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ABSTRACT 

Underwater wireless optical communication system under reciprocal 

turbulence 

Yujian Guo 

 

Underwater communication systems are in high demanded for subaquatic environment 

activities as the sea is an enormous and mostly unexplored place. The ten-meter long and 

few giga-bit per second range optical communication technique is feasible and has bright 

future compared to the mature but low data rate (few kilobits per second) acoustic 

technology and short distance (several meters) radio-frequency signaling schemes. The 

underwater wireless optical communication (UWOC) technique takes advantage of wide 

bandwidth, low attenuation effect in the visible range for multiple applications such as 

seafloor and offshore exploration, oil pipe control and maintenance, and pipeline leak 

detection. Nowadays, visible light-emitting diode (LED)-based and laser diode (LD)-based 

UWOC system are attractive and much related research is being conducted in the field. 

However, the major challenges of developing UWOC systems are the attenuation, 

scattering and turbulence effects of the underwater environment. The temperature gradient, 

salinity gradient, and bubbles make underwater optical channel predictable challenging and 

degrade the optical beam propagating distance and quality. Most studies focus on the 

statistical distribution of intensity fluctuations in underwater wireless optical channels with 

random temperature and salinity variations as well as the presence of air bubbles.  

In this thesis, we experimentally investigate the reciprocity nature of underwater turbulence 

caused by the turbidity, air bubbles, temperature variations, and salinity. Bit error rate 
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measurement and statistical data analysis reveal the high reciprocal nature of turbulence 

that can be induced by the presence of bubbles, temperature, and salinity. The mitigation 

strategies for the different turbulence scenarios are discussed. 
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Chapter 1 

Introduction 

1.1 Underwater Wireless Communications 

Oceans and lakes cover over 71% of the earth’s surface, and half of all species on earth are 

live in aquatic environments. Oceans are, or are becoming, a critical frontier of exploration 

for transport, oxygen and food production, hydrocarbon exploitation, aquaculture, biofuel 

production, mineral exploitation, climate, and global water circulation. Cumulatively, the 

services provided by the oceans, such as the provision of food, oxygen, water, and climate 

regulation, have been valued at over $21 trillion while maritime transport supports 90% of 

the global trade volume. Due to the vast market and potential value of ocean exploration, 

the demand for communication techniques in underwater environments is growing. In 

commercial applications, underseas communication technologies could be applied in 

seafloor and offshore exploration, oil pipe control and maintenance, pipeline leak detection. 

For military usage, the techniques enable the submarines to communicate with 

headquarters to receive commands or satellite for navigation. Thus, underwater 

communication technologies are crucial for human beings. At present, the underwater 

communication technologies are categorized into three: underwater long-wave radio-

frequency (RF) communications (main aiming for military usage), underwater acoustic 

communication, and underwater optical communications. 
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The traditional wireless RF communication techniques are difficult to apply in 

underwater environments due to the high attenuation effects of water. The conductive 

seawater contains a considerable amount of positive and negative ions, such as Na+, K+, 

Ca2+, Mg2+, SO4
2-, CO3

2-, Cl-, HCO3
-, all of these account for  over 99%  of ions in seawater. 

The attenuation of RF signals in water positively correlates with wavelength and negatively 

correlates with frequency [1]. Based on this property of RF, very low frequency (VLF) in 

the range of 30 to 30 kHz (wavelength from 10,000 to 10 km) and extremely low frequency 

(ELF) in the range from 3 to 30 Hz (wavelength from 100,000 to 10,000 km) are possibly 

to be applied in underwater wireless RF communications. Since they have the advantages 

of high stability, higher bandwidth (up to 100 Megabits per second (Mbps)) than acoustic 

methods, work in non-line-of-sight, are immune to acoustic noise and are unaffected by 

turbidity, salinity, and pressure gradients [2]. However, underwater RF communications 

are limited by the working distance (VLF works from 15 to 30 m, and ELF works in 80 to 

120 m), electromagnetic interference (EMI), and high cost [3]. 

Underwater acoustic communication systems are extremely versatile and mature. 

Acoustic modems operate in the range of 10 to 27 kHz, which enables the acoustic systems 

to work in km range distance. The long working distance is the overwhelming superiority 

of underwater acoustic communication techniques when compared to optical and RF 

methods. The bandwidth of acoustic communications is distance dependent. When the 

working range is up to 1000 km the bandwidth is restricted to 1 kHz; when the working 

range is around 1 to 10 km the bandwidth is limited to 10 kHz; whereas the bandwidth is 

approximately 100 kHz when the channel distance is less than 100 m [4]. Limitations of 

acoustic communication in underwater environments are narrow bandwidth and low data 
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rate (less than 20 kilobits per second (kbps)), adversely affected by turbidity, ambient noise, 

salinity, pressure gradients, poor security, costly, and impact on marine life [5]. 

Wireless optical communication has recently appeared as a novel method of 

underwater communication techniques. It mitigates the problems of underwater acoustic 

and RF wave communications, such as bandwidth, time latency, data rate, security, and 

cost [6]. Optical links have a wider bandwidth to achieve a gigabits-per-second (Gbps) data 

rate transmission. Optical links suffer high attenuation in water [7]. The absorption 

coefficient is wavelength dependent. Figure. 1.1 [8] illustrate that the blue–green range has 

less absorption in water. Duntley et al. (1963) found the blue–green window has a low 

attenuation coefficient in water [9]. Gilber et al. (1966) proved this theoretical study of the 

water attenuation spectrum in [10]. Optical links in visible ranges, especially for the blue–

green window (450 nm – 550 nm), are preferred in underwater optical communications. 

 

Figure. 1.1. The water absorption coefficient with different wavelength [8]. 
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The working distance of optical links in underwater environments can reach tens to 

hundreds of meters. 

