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Abstract: This study delves into the complex dynamics of Underwater Wireless Optical Communication 

(UWOC) in varied Harbor water conditions. Focusing on four distinct types of Harbor water, the research 

employs the Monte Carlo method to simulate photon transmission and analyze critical UWOC characteristics. 

Key parameters such as the transmitted full divergence angle, received aperture, and Field of View (FOV) are 

meticulously evaluated for their impact on communication efficacy. The study first explores the relationship 

between laser power variation, attenuation length, and divergence angle, revealing how different water 

qualities influence received power and time delay spread. Notably, the received normalized power loss and 

time delay spread are found to be more significantly affected by communication distance than water quality. 

In addition, under the condition of small received aperture and FOV, the influence on normalized power loss 

and time spread is more obvious in Harbor water. The findings offer novel insights into the challenges of 

UWOC in Harbor waters, particularly in terms of light scattering and absorption properties, and contribute to 

the optimization of communication systems in such complex underwater environments. Furthermore, the 

analysis of time pulse spread in turbid water quality is of great significance for the analysis and improvement 

of underwater wireless optical timing, ranging and positioning. 

Keywords: Harbor water; divergence angle; received aperture; FOV; received normalized power 

loss; time delay 

 

1. Introduction 

Comprehensive ocean exploration has emerged as a critical focus, garnering significant 

attentions within scientific, industrial, and military sectors. Key areas such as safety, weather 

monitoring, and marine commerce are heavily dependent on an in-depth understanding of the 

marine environment. Yet, exploring this complex terrain, particularly in deep ocean areas, is fraught 

with challenges. These include high costs, inherent dangers, and technical difficulties. In response to 

these challenges, there has been rapid advancement in technologies such as underwater wireless 

sensing, underwater imaging detection, and the development of both manned and unmanned 

underwater vehicles. Consequently, the demand for advanced underwater communication 

technology, capable of high-rate data transmission, has intensified. Such technology is essential for 

not only transmitting observational data but also for gaining a deeper understanding of the marine 

environment. 

Underwater wireless communication is a pivotal technology in ocean exploration and 

operations. Electromagnetic wave, typically employed for communication, face significant 

attenuation in underwater environment due to the high electrical conductivity of seawater. As a 

result, sound waves have become the prevalent medium for underwater wireless communication. 

Despite their ability to cover distances of kilometers, acoustic systems are limited by their 
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transmission bandwidth, typically only reaching speeds of a few Kbps. Moreover, the slow 

propagation speed of sound underwater poses substantial challenges for real-time, high-speed 

communication [1]. Further complicating the issue, acoustic communication equipment often suffers 

from drawbacks such as large size and high energy consumption, which impedes its development 

and widespread adoption. 

In contrast, underwater wireless optical communication (UWOC) presents several advantages 

over traditional radio frequency, acoustic communication, and wired communication methods. 

UWOC is notable for its higher data transmission rates, lower latency, and greater flexibility [2–4]. 

Capable of covering hundreds of meters and potentially achieving Gbps transmission rates, UWOC 

holds promising application potential in areas such as high-capacity data transmission in deep-sea 

environments, remote control and monitoring of underwater robotics, and deep-sea oil and gas 

exploration [5–9]. These advantages position UWOC as a technology with significant potential for 

advancing the field of underwater communication. 

The transmission of light through seawater channels is significantly influenced by dynamic 

seawater conditions. During transmission, light absorption reduces the total propagation energy, 

while scattering caused by water particles leads to increased pulse spread in the time domain of the 

optical signal [10]. Additionally, multiple scatterings result in increased geometric loss in 

communication links [11] So, the optical signal’s spatial and temporal distribution characteristics 
show strong randomness [12]. The high cost of underwater measurements adds to the complexity of 

accurately modeling and analyzing the optical signal variation in underwater channels, a topic that 

has garnered global research interests [13–15]. Traditional methods, such as the Beer-Lambert law 

and simple exponential analysis models, fall short in accuracy, particularly when the optical signal 

propagates in the scattering enhancement area and the random-walk area [16]. 

