source (Figure 2), the normalized 
received power in SCS water dropped significantly 
compared to coastal water as the link range increased. The 
most severe drop occurs at the maximum link range of 25 
meters, where the normalized received power in SCS water 
fell 45 dB below that of coastal water. However, despite 
the increasing link range, the normalized received power 
in SCS water remained approximately 10 dB higher than 
in harbour water, demonstrating comparatively better 
performance.

In contrast, when using the LED light source (Figure 
2), the path loss in SCS water was more severe. The 
normalized received power dropped below -90 dB as the 
link range reached 25 meters. Figure 3 also shows that the 

normalized received power in SCS water was only slightly 
better than in harbour water, with both conditions becoming 
nearly identical as the link range approaches 25 meters.

In summary, the observed path loss for each type of 
water is consistent with the corresponding attenuation 
constants listed in Table 5 and aligns with similar studies 
(Safiy Sabril et al. 2021). Additionally, the laser light source 
is known to outperform the LED in generating stronger 
and more focused light waves (Fang et al. 2023), supporting 
the above discussion. The limitation of this analysis is the 
assumption of a homogeneous water medium not fully 
representing real-world conditions, especially in dynamic 
conditions like SCS. The factors such as internal waves, 
temperature gradients, and turbulence affect signal 
propagation (Johnson 2014). Future work should 
incorporate these additional environmental factors to 
further refine the accuracy of path loss predictions in 
UOWC.

IMPULSE RESPONSE ANALYSIS

The impulse response was computed for four different 
water conditions, clear, coastal, harbour, and SCS, over a 
25-meter link range. The simulation results for these 
conditions are presented in Figure 4. The vertical axis 
represents the normalized power, while the horizontal axis 
denotes the receiving time relative to the photon’s arrival 
time at the receiver plane. The time-resolved profile 
patterns differ across the four water conditions. The 
findings closely resemble those reported by Johnson 
(2014), Schirripa Spagnolo, Cozzella, and Leccese (2020), 
and Adnan et al. (2021), where the scattering and multipath 
effects in turbid waters caused prolonged impulse responses 
and increased signal spreading.

FIGURE 2. Normalized power of laser vs link range across 
four water conditions



2197

FIGURE 3. Normalized power of LED vs link range across 
four water conditions

The arrival time range for each water condition shows 
significant differences, indicating varying degrees of 
scattering and signal delay in the underwater environment. 

Clearwater, with a limit of 6 ns, has the shortest arrival 
time range, reflecting minimal scattering and quick signal 
decay. This finding means that the light signal experiences 
little to no delay, resulting in a sharp initial peak and rapid 
attenuation. Coastal water extends the arrival time range 
to 12 ns, demonstrating that more organic and inorganic 
particles cause greater scattering, increasing signal spread 
and temporal dispersion (Behnaz Majlesein, Gholami, and 
Zabih Ghassemlooy 2021). 

In contrast, harbour water shows the most severe 
scattering and multipath effects, with an arrival time range 
extending to 35 ns. The higher level of suspended particles 
and pollutants in harbour water causes significant signal 
dispersion and prolonged delays, leading to a complex 
impulse response with multiple peaks and an extended tail. 
The SCS water condition has an even longer arrival time 
range, reaching 15 ns, indicating that scattering effects are 
stronger here compared to coastal water. This intermediate 
level of scattering and absorption results in notable 
multipath effects, which extend the signal’s arrival time.

FIGURE 4. The impulse r esponse of laser and LED systems at 25 m for (a) clear, (b) coastal,  (c) harbour, and (d) SCS
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The peak values further highlight the differences in 
water conditions. The laser peaks occur at approximately 
0.1 ns in clear, coastal, and SCS water conditions but at 
5.8 ns in harbour conditions. The peaks for the LED light 
source are around 0.1 ns for clear and coastal conditions, 
0.6 ns for SCS water, and 10.3 ns for harbour conditions. 
In the context of UOWC, the peak in the impulse response 
represents the moment when the maximum amount of light 
energy is received after being transmitted through water. 
This peak occurs when most transmitted photons arrive at 
the receiver with minimal scattering and absorption. The 
higher and sharper the peak, the less the signal is affected 
by the water’s properties, indicating better communication 
performance. As seen in the harbour condition, a lower or 
delayed peak suggests more scattering, absorption, and 
multipath effects, where the light is reflected and scattered 
before reaching the receiver.

In coastal water, the impulse response shows more 
peaks compared to clear water, indicating increased 
scattering from particles. This scattering causes greater 
temporal dispersion and signal spreading than clear water. 
The impulse response in the SCS water condition, classified 
as coastal water according to Jerlov’s water type 
classification (Johnson 2014), has more pronounced peaks 
than in typical coastal water, suggesting stronger scattering 
effects. Despite this, SCS water performs better than 
harbour water, as seen in the shorter arrival time range of 
15 ns compared to 35 ns. According to Nima Enghiyad and 
Abbasali Ghorban Sabbagh (2022), this response reflects 
intermediate scattering and absorption levels in the SCS, 
which could be due to the regional variation in water quality 
and particulate matter concentration.