1.2 Overview of Underwater Wireless Optical Communications System 

With the growing demand for a high data rate in the UWOC system, the need for building 

a Gbps UWOC system appears. High data rate UWOC systems make functions such as 

real-time video transmission possible. In early 2008, the first Gbps data rate 

communication system with a 2-meters working range was demonstrated by Hanson and 

Radic by using a 532 nm green laser [11]. In 2010, N. Farr et al. demonstrated the potential 

of achieving real-time video transmission from untethered vehicles for inspection by 

developing an optical communication system integrate with existing acoustic systems to 

operate remotely operated vehicles (ROVs) [12]. Recently, the research focus is the 

demonstration of system level work with different modulation techniques to achieve higher 

data rates and longer link distances. In 2015, Hassan et al. achieved a 4.8-Gbps data rate 

over a 5-meter working distance in an LD-based LDUWOC system with the 16-quadrature 

amplitude modulation (QAM)- orthogonal frequency division multiplexing (OFDM) 

modulation scheme [13]. In 2017, Shen et al. [14] demonstrated a more realistic 20-meter 

UWOC link with a 1.5-Gbps data rate transmission using the On-off keying - Non-return-

to-zero (OOK-NRZ) modulation scheme. To extend the working distance, Jing et al. [] 

experimentally demonstrated a UWOC system over a water channel of 21 meters plus an 

air channel of 5 meters by using a 520 nm LD with 32-QAM OFDM to achieve 5.3-Gbps 

transmission. Researchers focused on pushing data rates higher, for instance, in 2018, Hai-

Han et al. achieved a 5 m, 25 Gbps data rate UWOC system [15]. Figure. 1.2 shows the 
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recent research progress on UWOC [11, 13-24]. Recent review work on the UWOC field 

can be found in [25]. 

1.3 Contribution of this Thesis 

The overview of underwater channel characterization and the turbulence concerning 

bubbles, temperature, and salinity is provided in Chapter 3. The contribution of this thesis 

attemptted to approve the reciprocity of underwater turbulence. The major advantage of 

the proving reciprocal nature of underwater turbulence is that continuous feedback for 

bringing channel state information (CSI) to the transmitter in order to adapt the 

transmission signals according to the channel conditions and achieve better-received 

signals at the receiver is not needed. Proving the reciprocal nature of underwater turbulence 

 

Figure. 1.2. Recent research progress on UWOC [11, 13-24]. 
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significantly contribute to the understanding of underwater channels and design of UWOC 

systems. 
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Chapter 2 

UWOC Channel Overview 

Applying optical links in underwater communications is proposed as a potential alternative 

for underwater acoustic and RF-wave communication technologies. However, the 

absorption, scattering, and fading effects significantly degrade the performance of a 

wireless optical communication system. These effects limit the signal propagating length 

in water as well as the communication quality. Therefore, to enable longer range UWOC 

systems and to aim for better communication performance, understanding the optical beam 

propagation in water is imperative. 

2.1 Light Absorption and Scattering Effect 

The three main factors that result in the loss of intensity of optical beam propagation in 

underwater environments are absorption, scattering, and fading. To understand the 

absorption and scattering effect in an underwater optical channel, a simple model can be 

applied. As shown in Figure. 2.1, the incident power Pi of an optical beam, whose 

wavelength is λ, propagating through a unit volume of water, ΔV, with a thickness, Δr,   

decreases due to absorption and scattering. The absorbed power is noted as Pa, and the 

 

Figure. 2.1. The geometry of inherent optical property [26]. 
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scattered power is Ps. The remaining power quantity, Pt, then propagates through this unit 

water [26]. The principle of optical power energy conservation can be expressed as follows: 

𝑃𝑖(𝜆) = 𝑃𝑎(𝜆) + 𝑃𝑠(𝜆) + 𝑃𝑡 (𝜆),                                             (1) 

The ratio of absorbed power (scattered power) to the incident power is called absorbance 

(scatterance), denoted as A (B). 

𝐴(𝜆) =
𝑃𝑎(𝜆)

𝑃𝑖(𝜆)
, 𝐵(𝜆) =

𝑃𝑠(𝜆)

𝑃𝑖(𝜆)
,                                                  (2) 

The absorption and scattering coefficients are given as 

𝑎(𝜆) = lim
Δr → 0

ΔA(𝜆)

Δr
=

𝑑A(𝜆)

𝑑𝑟
,                                                    (3) 

𝑏(𝜆) = lim
Δr → 0

ΔB(𝜆)

Δr
=

𝑑𝐵(𝜆)

𝑑𝑟
,                                                    (4) 

The overall attenuation coefficient, c, can be viewed as the sum of the absorption and 

scattering coefficients, given as 

𝑐(𝜆) = 𝑎(𝜆) + 𝑏(𝜆),                                                        (5) 

The propagation loss factor, I, at a distance, z, along the propagation direction is expressed 

as 

𝐼(𝜆, 𝑧) = 𝑃𝑖𝑒−𝑐(𝜆)𝑧,                                                           (6) 
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Different water types have different absorption and scattering coefficients which mainly 

depend on dissolved salts, particle size and density, and phytoplankton [27, 28]. The values 

of absorption and scattering coefficients of different typical water types are listed in Table 

2.1 [11]. It is clear that light attenuation is much higher in a turbid harbor or a coastal ocean 

compared to the light propagating in pure sea. The suitable wavelength range 

corresponding to the minimum attenuation is also different from one water type to another. 

As the water of a turbid harbor seen from our eyes is greenish, and seawater is seen as 

blueish, the green light (520 to 570 nm) has less attenuation in turbid water, and the blue 

light (450 to 500 nm) has less attenuation in pure sea in comparison with other wavelength 

ranges [6]. The absorption from inorganic material, for instance, organic phytoplankton, 

dissolved salts, and suspended particles, is the main reason for this phenomenon. The 

scattering effect is primarily caused by the particles in water but is also related to the 

wavelength versus particle size. Changes in the refractive index (RI) of water due to 

temperature, pressure, and salinity can also lead to light scattering. The fading effect, also 

referred to optical turbulence, caused by variations in RI is due to fluctuations in 

temperature, salinity or caused by the air bubbles, is elaborated in Chapter. III. 

Table 2.1. Values of absorption and scattering coefficients of different water types [11]. 

Water Type a (m-1) b (m-1) c (m-1) 

Pure Sea 0.053 0.003 0.056 

Clear Ocean 0.114 0.037 0.151 

Coastal Ocean 0.179 0.220 0.339 

Turbid Harbor 0.366 1.829 2.195 
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2.2 Model for Channel Characterization for Line of Sight 

For a better understanding of the underwater optical channel, intensive research have been 

carried out. Characterization of underwater channels by modeling is utilized to estimate the 

data rate, operating range, and coverage angles for complicated, real-time changing oceanic 

environments. The models of underwater optical attenuation can be categorized into two 

configurations: line-of-sight (LOS) and non-line-of-sight (NLOS) [29]. The aspects of 

channel modeling can be mainly classified into three: composition variability, refractive 

index variability, and background light sources. Both the LOS and NLOS beam 

propagation configurations are subjected to the attenuation effect. However, the NLOS 

configuration is impacted significantly by the reflection from the surface of water. Here, 

we mainly focus on the LOS configuration. Beer Lambert's law, which is a model to 

estimate the operating distance and angle of beam propagation of the communication 

system with different water types, can be applied to LOS configuration. A survey of typical 

UWOC modeling approaches, including Beer Lambert’s law, the Monte Carlo method, and 

the radiative transfer function were conducted by Johnson, Green, and Leeson [30]. Smart  

[31], and Giles and Bankman [32] used Beer Lambert’s law to evaluate the working range 

and performance of UWOC systems.  