In recent years, the Monte Carlo method has gained popularity for simulating underwater 

optical signal transmission [17–19]. Gabriel C.'s analysis of underwater channel impulse response and 

time dispersion across various seawater types, link distances, and received apertures indicates that 

time dispersion is often negligible, reducing the likelihood of inter-symbol interference. The two-term 

Henyey–Greenstein Function (TTHG) has been employed for more accurate simulation of power 

distribution on the receiving surface [20,21]. Shijian Tang's application of the Monte Carlo method, 

coupled with the two-term Gamma Function to represent impulse response curves, demonstrates 

that the two-term Gamma Function model is effective in scenarios with large attenuation lengths. 

This approach also suggests that use of equalization can significantly reduce bit error rates in UWOC 

systems [22]. Qadar R characterizes the underwater light attenuation and bit error rate by analyzing 

the photons’ multiple scattering, the results show that the detector aperture and FOV have an effect 

on underwater communication, and the effect of FOV is more obvious when the detector aperture is 

larger [23]. Jianlei Zhang's extension of the multiple phase screen model integrates turbulence, 

absorption, and scattering effects into the Monte Carlo simulation framework, facilitating a 

comprehensive study of these combined effects on underwater channels [24]. Lastly, Biao Han's 

research using the Monte Carlo method explores the impact of backscattering on receivers in duplex 

UWOC systems [25]. These diverse studies underscore the complexity and evolving nature of 

modeling and analyzing optical signals in underwater environments. 

The existing literature primarily focuses on the characteristics of underwater optical 

transmission, including attenuation characteristics, impulse response, communication error rates, 

and backscattering effects. These studies often compare and analyze light transmission in various 

types of seawater, such as clear, coastal, and Harbor-II waters [25–27]. However, there is a noticeable 

gap in research concerning the transmission characteristics of light in Harbor water, moreover, in-

depth analysis of the transmission characteristics of light in Harbor water is also of great strategic 

significance for the construction of Global Marine Space-Time Frame Network [28]. Addressing this 

gap, our paper utilizes the Monte Carlo method to simulate and analyze the changes in normalized 

power attenuation and time domain spread characteristics relative to various factors. These factors 

include attenuation length, transmitted divergence angle, received aperture, and received field of 

view (FOV) under specified light energy conditions.  
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The findings from this study are anticipated to be significantly beneficial for the design and 

development of UWOC systems operating in Harbor water conditions. Additionally, this research 

offers an accurate and efficient approach for the long-distance simulation of UWOC, potentially 

advancing the understanding and capabilities in this domain. 

2. Materials and Methods 

2.1. The optical parameters of the underwater channel 

The interaction between photons and particles within seawater is both frequent and intense. 

When a laser beam travels through water, its light is absorbed by various elements such as water 

molecules, phytoplankton, dissolved organic matter, and organic debris. Concurrently, the light 

undergoes scattering caused by particles suspended in the seawater [29]. To mathematically describe 

these effects, two wavelength-dependent optical characteristic parameters are utilized: the absorption 

coefficient, denoted as a(λ), and the scattering coefficient, denoted as b(λ). Consequently, the 
attenuation coefficient, c(λ), which represents the cumulative effect of both absorption and scattering, 
can be expressed as [30]: 𝑐(𝜆) = 𝑎(𝜆) + 𝑏(𝜆) (1) 𝜔0 = 𝑏(𝜆) 𝑐(𝜆)⁄  (2) 

In Equation (1), λ represents the wavelength of light. The ratio of the scattering coefficient b(λ) 
to the attenuation coefficient c(λ) is known as the albedo, symbolized as ω0. This ratio, detailed in 

Equation (2), indicates the proportion of scattering loss relative to the total loss [31]. For the purpose 

of this study, which aims to analyze the impact of water turbidity on UWOC, Harbor water is 

categorized into four distinct types: Harbor-I, Harbor-II, Harbor-III, and Harbor-IV. A 

communication wavelength of 532 nm is chosen for analysis. 

Table 1 presents the absorption coefficient (a), scattering coefficient (b), attenuation coefficient 

(c), and albedo (ω0) for these four types of Harbor water. The optical parameters for Harbor-II 

seawater are sourced from Petzold’s report [32]. For the remaining three Harbor water types, their 

optical parameters are extrapolated using the same albedo ω0 while varying the attenuation 

coefficients c(λ). 