The harbour condition presents the most complex 
impulse response, with a prolonged arrival time range and 
multiple peaks. Due to suspended particles and pollutants, 
the high turbidity in harbour water causes severe scattering, 
extending the signal’s arrival time and introducing 
significant multipath effects. Both the laser (5.8 ns) and 
LED (10.3 ns) responses in harbour water reflect the highly 
challenging environment for underwater optical 
communication. This complex environment aligns with 
findings from Gussen et al. (2016), which suggests that 
high turbid waters introduce significant delays and 
multipath effects that degrade communication performance.

In summary, the arrival time range differences across 
the water types clearly illustrate the impact of scattering 
on signal transmission. Clear water provides the best 
conditions with minimal delay, while harbour water poses 
the greatest challenge due to severe scattering and 
prolonged signal dispersion. Coastal and SCS waters lie 
in between, with moderate scattering effects but still 
showing considerable signal degradation over longer 
distances. These findings underscore the importance of 

adapting UOWC systems to specific water conditions to 
optimize performance.

The delayed spread of optical signals from laser and 
LED sources under various underwater conditions, 
specifically clear, coastal, harbour, and SCS, is tabulated 
in Table 6. These results indicate a progressive increase in 
delay spread from clear to coastal, harbour, and SCS 
conditions. This observed trend suggests that clearer 
waters, characterized by lower attenuation coefficients, 
result in minimal optical scattering and, consequently, 
smaller delay spreads. In contrast, coastal regions exhibit 
progressively higher delay spreads, with the SCS showing 
the most substantial increase. This finding indicates that 
optical scattering is more severe in the SCS, consistent 
with the environmental factors affecting light propagation 
in this region. The variations in delay spread are directly 
related to the frequency response of the optical signals. 
Increased delay spreads, especially in environments similar 
to harbours and the SCS, lead to greater multipath effects 
and enhanced scattering. This degradation in signal clarity 
underscores the impact of environmental conditions on the 
performance of optical communication systems, affecting 
both laser and LED sources.

The challenge in impulse response analysis is the need 
for accurate modelling of real-world scattering and 
absorption effects. The Monte Carlo approach provides 
good approximations and real-world water condition 
dynamic variation that may not be fully captured in the 
simulation. Additionally, the assumption of uniform 
scattering properties may not be accurate, especially in 
SCS. Future studies should consider real-time oceanography 
data to enhance model accuracy and validate simulation 
results with experimental measurements.

FREQUENCY RESPONSE ANALYSIS

Figures 5 and 6 illustrate the frequency response of laser 
and LED light sources across different water types. The 
frequency response plot is generated by applying the Fast 
Fourier Transform (FFT) to the previously obtained 
impulse time response.

In clear water conditions, the laser light source (Figure 
5) maintains a near-perfect signal up to around 109 Hz, 
after which it experiences a sharp drop in power. In 
contrast, the LED light source (Figure 6) shows a gradual 
decline in power starting at lower frequencies, indicating 
that LED light is more susceptible to attenuation even in 
ideal underwater conditions. The laser retains much higher 
power levels across a broader frequency range, suggesting 
it is more robust for high-frequency applications in clear 
water than the LED (Saeed et al. 2019).
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In the coastal water condition, the laser source 
experiences a steady reduction in power as the frequency 
increases, with a noticeable drop-off occurring after 109 
Hz. The LED source exhibits similar behaviour but starts 
losing power rapidly and at lower frequencies, with power 
levels significantly lower than the laser. This finding 
indicates that while both sources are affected by coastal 
water conditions, the laser remains more resilient, 
maintaining higher power levels over a broader range of 
frequencies. The LED, more prone to environmental 
interference and scattering, experiences a more rapid 
decline in power.

In the harbour water condition, both sources experience 
significant degradation. The laser’s power drops sharply 
and shows noisy fluctuations at higher frequencies, likely 
due to heavy scattering from suspended particles and 
pollution in the water. The LED source is even more 
affected, with its signal almost entirely lost at lower 
frequencies and displaying more erratic fluctuations at 
higher frequencies. This comparison reveals that while the 
laser is better suited to maintaining a stable signal in harsh, 
turbid environments like harbours, the LED struggles to 
perform consistently under such conditions (Saeed et al. 
2019; Safiy Sabril et al. 2021).

TABLE 6. Delay Spread for laser and  LED at 25 m across four water conditions
Delay Spread (s)

Water Condition Clear Coastal Harbour SCS
Laser 2.52 x 10-13 6.45x 10-12 2.91 x 10-9 2.91 x 10-9

LED 2.85 x 10-11 3.5251 x 10-10 4.55 x 10-9 1.13 x 10-9

FIGURE 5. Frequency response of laser system at 25 m for (a) clear, (b) coastal, (c) harbour, and (d) SCS
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In the SCS water condition, the laser again shows a 
gradual decline in power, with dips and fluctuations 
appearing around 109 Hz, likely due to scattering caused 
by suspended particles in the sea. The LED source, 
however, experiences a more severe power drop at lower 
frequencies and shows larger fluctuations, indicating 
greater sensitivity to underwater scattering effects. The 
laser retains a stronger signal overall, highlighting its 
superior performance in maritime environments where the 
underwater medium introduces significant scattering and 
absorption. 