The Monte Carlo model is the most widely used to simulate the channel by taking the 

channel loss, noise signal, channel time dispersion into account [33-36]. The Monte Carlo 

simulations have the advantages of being relatively easy to program and providing near-

accurate solutions. A Monte Carlo model that considered the water types, and different 

transmitter and receiver characteristics was developed by Khalighi et al. [37]; the 
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modulation schemes, experimental works were also briefly reviewed. Cox and Muth [34] 

investigated the power loss and light path under different receiver aperture sizes and fields 

of view (FOV) by Monte-Carlo based simulation. Monte-Carlo-numerical-simulation can 

be combined with various theoretical models as well. For instance, the Henyey-Greenstein 

model [38], vector radiative transfer equation [39, 40], stochastic model [41], and double 

Gamma functions [36], were studied to simulate the movement of emitted photons for 

characterizing beam propagating trajectories. On the other hand, Monte Carlo methods 

have drawbacks such as being unable to address wave phenomena, low efficiency, and 

random statistical errors. 

The scattering effect can be measured by adding Maalox into the channel and 

comparing its volume scattering function against two different conditions [42]. Maalox is 

a commercially available antacid preparation that contains aluminum hydroxide Al(OH)3 

and magnesium hydroxide Mg(OH)2. Laux et al. measured the small forward angle 

function for Maalox [42]. Lee et al. investigated the scattering effect mitigation strategy 

by using near-infrared (808 nm) LD in the turbid medium that was created by adding 

Maalox into the channel [43, 44]. The volume scattering function, β(θ), [11] of diluted 

Maalox has been reported [45]. The unit of measurement of volume scattering function, 

β(θ), is m-1sr-1. The scattering coefficient, b, can be expressed by 

𝑏 = 2𝜋 ∫ sin (𝜃)𝛽(𝜃)𝑑𝜃
𝜋

0
,                                               (7) 

Cochenour et al. demonstrated that the underwater spatial effects of multiple scattering on 

a laser beam have a significant impact on the performance [46]. If the photons are scattered 

back into the FOV of a receiver, the overall non-temporal performance of the underwater 
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link improves. Understanding the polarization properties of forward/backward scattering 

is also necessary. Mullen et al. revealed that the forward scattered light is partially 

polarized in turbid water [47]. Because of the random nature of optical beam when 

propagating in underwater environments, the stochastic model is applied to estimate the 

spatial and temporal distribution of photons under non-scattering, single scattering and 

multiple scattering components of undersea channels [41]. An end-to-end signal strength 

model which has been verified by an experiment conducted in a water pool is reported [48], 

and an approach of optimization for an underwater optical modem and evaluation of overall 

performance of the system is provided.  
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Chapter 3 

UWOC Turbulence Study 

Apart from the research focus on the absorption and scattering effects, investigations on 

the oceanic turbulence of optical channels can offer alleviation strategies for channel 

impairments. Studies about underwater turbulence, principally induced by the fluctuations 

of temperature and salinity [49-53], can contribute to obtaining a better understanding of 

optical channels and mitigation strategies to improve the performance of communication 

systems. In addition, presentence of air bubbles in the underwater scenario also result in 

random variations on the received signal [54-59]. In this section, the proper statistical 

distributions for such fading effects introduced by temperature, salinity, and bubbles are 

discussed. 

3.1 Intensity Fluctuation due to Bubbles 

In a real underwater scenario, even though the waves on the surface of the turbulent sea do 

not affect the underwater link directly, the fading effects caused by dynamic bubbles, 

obstructions by creatures, and geological activities degrade the performance of optical 

communication links. Exploration of the mitigation strategies for the fading effects induced 

by bubbles and obstacles is necessary since research on the underwater communication 

systems subject to bubbles and obstructions is beneficial to the community. 

Many researchers have worked on the experimental study of random fluctuations of 

the received signal induced by the air bubbles in the underwater optical channel. Different 

statistical distributions were examined to predict the random intensity fluctuations of the 
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optical signal at different levels of scintillation index (SI) [55]. The channel coherence time 

and the fluctuation probability density function (PDF) were obtained based on the 

normalized received optical power of the signal under different conditions. The air bubbles 

were generated by the air compressor. In bubbly fresh water, a severe fading effect was 

observed, the received signal is depicted in Figure. 3.1 [55]. The 𝜎𝐼
2 is defined as the SI of 

the optical beam and quantifies the level of fading [49, 60]. The SI represents the variance 

of received intensity fluctuations. 

𝜎𝐼
2(𝑟, 𝑑0, 𝜆) =

𝔼[𝐼2(𝑟,𝑑0,𝜆)]−𝔼2[𝐼(𝑟,𝑑0,𝜆)]

𝔼2[𝐼(𝑟,𝑑0,𝜆)]
,                                    (8) 

where 𝐼(𝑟, 𝑑0, 𝜆) is the intensity at the position (𝑟, 𝑑0) where 𝑑0 is the propagating distance, 

and 𝔼[𝐼] is the expected value of random variable (RV) intensity. 

The intensity of the optical signal fluctuation is evident in Figure. 3.1. As the value of 

SI increases, following an increase of air flow for bubble creation, fluctuations increase 

and signal severely degrades. This can be explained by the fact that when the optical beams 

encounter bubbles, the photons get scattered to different directions due to the RI difference 

between air bubbles and water. The indexes of the Root Mean Square Error (RMSE) and 

 

Figure. 3.1. Received optical signal through (a) bubbly fresh water link with 𝜎𝐼
2 = 0.1015; (b) bubbly fresh water link with 𝜎𝐼

2 =
2.1191  [55]. 