Table 1. The optical parameters of four types of Harbor water [33]. 

Harbor water types a(m-1) b(m-1) c(m-1) 𝝎𝟎 

Harbor-I 0.187 0.913 1.10 0.83 

Harbor-II 0.374 1.826 2.20 0.83 

Harbor-III 0.561 2.739 3.30 0.83 

Harbor-IV 0.748 3.652 4.40 0.83 

2.2. Selection of appropriate scattering phase function 

The transmission dynamics of photons in underwater channels are illustrated in Figure 1 and 

Figure 2. Photons emitted from the light source undergo multiple scatterings by particles within the 

water, following various trajectories. Some of these photons, termed 'On-target photons,' reach the 

photosensitive surface of the receiver and are absorbed. Others, known as 'Off-target photons,' 

deviate from the receiver's aperture and field of view (FOV) after multiple scatterings, as depicted in 

Figure 1. Additionally, the interaction between seawater particles and photons results in two distinct 

types of light: Forward-scattering light and Backscattering light, as shown in Figure 2. Forward-

scattering light influences the time domain characteristics of the received signal, whereas 

Backscattering light tends to decrease the optical signal-to-noise ratio (OSNR) of the communication 

signal [24]. A thorough analysis of both Forward-scattering and Backscattering light is crucial to 

understand their impact on UWOC systems. 
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Figure 1. Schematic diagram of On-target photons and Off-target photons in underwater channel. 

 

Figure 2. Forward-scattering light and Backscattering light in underwater channel. 

In underwater environments, the scattering direction of a photon post-collision with seawater 

particles is generally random. To evaluate the distribution of light energy following such scatterings, 

the volume scattering phase function is employed [34]. In this study, this function is denoted as β(φ). 

The relationship between the volume scattering phase function and the scattering coefficient b(λ) is 
articulated in Equation (3) [35]. Here, 𝛽(𝜑, 𝜆) represents the scattering phase function, which plays 

a crucial role in determining how light is redistributed after interacting with particles in seawater. 

{  
  1 = 2𝜋∫ 𝛽(𝜑, 𝜆)𝑠𝑖𝑛𝜑𝜋

0 𝑑𝜑𝛽(𝜑, 𝜆) = 𝛽(𝜑, 𝜆)𝑏(𝜆)  (3) 

To date, several scattering phase functions have been proposed to study the light transmission 

characteristics in underwater channels. Notable among these are the Henyey–Greenstein Function 

(HG) [36], the two-term Henyey–Greenstein Function (TTHG) [37], and the Fournier–Forand 

Function (FF) [38,39]. The FF scattering phase function, in particular, has been shown to align well 

with the characteristics of Petzold Harbor water, as indicated in relevant literature [40]. 

Further supporting the use of the FF function, simulation results have demonstrated its 

similarity to the measured data of Petzold Harbor water, especially when specific parameters are 
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applied: a slope (μ) of 3.5835 and a seawater refractive index (n) of 1.13 [41]. Given these findings, 

this paper adopts the FF scattering phase function for its simulation analysis. The expression for the 

FF scattering phase function is provided in Equation (4). In this expression, ѱ represents the azimuth 

angle of the photons, and φ denotes their scattering angle. The variables υ and δ are intermediate 
variables without direct physical significance, with δ180 representing the value of δ when the 
scattering angle φ equals 180°. 

{  
  𝛽̃𝐹𝐹(𝜑) = 14𝜋(1 − 𝛿)2𝛿𝜐 {𝜐(1 − 𝛿) − (1 − 𝛿𝜐) + [𝛿(1 − 𝛿𝜐) − 𝜐(1 − 𝛿)]𝑠𝑖𝑛−2 (𝜑2)} + 1 − 𝛿180𝜐16𝜋(𝛿180 − 1)𝛿180𝜐 (3𝑐𝑜𝑠2ѱ − 1)𝜐 = (3 − 𝜇) 2⁄𝛿 = 43(𝑛 − 1)2 𝑠𝑖𝑛2(𝜑2)

 (4) 