For a 25 m link range, the 3 dB bandwidth for laser 
links reaches over 4.96 GHz in clear, coastal, and SCS 
conditions. In contrast, the 3 dB bandwidth significantly 
drops drastically to only 29.8 MHz in harbour conditions. 
Similarly, LEDs achieve a bandwidth greater than 4.96 
GHz solely in clear water conditions, while in coastal, SCS, 
and harbour environments, the bandwidth drops to 186 

MHz, 131 MHz, and 21 MHz, respectively. All the results 
are simplified in Table 7 and in line with the findings in 
(Johnson 2014), where harbour waters exhibited significant 
bandwidth reduction due to strong multipath effects and 
increased delay spreads. This reduction is also primarily 
due to the high scattering present in these environments, 
especially at the harbour. Both laser and LED sources 
exhibit a decreasing trend in channel bandwidth as 
environmental conditions worsen. The increased delay 
spread observed in Table 6 also negatively impacts the 3 
dB bandwidth, as higher delay spreads lead to greater 
multipath effects that further degrade signal clarity and 
overall frequency response (Wang et al. 2021). This 
relationship illustrates how environmental factors influence 
the frequency response of optical signals in UOWC 
systems. The bandwidth degradation in turbid waters 
underscores the importance of understanding these 
dynamics for optimizing communication performance.

FIGURE 6. Freque ncy response of LED system at 25 m for (a) clear, (b) coastal, (c) harbour, and (d) SCS
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TABLE 7. 3dB bandwidt h of laser and LED across four water conditions
3dB Bandwidth (Hz)

Water Condition Clear Coastal Harbour SCS
Laser >4.96x109 >4.96x109 2.98x107 >4.96x109

LED >4.96x109 >1.86x108 2.10x107 1.31x108

The limitation in frequency response analysis is the 
assumption of constant optical properties across all depths 
and locations. In reality, the water column variation can 
influence light propagation and affect the system. The SCS 
water exhibits the intermediate scattering behaviour, which 
differs slightly from traditional coastal waters. This finding 
suggests that regional water properties in the SCS may 
require adaptive modulation and error correction techniques 
to optimize UOWC system performance.

CONCLUSION

The significant impact of absorption and scattering on the 
performance of UOWC systems in the SCS has been 
demonstrated in this study. A key contribution of this work 
is the estimation of the attenuation coefficient for SCS, 
which has been determined to be 0.8748 m-¹; the value lies 
within the range of coastal and harbour environments. Thus 
supporting the suitability of 550 nm for modelling 
underwater light propagation in the South China Sea. This 
coefficient serves as an essential parameter for accurately 
modelling UOWC channels in the region. Monte Carlo 
simulations have been used to analyze key performance 
metrics, including path loss, impulse response, and 
frequency response. It has been found that absorption and 
scattering significantly contribute to signal degradation, 
with laser and LED sources experiencing delay spreads of 
2.92 × 10-¹¹ s and 1.13 × 10-9 s, respectively. Furthermore, 
frequency-dependent attenuation has been observed to 
cause signal distortion, affecting communication reliability.

Bandwidth and delay spread area are important 
parameters to determine the effect of the UOWC signal 
system. Higher bandwidth gives the transmission of more 
data, but the absorption and scattering properties constrain 
it. It gives the limited system frequency responses. Delay 
spread increases with the link distance due to the multipath 
effect, which causes signal distortion and intersymbol 
interference (ISI). Delay spread negatively impacts 
communication reliability, especially at high data rates. 
Thus, optimizing bandwidth and mitigating delay spread 
is essential to achieving robust and high-speed UOWC 
systems. 

The findings of this study can be applied to improve 
the design and deployment of UOWC systems in real-world 
applications. More accurate predictive models for 

underwater communication performance can be developed 
using the estimated attenuation coefficient, allowing system 
parameters such as transmission power, wavelength 
selection, and receiver sensitivity to be optimized. 
Additionally, improvements in underwater sensor networks 
can be achieved, leading to more efficient data transmission 
for marine exploration, environmental monitoring, and 
offshore infrastructure inspection. Autonomous underwater 
vehicles (AUVs) and remotely operated vehicles (ROVs) 
can also benefit from the findings by incorporating adaptive 
modulation techniques and power control strategies to 
maintain stable communication in varying water conditions.

In order to enhance the reliability of UOWC systems, 
further research should be conducted to validate these 
findings through real-world experiments. The incorporation 
of dynamic oceanic factors such as turbulence, temperature 
variations, and biological activity is recommended. 
Moreover, the exploration of alternative wavelengths and 
advanced signal processing techniques should be pursued 
to improve the robustness and efficiency of UOWC systems 
under diverse underwater conditions.
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