(a) (b)
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the Goodness of Fit, R2, were used to examine the fitness of distribution functions with the 

intensity fluctuations induced by air bubbles. RMSE indicates how the experimental data 

are precisely predicted by the distribution functions. 

𝑅𝑀𝑆𝐸 = √
1

𝑁
∑ (𝐼𝑚,𝑖 − 𝐼𝑝,𝑖)

2𝑁
𝑖=1 ,                                           (9) 

in which N is the number of measured samples, 𝐼𝑚,𝑖 denotes the measured intensity and 

𝐼𝑝,𝑖 𝑑𝑒𝑛𝑜𝑡𝑒𝑠 the predicted intensity by the considered distribution. The Goodness of Fit 

(R2 measure) which quantifies the fitness of functions of distribution with the data, can be 

determined as follows: 

𝑅2 = 1 −
𝑆𝑆𝑟𝑒𝑔

𝑆𝑆𝑡𝑜𝑡
,                                                        (10) 

where 𝑆𝑆𝑟𝑒𝑔 is the sum of square errors of the tested distribution, and 𝑆𝑆𝑡𝑜𝑡 is the sum total 

of the squares of difference between the measured points and the mean of them. 

By these two indexes, the log-normal distribution aptly fits the measured-data PDF for 

SI values when 𝜎𝐼
2 < 0.1. As the log-normal distribution is used in weak atmospheric 

turbulence [60]: 

𝑓ℎ(ℎ) =
1

2ℎ√2𝜋𝜎𝑋
2

exp (−
(ln(ℎ)−2𝜇𝑋)2

8𝜎𝑋
2 ),                                    (11) 

in which ℎ = exp(2𝑋) (ℎ > 0)  is the channel fading coefficient, the fading log-

amplitude 𝑋 =
1

2
𝑙𝑚(ℎ) obeys Gaussian distribution and has a mean of 𝜇𝑋 and variance of 

𝜎𝑋
2. 
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Moreover, the data PDF for 0.1 < 𝜎𝐼
2 < 1 can be precisely predicted by the proposed 

distribution [55]: 

𝑓ℎ(ℎ) =
𝑘

𝛾
exp (−

ℎ

𝛾
) +

(1−𝑘)𝑒𝑥𝑝(−(ln(ℎ)−𝜇)2/2𝜎2)

ℎ√2𝜋𝜎2
,                           (12) 

The proposed distribution is a combination of exponential and log-normal distributions. 

Meanwhile, Gamma-Gamma and K distributions are capable of predicting the channel 

behavior for the case of 𝜎𝐼
2 > 1. The Gamma-Gamma distribution is expressed as [61]: 

𝑓ℎ(ℎ) =
2(𝛼𝛽)

𝛼+𝛽
2  

Γ(α)Γ(β)
(ℎ)

𝛼+𝛽

2
−1𝐾𝛼−𝛽(2√𝛼𝛽ℎ),                             (13) 

where α and β are related to the effective atmospheric conditions, Γ(α) is the Gamma 

function, and Kp(x) is the pth-order modified second-kind Bessel function. The K 

distribution, used under strong atmospheric turbulence regimes, is given by [61]: 

𝑓ℎ(ℎ) =
2𝛼 

Γ(α)
(𝛼ℎ)

𝛼−1

2 𝐾𝛼−1(2√𝛼ℎ),                                   (14) 

Hassan et al. [59] evaluated the performance of a UWOC system subject to different 

sizes of air bubbles in several types of water and proposed a mitigation strategy to alleviate 

the performance degradation caused by air bubbles. The performance of UWOC systems 

without air bubbles is evaluated through a bit error ratio (BER) measurement in clear water 

and Harbor type II water. The a, b, c coefficients of those water types are listed in Table. 

3.1 [45]. A Fiber-pigtailed LD (Thorlabs LP520-SF15) at 520 nm with 15 mW optical 

power was served as the transmitter in this experiment. The optical signal was detected by 

the Si photodetector (Thorlabs DET36A). The BERs and eye diagrams for 1.8 Gbps OOK 
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signals under four different water flow rates created by a submersible fountain pump 

(Haibao HB103) are shown in Figure, 3.2. Seen from the results plotted in Figure. 3.2, 

there was no noticeable impact on the performance of the UWOC system by the water 

motion. This phenomenon can be explained by matter that the motion of homogeneous 

water without the change of RI, the optical link is not affected.  

Table 3.1. Values of absorption, scattering, and total attenuation coefficients [45] 

Water Type a (m
-1

) b (m
-1

) c (m
-1

) 

Clear Water 0.114 0.037 0.151 

Harbor Type II 0.366 1.824 2.19 

 

 

Figure. 3.2. (a) Measured BERs at data rate of 1.8 Gbps and eye diagrams in (b) clear ocean and (c) Harbor water type II 

respectively [59]. 

 

Figure. 3.3. Schematic of the experimental setup with Keplerian beam expander to control the beam size [59]. 
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  To study the bubble-induced turbulence impact on the underwater optical channel, 

the pump was placed in front of a bubble generator. The sizes of the generated bubbles 

were controlled by the pump rate: 0.01, 0.19, 0.26, and 0.33 L/s, and noted as extra-large 

(X-large), large, medium, and small bubbles respectively. The mitigation strategy, beam 

expansion is tested by expanding the beam size and measuring fluctuations of received 

 

Figure. 3.4. Normalized intensity fluctuation of received power with different beam sizes and (a) X-large bubbles, (b) large 

bubbles, (c) medium bubbles, and (d) small bubble sizes [59]. 
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signal. The beam sizes were controlled by the Keplerian beam expander as shown in Figure. 

3.3. The diameters of lenses L1 = 25.4 mm, L2 = 15.29, L4 = 75 mm, and the diameter of 

L3 is variable. F1 and F2 denote the focal length of L2 and L3 respectively. F1 is fixed at 

15.29 mm. The values 25.4 mm, 35 mm, 50 mm, and 60 mm are set as the focal length of 

F2 to obtain the beam sizes; 4.0 mm, 6.6 mm, 9.2 mm, 13.1 mm, and 15.7 mm. The 

normalized fluctuated intensities of received signal at different beam sizes and bubble sizes 

are shown in Figure. 3.4. When fixing the beamwidth, the fading degradation is more 

significant for larger bubbles. The conclusion that fading effects decrease as the beam size 

increases can be drawn easily. The beam expansion can be seen as a potential method to 

alleviate the degradation caused by the air bubble-induced turbulence. However, a tradeoff 

between the mitigating fading effects and extending working distance exists. Enlarging the 

beam size results in limitation on the working range of the UWOC system due to beam-

divergence caused by power loss.  