2.3. The process of Monte Carlo numerical simulation 

2.3.1. The initial parameters of photon packets 

The Monte Carlo method is a stochastic simulation technique used to model the propagation of 

light in seawater. This method involves tracking the random propagation paths of numerous 

photons, thereby facilitating statistical analysis and calculation. In this approach, the light source is 

modeled as a collection of photon packets, each characterized by specific distribution properties. The 

simulation process is guided by the optical and water quality parameters pertinent to the 

communication system. The photon scattering angle, determined by the volume scattering phase 

function, plays a crucial role in this process. By tracking the trajectory of each photon, the method 

enables a detailed analysis of their motion paths. Ultimately, this simulation allows for the 

accumulation and analysis of data regarding the number of photons received and their distribution 

characteristics. Such comprehensive data are crucial for understanding and optimizing underwater 

communication systems. 

In the Monte Carlo simulation, the initial parameters of a photon are defined by its initial 

coordinates (𝑥0, 𝑦0, 𝑧0) on the Transmitted Plane and the directional components (𝜇0𝑥, 𝜇0𝑦 , 𝜇0𝑧) 
of the photon's direction vector along the x, y, and z axes, respectively. These directional components, 

commonly referred to as Direction Cosines, determine the photon’s propagation direction, while the 
coordinates indicate its current position. As illustrated in Figure 3, we assume that the photon packet 

travels along the z-axis and lies on the Transmitted Plane.  

The distance between the photon packet’s current position and the center of the light source is 

denoted as r0. Additionally, the initial polarization angle (α0), azimuth angle (ψ0), and elevation angle 

(φ0) of the photon are specified. The photon's initial weight is set to ω=1. 
The initial coordinates of the photon (𝑥0, 𝑦0, 𝑧0) and the Direction Cosines (𝜇0𝑥, 𝜇0𝑦, 𝜇0𝑧) are 

derived using trigonometric functions, as shown in Equations (5) and (6). 

{𝑥0 = 𝑟0𝑐𝑜𝑠𝛼0𝑦0 = 𝑟0𝑠𝑖𝑛𝛼0𝑧0 = 0  (5) 

{𝜇0𝑥 = 𝑠𝑖𝑛𝜑0𝑐𝑜𝑠ѱ0𝜇0𝑦 = 𝑠𝑖𝑛𝜑0𝑠𝑖𝑛ѱ0𝜇0𝑧 = 𝑐𝑜𝑠𝜑0  (6) 

Given that the light source and beam in Monte Carlo simulations are typically radially 

symmetric, the initial polarization angle (α0) and the initial azimuth angle (ψ0) can be randomly 

determined. This random selection is guided by Equation (7), where R represents a random value 

within the normalized interval [0,1]. This method ensures that the angles are uniformly distributed, 

aligning with the radial symmetry of the light source and beam configuration. {𝛼0 = 2𝜋𝑅ѱ0 = 2𝜋𝑅 (7) 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 18 December 2023                   doi:10.20944/preprints202312.1317.v1

https://doi.org/10.20944/preprints202312.1317.v1


 6 

 

The energy distribution of the laser beam in the simulation follows Gaussian distribution 

characteristics. This distribution is crucial for determining the radius r0 on the Transmitted Plane, 

which represents the distance between a given photon and the center of the light source. The 

calculation of r0 is based on the Gaussian distribution, as outlined in Equation (8). In this equation, 𝑤0 represents the waist radius of the laser beam, and R is a random value drawn from the normalized 

interval [0,1]. 𝑟0 = 𝑤0√−𝑙𝑛⁡(1 − 𝑅) (8) 

The initial elevation angle φ0 of each photon is derived based on the initial divergence half-angle 

(𝜃𝑑𝑖𝑣) of the beam, the beam waist radius (𝑤0), and the radius (r0) on the Transmitted Plane. The 

specific relationship among these parameters is articulated in Equation (9). This equation ensures that 

the elevation angle of each photon is accurately aligned with the beam's divergence characteristics 

and its position relative to the center of the light source. 𝜑0 = 𝑟0𝜃𝑑𝑖𝑣𝑤0  (9) 

 

Figure 3. Schematic diagram of the initial position and orientation of the photon packet in the 

Transmitted Plane. 