3.2 Temperature-Induced Turbulence Study 

Oceanic turbulence induced by the temperature inhomogeneity is a major concern as it has 

a crucial impact on the performance of the UWOC system. Influxes of fresh glacial water, 

extratropical cyclones, and ocean currents such as Labrador and Gulf Stream [62], are the 

sources of aquatic temperature gradients. Several experimental studies [52, 54, 63, 64] 

were conducted to model the PDF in the underwater channel modeling with temperature-

induced turbulence. Bernotas and Nelson examined the fitness of the Exponentiated 

Weibull distribution with the PDF of underwater optical links with temperature-induced 

turbulence [63, 64]. A 1.5 mW HeNe laser served as a light transmitter, a CMOS camera 
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was used to obtain the brightness of the beam. Four electric heaters were fixed with 25 cm 

intervals next to each other in a 1-meter-glass tank. Thermocouples were placed near to the 

heaters to measure the temperature of water along the beam propagation. An illustration of 

the experimental setup is shown in Figure. 3.5 [63]. The temperature gradient along the 

optical path in the tank was 0.025 ℃/cm. The averages of several 20-second data trials 

measured in brackish water originating from the River Severn were plotted in Figure. 3.6 

[61]. The Weibull distribution with first-order-non-linear optimization was found to have 

a good fit with the data. The PDF of the Exponentiated Weibull distribution [65] is 

expressed as  

 𝑓(𝐼) =
𝛽

𝜂
(

𝐼

𝜂
)

𝛽−1

e
(−

𝐼

𝜂
)

β

,                                                  (15) 

 

Figure. 3.5. Experimental setup in [63]. 
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 α ≅
7.220𝜎𝐼

2
3

Γ(2.487𝜎𝐼

1
3−0.104)

 ,                                                     (16) 

β = 1.012(α𝜎𝐼
2)−

12

25 + 0.142,                                           (17) 

η =
1

𝛼Γ(1+
1

β
)g1(𝛼,𝛽)

,                                                      (18) 

gn(𝛼, 𝛽) = ∑
(−1)kΓ(𝛼)

𝑘!(𝑘+1)
1+

𝑛
𝛽Γ(𝛼−1)

∞
𝑘=0 ,                                                (19) 

where α, β, and η are shape parameters, Γ presents the gamma function, and I denotes the 

intensity of the beam [65]. The least squared error (LSE) is used to calculate the deviation 

of the data; LSE in the tail of the curve is the determining factor in the accuracy of a 

probability model in predicting bit-error rate. The weak underwater temperature-induced 

turbulence region was characterized by the SI values: 𝜎𝐼
2 ≤ 1.  

 

Figure. 3.6. Weibull distribution with first-order-non-linear optimization fit with data measured in Severn water with temperature 
gradient [61]. 
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A statistical distribution of very weak temperature-induced turbulence (𝜎𝐼
2 ≤ 0.001) 

in the UWOC channel is demonstrated by Hassan et al. [52]. Authors found that the 

generalized gamma distribution (GGD) precisely fit the measured data in very weak 

temperature-induced turbulence. The expression of GGD is: 

𝑓(𝐼; 𝛼, 𝛽, 𝜅) =
𝛽𝐼^(𝛼𝛽−1)exp (−(

𝐼

𝑏
)

𝛽
)

𝑏𝛼𝛽Γ
,                                            (20) 

 where κ is the scale parameter, α, β, and Γ are the same as in the previous equation. To 

create and retain the desired temperature gradient, two water pumps were placed at the two 

ends of the tank to circulate the water from two sources with different water temperatures. 

 

Figure. 3.7. Histograms of the measured data and fitness of various distributions under different temperature gradient: (a) 0.05 

℃/cm, (b) 0.10 ℃/cm, (c) 0.15 ℃/cm , and (d) 0.20 ℃/cm. [52]. 
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The temperatures of the water sources were controlled by two Julabo-F12 chillers in order 

to control the temperature gradient. The average temperature at the middle of the tank was 

kept at 25 ℃ constantly. The data was measured under four different temperature gradients, 

0.05 ℃/cm, 0.10 ℃/cm, 0.15 ℃/cm, and 0.20 ℃/cm, in a 1-meter water tank. The fitting 

curves were plotted in Figure. 3.7 [52]. The values of goodness of fits, R2, under four 

scenarios are 0.9844, 0.9863, 0.9894, and 0.9568, respectively. Values of R2 are all larger 

than 0.95. The figures and values of R2 show that the GGD can precisely characterize the 

PDF of the underwater channel with very weak temperature-induced turbulence (𝜎𝐼
2 ≤

0.001).  

 3.3 Salinity-Variation-Induced Turbulence Study 

Investigating the oceanic turbulence induced by the salinity gradient is significative. 

Korotkova et al. demonstrated that the salinity-induced turbulence has higher SI values 

than the SI of temperature-induced turbulence [49]. Hassan et al. [53] proposed the Weibull 

model to characterize the fading effects of an underwater channel with salinity-induced 

turbulence. In the beginning, the salinity concentration remained at 25 g/L as a constant. 

Then, the two pumps were placed at the two ends of the tank to circulate the water with 

Table 3.2. Different salinity gradients were created to test the Weibull distribution [53] 

Inlet 1 

Salinity (g/L) 

Inlet 2 

Salinity (g/L) 

Salinity Gradient 

(g/L·cm) 

Mean Salinity 

(g/L) 

27.5 22.5 0.05 

25 
30.0 20.0 0.10 

32.5 17.5 0.15 

35.0 15.0 0.20 
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different salinities. The mean of the salinity from two pump inlets was kept at 25 g/L. The 

salinity gradient was controlled and varied from 0.05 g/L·cm to 0.20 g/L·cm with an 

interval of 0.05 g/L·cm. The different salinity values from two pump inlets are listed in 

Table. 3.2 [53]. The distortion of the beam profile influenced by the salinity gradient was 

observed and is shown in Figure. 3.8 [53]. Seen from the beam profile, the uniform salinity 

did not distort the beam. However, the salinity gradient did. Aberrations to the optical beam 

were caused by the RI changes to the salinity difference. Having a better understanding of 

the underwater channel with salinity-gradient-induced turbulence is necessary. The 

Weibull distribution (see Equation (15) for PDF expression) is examined for whether it fits 

the PDF of the turbulent channel or not. The SI of the Weibull distribution is defined as:  

𝜎𝐼
2 = 𝜂2[Γ (1 +

2

𝜂
) − Γ(1 +

1

𝜂
)],                                        (21) 

 The data was measured under four set salinity gradients. The values of measured SI 

values, β, η, and SI, R2 (goodness of fit) of the Weibull distribution under four different 

temperature gradients are listed in Table. 3.3 [53]. The data and the fitting of the Weibull 

distribution are plotted in Figure. 3.9 [53]. It is clear that the measured SI values increase 

 

Figure. 3.8. Beam profile at the receiver side, passing through the underwater channel with (a) uniform salinity (concentration of 

salt is 35 g/L), (c) 0.05 g/L·cm salinity gradient. [53]. 
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as the salinity gradient increases. The SI values predicted from the Weibull values are close 

to the measured data, show that the error range is within 10 % and the goodness of fit is 

above 0.9. The results demonstrate that the Weibull distribution can perfectly model the 

statistical behavior of an underwater channel with salinity-gradient-induced turbulence. 

  

 

Figure. 3.9. Histograms of measured SI and Weibull PDF with salinity gradient of (a) 0.05 g/L·cm, (b) 0.10 g/L·cm, (c) 0.15 

g/L·cm, (b) 0.20 g/L·cm [53]. 

 

Table 3.3. Measured and predicted parameters under different salinity gradient [53]. 

Salinity 

Gradient 

(g/L·cm) 
𝝈𝑰

𝟐 measured β η 𝝈𝑰
𝟐 R2 

0.05 0.0429 5.1982 1.0844 0.0487 0.9571 

0.10 0.0756 3.8817 1.1039 0.0829 0.9471 

0.15 0.1021 3.2549 1.1119 0.1134 0.9637 

0.20 0.1417 2.8104 1.1225 0.1483 0.9649 
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Chapter 4 

Reciprocal Nature of Underwater Turbulence 

4.1 Introduction 

Underwater turbulence plays an essential role in the performance of the UWOC systems. 

In general, interest in turbulent underwater environment investigation is growing. The 

reciprocal nature of optical turbulence is a property such that when two optical waves 

propagate through the same channel but in opposite directions, they experience the same 

turbulence effects. The theoretical study of optical-wave reciprocity of the turbulent 

atmosphere in free space optics (FSO) was initiated from the 1970s [66, 67], it proved the 

property of reciprocity in atmospheric turbulence. Turbulence reciprocity in FSO has been 

investigated and confirmed experimentally [68, 69]. The reciprocity is a crucial 

characteristic for adaptive optics pre-compensation. Based on the reciprocity, various 

strategies such as adaptive modulation, varying bit rate and beam phase, and amplitude 

pre-compensation can be adopted at the transmitter side as the CSI provided by the pilot 

signal from the receiver, which can be used at a transmission terminal. The system is able 

to deal with the complexity and latency issues which affect the performance of FSO-based 

communication by taking the reciprocity effect into account. As recent growing attention 

has focused on the UWOC study, exploitation of channel characteristics to optimize the 

system design of UWOC is required. As mentioned in previous sections, the studies of 

underwater channel turbulence have focused on the channel absorption, scattering, and 

fading effects. The channel turbulence introduced by air bubbles, temperature gradient and 

variance, and salinity gradient and variance are well studied [52-54, 59, 70]. However, 
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there is a gap in previous research. The reciprocal nature of turbulence in underwater 

environment has not been proved. If underwater channel reciprocity holds, no continuous 

feedback is needed to bring the CSI to the transmitter to adapt the transmission signals to 

channel conditions and obtain better-received signals at the receiver. Proving or disproving 

the reciprocity of underwater turbulence is necessary and will contribute to the research 

works on UWOC. 

4.2 Experiment Setup 

As shown in Figure. 4.1, the designed setup had two beams, produced by two identical 

520-nm LD (Thorlabs LP520-SF15) propagating through a 1.2-m tank filled with pure 

water type I from the water deionizer (MilliQ Academic) to establish two overlapped 

underwater channels in opposite directions. Two beams were superimposed horizontally 

such that they experienced the same underwater conditions at the same water level. Two 

high-speed Si avalanche photodetectors (APDs) (Menlo systems APD 210) were used for 

each optical channel and served as the receivers. Two 50:50 non-polarizing beam splitters 

Figure. 4.1 Experimental setup of underwater turbulence reciprocity investigation. LD: laser diode; BS: beam splitter; Col: 

collimator; CMOS: camera; FM: flip mirror; APD: avalanche photodetector; L1, L2 are 35 mm focal length lenses. 
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were included to split the two beams to each APD. The optical signal transmitted by LD1 

(LD2) and detected by APD1 (APD2) is denoted by channel 1 (channel 2). Each LD sent 1-

Gbps OOK-NRZ modulated signals generated by a high-performance serial bit error rate 

tester (BERT) (Agilent Technologies J-BERT N4903B). The emitted optical power from 

each LD was set to 6 mW (continuous wave). Both APDs were received 0.6 mW optical 

power along channel 1 and channel 2. In the case of no turbulence, the BER of each channel 

equals 1⨯10-10. To investigate the reciprocity of water-current-induced turbulence, two 

tubes, which connected to two pumps to circulate the water, were placed at the two ends of 

the tank. The water flow created by the pumps was found to have no conspicuous impact 

on the BER performance for either link with BER performance remaining stable at 10-10. 

Comparison of the histograms of channel 1 and channel 2 in static clear water and dynamic 

clear water are shown in Figure.4.2. The histograms were plotted by obtaining 10,000 

samples of the signal, with and without the effect of water circulation. Figure 4.2 illustrates 

there is no significant effect of the water motion on the performance of either channel due 

to the fact that the homogeneous RI of the water medium does not affect the optical beam 

propagation. The SI coefficients, σ𝐼
2, for channel 1 and channel 2 in dynamic water were 

collected and equal 0.497 and 0.503, respectively. Goodness of fit, R2, is used to quantify 

the fitness between intensity fluctuation histograms of the two channels [71]. R2 ranges 

from 0 to 1, the higher R2, the better fitness between two histograms. When R2 equals 1, 

the two histograms are perfect matching; If R2 equals zero, there is no similarity between 

two histograms. The R2 between Figures. 4.2 (a) and (b) is 0.956, it shows the histograms 

of the SI of two beams under static water environment has good fitness. The R2 between 

Figures. 4.2 (c) and (d) is 0.946. Although this goodness of fit is slightly lower than the 
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previous one, the histograms of the SI of two beams under dynamic water environment 

also has good fitness. From this experiment, the motion of homogeneous water 

demonstrates a high reciprocal nature. 