2.3.2. The movement and scattering of the photon 

The Monte Carlo simulation process is comprehensively illustrated in Figure 4, which presents 

a detailed flowchart. A critical aspect of this simulation involves determining the random scattering 

path length (L), scattering angle (φ), and azimuth angle (ψ) for each photon during its movement 
through the simulated environment. The scattering path length L is defined as the distance a photon 

travels between two consecutive scattering events. This length is crucial as it influences the photon's 

trajectory and the overall simulation accuracy. The scattering angle (φ) of the photon is calculated 
using Equation (3). Equation (10) then provides further detail on how this angle is determined, with 

φ' representing the specific scattering angle chosen during a scattering event. These steps are integral 

to accurately simulating the random paths of photons through water, crucial for understanding light 

behavior in underwater communication channels. 

∫ 𝛽𝜑′
0 (𝜑, λ) 𝑠𝑖𝑛(𝜑)𝑑𝜑 = 𝑅 (10) 
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Figure 4. The flow chat of Monte Carlo simulation. 

When the random scattering path length L, scattering angle φ and azimuth angle ψ of the photon 
are confirmed, the position of the photon can be updated as [x', y', z'] in Equation (11), where μx, μy, 

and μz are the Direction Cosine of the photon in the current state, the scattering path length is selected 

randomly as L= -In(R)/b [42,43]. 

{𝑥′ = 𝑥0 + 𝐿𝜇𝑥𝑦′ = 𝑦0 + 𝐿𝜇𝑦𝑧′ = 𝑧0 + 𝐿𝜇𝑧  (11) 

The photon packet’s new weight ωn is obtained further, its weight decays exponentially as 

shown in Equation (12) and Figure 5. 𝜔𝑛 = 𝜔 ∗ (𝜔0)𝑛 = (𝜔0)𝑛 (12) 

 

Figure 5. Schematic illustration of changes in the photon packet’s weight. 
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When the photon’s new position is determined and is still in front of the Received Plane, it is 
still possible to be absorbed by the receiver. The scattering angle and azimuth angle of the photon are 

re-selected to obtain the new Direction Cosine [𝜇𝑥′ , 𝜇𝑦′ , 𝜇𝑧′ ] in Equation (13), where 𝜇𝑠 = 𝑐𝑜𝑠𝜑′, φ' and ѱ' are the new scattering angle and azimuth angle of the photon, respectively. 

[𝜇𝑥′𝜇𝑦′𝜇𝑧′ ] = [   
  𝜇𝑥𝜇𝑧 √1 − 𝜇𝑧2⁄ −𝜇𝑦 √1 − 𝜇𝑧2⁄ 𝜇𝑥𝜇𝑦𝜇𝑧 √1 − 𝜇𝑧2⁄ 𝜇𝑥 √1 − 𝜇𝑧2⁄ 𝜇𝑦−√1 − 𝜇𝑧2 0 𝜇𝑧]  

   [√1 − 𝜇𝑠2𝑐𝑜𝑠ѱ′√1 − 𝜇𝑠2𝑠𝑖𝑛ѱ′𝜇𝑠 ] , 𝜇𝑧2 < 1 (13) 

2.3.3. Termination of photon motion or reception of photon 

In the simulation, the termination of a photon's motion is defined under two specific conditions. 

First, a photon is considered absorbed by the particles in the Harbor water if its weight decreases to 

a threshold of 10-6 or less. Second, the photon's transmission is deemed to have ended once it reaches 

the receiver's photosensitive surface. 

Throughout the photon tracking process, key attributes of each photon are recorded, including 

its position, received angle, weight, and propagation distance. A photon is classified as 'Received' if 

it falls within the bounds of the receiver's photosensitive surface and if it’s received angle is within 
the specified Field of View (FOV). If either of these conditions is not met, the photon is considered 

'not Received,' and its tracking is discontinued. 

This methodical approach allows for precise determination of photon reception, facilitating an 

accurate assessment of the efficiency and effectiveness of the underwater wireless optical 

communication system in various Harbor water conditions. 

3. The simulation results and discussion 

In this paper, we primarily investigate the characteristics of UWOC with varying 

communication distances in four distinct types of Harbor water. To facilitate this study, certain 

parameters of the transmitter and receiver are predetermined and held constant, with the main 

variable parameters being the Transmitted full divergence angle, the Received aperture size, and the 

Received Field of View (FOV). 