 4.3 Bubble effects 

To investigate the bubbles effect on UWOC systems, an N2-gas tube, served as bubbles 

generator, was installed in the middle of the tank (position marked as PM in Figure. 4.1). In 

order to control the bubbles that can be generated in a uniform manner, the controlled N2 

flow kept at a constant rate during each measuring condition. The 1 mL/s N2 flow rate is 

set to emulate the weak bubbles regime, the accumulated BER values (measured over a 5-

minute time window) of 2.741⨯10-7 for channel 1 and 2.210⨯10-7 for channel 2. The SI 

values of channel 1 and channel 2 are 0.556 and 0.624, respectively. The obtained 

histograms of channel 1 and channel 2 with weak bubbly turbulence at three marked 

 

Figure. 4.2. Histograms of the measured power for channel 1 and channel 2 (a,b) at static clear water and (c,d) at the dynamic 

clear water. 
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positions are shown in Figure. 4.3. All the R2 of each pair of histograms at three positions 

are above 0.97 (values are listed in Table. 4.1). Histograms obtained under weak bubbles 

regime between two channels have good fitness. The weak bubble-induced turbulence 

shows the reciprocal nature. For a strong bubbles regime, which corresponds to 2.85 mL/s, 

the accumulated BER values,  σ𝐼
2 values for channel 1 and channel 2 measured at different 

positions, and R2 of each pair of histograms are listed in Table. 4.1. The histograms 

obtained under bubble-induced turbulence created by 2.84 mL/s gas flow rate are shown 

in Figure. 4.4.   

 

Figure. 4.3. Histograms of the measured power for channel 1 and channel 2 for a flow rate of 1 mL/s at tank positions (a,b) PM, 

(c,d) PL and (e,f) PR. 
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The values of the BER and SI in Table 4.1 show that the position of the bubbles has 

no considerable effect on the performance of the two channels. Comparing the results of 

the two channels reveals a high reciprocal nature of bubble-induced turbulence. To 

visualize the effect of air-bubbles at the beam level, we used a Thorlabs CMOS camera 

(DCC1645C) to capture the beam profiles emitted by LD1 after propagated through the 

bubbly water (Figure. 4.5 (a)). As observed in Figures. 4.5 (b) and 4.5 (c), bubbles partially 

or almost completely obstruct the beam depending on the flow of the air pipe. We believe 

that beams with large profiles, that can be possibly formed using a beam expander, may 

perform better than beams with relatively small profiles, as demonstrated by [59].   

 

Figure. 4.4. Histograms of the measured power for channel 1 and channel 2 for a flow rate of 2.84 mL/s at tank positions (a,b) PM, 

(c,d) PL and (e,f) PR. 
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Table 4.1. BER, SI, and R2 calculated for channels 1 and 2 when bubbles are formed within the 

tank 

Method Location Laser 
BER 

SI R2 

1 min 5 min 

No Bubbles  
LD1 1.720⨯10-9 8.070⨯10-10 0.448 

0.956 
LD2 3.810⨯10-10 7.680⨯10-10 0.531 

1 mL/s 

PR 
LD1 2.931⨯10-6 2.260⨯10-6 0.533 

0.978 
LD2 6.760⨯10-7 6.640⨯10-7 0.594 

PL 
LD1 2.978⨯10-7 5.250⨯10-7 0.560 

0.998 
LD2 1.714⨯10-6 2.051⨯10-6 0.609 

PM 
LD1 2.695⨯10-7 2.741⨯10-6 0.556 

0.958 
LD2 1.278⨯10-7 2.210⨯10-7 0.624 

2.84 mL/s 

PR 
LD1 4.900⨯10-6 5.240⨯10-6 0.573 

0.965 
LD2 1.946⨯10-5 1.421⨯10-5 0.668 

PL 
LD1 4.640⨯10-6 4.620⨯10-6 0.644 

0.929 
LD2 2.768⨯10-6 6.900⨯10-7 0.602 

PM 
LD1 4.340⨯10-6 4.250⨯10-6 0.617 

0.908 
LD2 1.780⨯10-6 2.230⨯10-6 0.633 

 

4.4 Temperature effects 

To study the effect of changing the water temperature on the channel reciprocity, different 

case scenarios are considered, including propagating the beams between two separated 

regions of water with different temperatures, mixing water with different temperatures, and 

creating a vertical thermal gradient. As shown in Figure. 4.6, we started by dividing the 

water tank into two regions with different temperatures separated by an acrylic board of 4 

mm thickness that transmits up to 92% of visible light. The water temperature of the left 

 

Figure. 4.5. (a) Captured beam profile at clear water. Beam under (b) low and (c) moderately high-bubbles regimes 
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side of the tank was set to 20.6 ℃, while for the right side it was increased by 5, 6, and 7 

℃. While propagating a beam emitted by LD1 through the two water regions, the BER 

performance remained stable and the accumulated BER over a time window of 5 minutes 

was 0.665⨯10-6, 0.427⨯10-6, and 0.319⨯10-6 at 5, 6, and 7 ℃ temperature differences 

respectively. Similar results were obtained for LD2. The SI values and R2 values are listed 

in the Table 4.2. Histograms presented in Figures. 4.7 demonstrate the strong similarity 

between the effect of separating temperature for channel 1 and channel 2. The measured 

beam profile at a temperature difference of 5 ℃ is presented in Figure. 4.8 (a). 

We then removed the separation board to mix water from both water regions of the 

tank. Once the water of both regions was mixed, the beam became distorted, as shown in 

 

Figure. 4.6. A schematic illustrating the horizontal thermal separation. 

Table 4.2. Values of BER, SI, and R2 for channels 1 and 2 under different temperature 

difference 

Temperature 

Difference 
BER 

Scintillation Index 
R2 

Channel 1 Channel 2 

5 ℃ 0.665⨯10-6 0.4453 0.4877 0.8998 

6 ℃ 0.427⨯10-6 0.4550 0.5125 0.9326 

7 ℃ 0.319⨯10-6 0.5239 0.5392 0.9268 
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Figure. 4.8 (b). The BER performance for both channels degraded drastically, and the 

instantaneous values reached the forward error correction (FEC) limit. The shape of the 

beam profile changed according to the water motion and the temperature inhomogeneity. 