Reflecting the focus of our research, we have established a set of initial fixed parameters for use 

in our simulation model. These parameters, detailed in Table 2, include the laser wavelength, the 

number of photons transmitted, the energy per photon, and the total transmitted light energy. 

This approach ensures a consistent baseline for analyzing the impact of the aforementioned 

variable parameters on the performance of UWOC systems in different Harbor water conditions. 

Table 2. Initial fixed parameters utilized in the simulation. 

Wavelength 
Transmitted photon 

number 
Single photon energy Transmitted light energy 

532nm 1013 3.74*10-19 J 3.74*10-6 J 

The specific settings for the Transmitted full divergence angle, as outlined in Table 3, include 

values of 0.5 mrad, 5 mrad, 10 mrad, and 100 mrad. Corresponding to these full divergence angles, 

the Transmitted beam waist diameter for each setting is calculated using Equation (9). In the analysis 

of how these varying Transmitted full divergence angles affect the communication system, both the 

Received aperture and the Received Field of View (FOV) are held constant. These are fixed at 200 mm 

for the Received aperture and π/2 rad for the Received FOV. This methodical approach allows for a 
focused investigation into the impact of the Transmitted full divergence angle on UWOC system 

performance, ensuring that other variables do not confound the results. 
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Table 3. Setting values for the full divergence angle of the transmitter. 

Transmitted full 

divergence angle 
0.5 mrad 5 mrad 10 mrad 100 mrad 

Transmitted beam 

waist diameter 
1.4*10-3m 1.35*10-4m 6.77*10-5m 6.77*10-6m 

The specific settings for the Received Field of View (FOV) and aperture are detailed in Table 4. 

The Received aperture sizes are set at 25 mm, 50 mm, 100 mm, 200 mm, and 400 mm. The values for 

the Received FOV are varied and include π/90 rad, π/30 rad, π/22.5 rad, π/15 rad, π/7.5 rad, π/2 rad, 
π/1.5 rad, and π rad. In the analysis that focuses on the impact of these variable Received apertures 

and FOVs on the communication system, the Transmitted full divergence angle is consistently fixed 

at 0.5 mrad. This approach enables a targeted examination of how changes in the Received aperture 

and FOV affect the performance of the UWOC system, isolating these variables to understand their 

specific contributions. 

Table 4. Setting values for the Received aperture and FOV. 

Received aperture 25mm 50mm 100mm 200mm 400mm 

Received FOV 
𝜋90rad 

𝜋30rad 
𝜋22.5rad 

𝜋15rad 
𝜋7.5rad 

𝜋2rad 
𝜋1.5rad 𝜋rad 

3.1. Analytical Examination of the Full Divergence Angle in Transmission 

In this study, we analyze the variation characteristics of laser power in relation to both the 

attenuation length and the divergence angle. Figure 6 illustrates the normalized power loss received 

as a function of the attenuation length (AL) and the Transmitted full divergence angle. The 

attenuation length AL is defined as the product of the attenuation coefficient c(λ) and the 
communication distance z, expressed mathematically as AL=c(λ)×z. 

Simulation results indicate a consistent trend across all four types of Harbor water: as AL 

increases, there is a corresponding increase in the attenuation loss of received power. Notably, the 

attenuation of received optical power initially occurs at a rapid rate and then stabilizes. This pattern 

is attributed to the gradual divergence of the light beam, which leads to a swift attenuation of light 

energy over a short distance. As the transmission distance extends, the light beam enters a state of 

full scattering. In this phase, the proportion of energy attenuation due to light scattering gradually 

diminishes, making absorption the predominant factor affecting light transmission. This trend is 

particularly evident in Figure 6(a), highlighting the dynamic interplay between scattering and 

absorption in determining the attenuation characteristics of UWOC. 

Furthermore, our analysis reveals that a larger transmitted full divergence angle correlates with 

greater normalized received optical power attenuation loss. This trend holds consistently across the 

four types of Harbor water. However, it's observed that as the quality of Harbor water deteriorates, 

the normalized power loss decreases. The underlying reason for this is that the received optical power 

is more strongly influenced by the communication distance z than by water quality. Therefore, the 

common approach in many studies of directly deriving communication distance by dividing the 

attenuation coefficients of two different water types proves to be inapplicable in the context of Harbor 

water. This finding underscores the complexity of the relationship between water quality, 

communication distance, and light attenuation in underwater optical communication, challenging 

assumptions that may hold true in other types of aquatic environments. 