When the water starts to settle down, the lower temperature water descended to the bottom 

of the tank while the higher temperature water resided at the top, which is related to water 

density that is inversely proportional to the temperature. A middle status of temperature 

distribution of water, that we described as a vertical temperature gradient, was created. As 

seen in Figure. 4.8 (c), the beam profile expanded and shifted down due to the non-

 

Figure. 4.7. Histograms of the measured power for channel 1 and channel 2 when passing through a temperature separation region 

with (a) 5 ℃ difference (b) 6 ℃ difference (c) 7 ℃ difference. 
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homogeneity of the RI of the water along the vertical axis. The vertical thermal gradient 

strength was measured when the beam profile is captured, and was found to be 0.1 ℃/cm 

with 21.6 ℃ on the top of the tank and 20.8 ℃ at the bottom. After 15 minutes, the water 

temperature became homogeneous and both the beam shape and the BER performance 

recovered to the case of no-turbulence for the two superimposed communication channels.    

4.5 Salinity effects 

 The water inside the tank had a salt concentration of 8.33 g/L, and the received powers for 

both APD sides reduced to 0.58 mW. However, the BER performance remained acceptable 

at a level of 10-6 for channel 1 and 1.01⨯10-6 for channel 2. For a higher salt concentration 

of 16.67 g/L, the received powers for channel 1 and for channel 2 reduced to 0.36 mW. 

However, the BER performance for the two channels remains at the level of 10-6. Measured 

received power histograms for the two salt concentrations are presented in Figures. 4.9 (a) 

– (d). Figures. 4.9 (e) and (f) demonstrate the power histograms for a water salt 

concentration of 16.67 g/L when the effect of turbidity due to water circulating pumps is 

considered. The salinity-induced turbulence appeared to have a reciprocal nature with and 

 

Figure. 4.8. Captured beam profiles propagating (a) from cold to hot water, (b) at turbid non-homogeneous water. (c) Beam 

expansion due to a vertical thermal gradient. 



48 
 

without water turbidity. By keeping the same salinity concentration and changing the effect 

of turbidity, the attenuation effect of water increased significantly, as can be seen from the 

beam images at different turbidity conditions presented in Figure. 4.10.  

  

 

Figure. 4.9. Histograms of the measured power for channel 1 and channel 2 at salt concentration of (a,b) 8.33 g/L at clear water 

and (c,d) 16.67 g/L. (e,f) Same salt concentration as (c,d) and taking into account the effect of turbidity. 

Table 4.3. Vaules of SI, and R2 for channels 1 and 2 with different salt concentration 

Salt 

Concentration 

Water 

Circulation 

Scintillation Index 
R2 

Channel 1 Channel 2 

8.33 g/L No 0.4166 0.4321 0.9709 

16.67 g/L No 0.5092 0.5183 0.9602 

16.67 g/L Yes 0.5187 0.5319 0.9806 
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4.6 Summary 

In summary, we experimentally described the study of the reciprocal nature of underwater 

turbulence effects caused by turbidity, air bubbles, temperature variations, and salinity. By 

analyzing the BER performance, SI values, and power histograms, from the similarity 

turbulence effect of two channels, the reciprocal nature of underwater turbulence was 

proven. To improve the performance of underwater communication systems, we note the 

effects of turbulence should be taken into account when designing underwater 

communication links. Several techniques that have been widely used in free space optics 

can be used for UWOC. Beam tracking can be used in the case of a large vertical thermal 

 

Figure. 4.10. Effect of salinity on the laser beam at still water at (a) 8.33 g/L salt concentration in still water (b) 16.67 g/L salt 

concentration in still water (c) Beam distortion at 8.33 g/L salt concentration with circulation (d) Beam distortion recovering at 

8.33 g/L salt concentration after circulation. 
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gradient. Adaptive optics could also be useful to correct the wave front of the beam when 

propagating through turbid water with a thermal inhomogeneity. Small beams, if not 

subject to bubbles, can outperform large area beams in the case of a vertical thermal 

gradient. Using a large receiving aperture can increase the system performance in the case 

of salinity.   
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Chapter 5 

Conclusion and Future Work 

The UWOC technique emerged as a potential method of building a high data rate, low 

latency, and secure communication system in underwater environments. Many 

applications, such as offshore explorations, oil pipeline inspection, and underwater real-

time video transmission can benefit from such technology. The technique of UWOC is 

immature. To contribute to the field of underwater optical communications, the 

understanding of underwater optical links is critical. Characterization of the underwater 

channel in terms of absorption, scattering and fading effects is necessary. In this Thesis, 

the characterization of an underwater channel by absorption and scattering was elaborated. 

The fading effects due to the turbulence in the underwater environments was demonstrated. 

Different distribution functions were introduced to characterize the PDFs of underwater 

channels with turbulence induced by air bubbles, temperature, and salinity. Regarding all 

kinds of turbulence effects, the basic property of turbulence, reciprocity, was investigated. 

The experimental study on the reciprocal nature of underwater turbulence effects was 

conducted. The proof of the reciprocity of the underwater turbulence effects contributes to 

get better understanding of underwater channels. As reciprocity holds, no continuous 

feedback is needed to bring the CSI to the transmitter to adapt the transmission signals to 

channel conditions and obtain better-received signals at the receiver. The proof of 

reciprocity is beneficial for designing underwater communication systems.  

Turbulence effects are one of the main degradations for the performance of UWOC 

systems. It is important to characterize the underwater channel under different turbulent 
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conditions and find mitigation strategies. As the reciprocal nature of the underwater 

turbulence effects exists, the adaptive optics could be used to correct the wave front of the 

beam when propagating through turbid water. To achieve better performance of underwater 

optical communication systems, future research should focus more on the mitigation 

strategies of the optical oceanic turbulence effects. Optical filter can be introduced into the 

systems for reducing the background noise from collected scattering light. Tracking and 

positioning systems should be investigated for the problems of misalignment and pointing 

loss. Underwater MIMO system can help to increase the data rate and solve the problem of 

blockage in the optical channel. Underwater optical channel characterization under real 

scenarios such as in deep ocean and deploying the system in the sea is necessary. 
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