Additionally, our findings indicate that the differences in normalized power loss among smaller 

divergence angles, specifically 0.5 mrad, 5 mrad, and 10 mrad, are relatively minor compared to a 

larger angle like 100 mrad. The primary reason for this is that a smaller transmitted full divergence 

angle confines the light spot within a more limited range. This confinement results in reduced 

geometric loss and diminishes the likelihood of photons being scattered by particles in the water. 
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Consequently, a smaller divergence angle ensures that a higher number of photons can reach the 

photosensitive surface of the receiver and be effectively absorbed. This observation underscores the 

significance of divergence angle control in minimizing power loss in underwater optical 

communication, particularly in environments with scattering particles. 

  
(a) (b) 

  
(c) (d) 

Figure 6. Comparative analysis of Received normalized power loss relative to attenuation length and 

Transmitted full divergence angle across four types of Harbor water. (a) Harbor I; (b) Harbor II; (c) 

Harbor III; (d) Harbor IV. 

In our final analysis, we examine the time delay spread in relation to both the attenuation length 

(AL) and the Transmitted full divergence angle across the four types of Harbor water, as depicted in 

Figure 7. We observe that under identical Harbor water conditions, the time delay spread increases 

with both the increase in AL and the Transmitted full divergence angle. Conversely, for a given AL 

and Divergence angle, the time delay spread decreases as the quality of Harbor water deteriorates. 

This trend mirrors the observed behavior in received normalized power loss, indicating that the time 

delay spread is more closely associated with communication distance z than with water quality. 

Additionally, Figure 7(d) highlights a specific scenario where the AL ranges from 2-5 and the 

Transmitted full divergence angle is between 0.5 mrad and 5 mrad. In this case, the time delay spread 

is notably low, ranging only from 1.09×10-11s-1.22×10-11s. This minimal spread can be attributed to the 

relatively short transmission distance, approximately 0.45m to 1.14m, which is insufficient to 

contribute significantly to the time delay spread. This finding emphasizes the importance of 

considering both the transmission distance and beam divergence characteristics when assessing the 

time delay in underwater optical communication. 
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(a) 

 

(b) 

 
(c) (d) 

Figure 7. Variation of time delay spread in relation to attenuation length and Transmitted full 

divergence angle across four types of Harbor water. (a) Harbor I; (b) Harbor II; (c) Harbor III; (d) 

Harbor IV. 

3.2. Analytical Evaluation of the Received Aperture and FOV 

The study also examines how received normalized power loss correlates with the attenuation 

length (AL) and the size of the Received aperture at the receiver's end, as illustrated in Figure 8. Our 

simulations reveal a consistent relationship between these variables across the four types of Harbor 

water. Notably, as the size of the Received aperture increases, the received normalized power loss 

decreases. However, the rate of this decline slows and eventually stabilizes. This trend is attributed 

to the fact that a larger Received aperture can capture more scattered photons, thus enhancing the 

absorption efficiency of the receiver. 

Additionally, it is evident that larger AL values correspond to greater received normalized 

power losses. This relationship underscores the significant impact of communication distance and 

beam attenuation characteristics on the efficiency of photon reception in underwater optical 

communication systems. 
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(a) 

 

(b) 

 
(c) (d) 

Figure 8. Comparative analysis of received normalized power loss relative to attenuation length and 

Received Aperture across four types of Harbor water. (a) Harbor I; (b) Harbor II; (c) Harbor III; (d) 

Harbor IV. 

The relationship between received normalized power loss, attenuation length (AL), and the Field 

of View (FOV) at the receiving end is further explored in Figure 9, focusing on the four types of 

Harbor water. Simulation results indicate that the trends in received normalized power loss 

correspond closely with both AL and the Received FOV across these water types. In scenarios where 

the Received FOV is relatively small (< 0.2793 rad), there is a noticeable decrease in received 

normalized power loss as the FOV increases. This decrease is attributed to the fact that a larger FOV 

allows more photons, particularly those deviating from the optical axis, to become On-target photons 

and be absorbed by the receiver. However, as the Received FOV continues to expand beyond this 

point, the impact on normalized power loss diminishes. This plateau in the effect is due to the large 

FOV eventually encompassing almost the entire peak intensity region of the Gaussian beam on the 

Received plane. Consequently, further increases in FOV do not significantly affect the proportion of 

photons captured, thereby stabilizing the received normalized power loss. 
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(a) 

 
(c) 

(b) 

 
(d) 

Figure 9. Analysis of received normalized power loss in relation to attenuation length and Received 

FOV across four types of Harbor water. (a) Harbor I; (b) Harbor II; (c) Harbor III; (d) Harbor IV. 

In our concluding analysis, we examine the time delay spread at the receiving end in relation to 

AL, the size of the Received aperture, and the Received FOV across the four types of Harbor water. 

This analysis is illustrated in Figures 10 and 11. Our findings indicate that, under constant Harbor 

water conditions, the time delay spread increases with the rising AL. In the range of shorter ALs 

(2AL-10AL), as shown in Figure 10, the time delay spread enlarges with an increase in the size of the 

Received aperture. This trend is attributed to the fact that a larger aperture increases the likelihood 

of capturing multiple-scattered photons. However, in scenarios involving larger ALs (15AL-30AL), 

the time delay spread exhibits minimal variation in response to changes in the Received aperture size, 

remaining within the range of 1.05×10-7s to 7.39×10-9s. The primary reason for this is that at longer 

communication distances, most scattered photons become Off-target photons due to multiple 

scatterings, and thus they are unlikely to be absorbed by the receiver. Consequently, in the range of 

15AL-30AL, the time delay spread remains relatively constant. 

In the case of a small Received FOV (less than 0.8 rad), as depicted in Figure 11, there is a 

noticeable increase in the time delay spread as the FOV gradually expands. This pattern arises 

because a larger Received FOV enhances the receiver's capability to capture a greater number of 

multiple-scattered photons. As a result, the time delay spread grows with the increasing FOV. 

However, beyond a certain point, the rate of increase in time delay spread significantly slows 

down. This slowdown occurs because a larger FOV eventually encompasses most of the multiple-

scattered photons within the Received plane. Therefore, further increases in the FOV do not 

substantially add to the number of photons captured, leading to only marginal changes in the time 

delay spread. This finding illustrates the intricate balance between FOV size and the efficiency of 

photon capture in determining the time delay characteristics of underwater optical communication 

systems. 
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(a) 

 
(c) 

(b) 

 
(d) 

Figure 10. Assessment of time delay spread relative to attenuation length and Received Aperture 

across four types of Harbor water. (a) Harbor I; (b) Harbor II; (c) Harbor III; (d) Harbor IV. 

  

(a) (b) 
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(c) 

 
(d) 

Figure 11. Analysis of time delay spread in relation to attenuation length and Received Field of View 

(FOV) across four Harbor water. (a) Harbor I; (b) Harbor II; (c) Harbor III; (d) Harbor IV. 

4. Conclusions 

This study has critically examined the nuances of Underwater Wireless Optical Communication 

(UWOC) within four distinct types of Harbor water, employing the Monte Carlo method to simulate 

photon behavior and analyze key communication parameters. Our findings reveal that the 

transmitted full divergence angle, received aperture size, and Field of View (FOV) profoundly affect 

the UWOC system's performance. Notably, increased attenuation length (AL) and divergence angle 

lead to higher received normalized power loss and time delay spread, with these effects being more 

pronounced in clearer water types. The research also underscores that larger received apertures and 

FOVs enhance the reception of multiple-scattered photons, thus reducing power loss. However, 

beyond certain thresholds, the advantages plateau due to the full coverage of the scattered photons 

within the received plane. Additionally, the study establishes critical termination conditions for 

photon motion, highlighting the significance of photon weight and alignment with the receiver's 

photosensitive surface. These insights pave the way for more efficient design and optimization of 

UWOC systems, particularly in challenging Harbor water environments, by providing a detailed 

understanding of the interplay between light scattering, absorption properties, and system 

configuration. Further, the analysis results of time delay spread provides a strong theoretical support 

and technical basis for optical timing, ranging and positioning technology based on UWOC. 
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