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ABSTRACT 

Underwater Wireless Optical Communications: from System-Level 

Demonstrations to Channel Modeling 

Hassan Makine Oubei 

Approximately, two-thirds of earth's surface is covered by water. There is a growing 

interest from the military and commercial communities in having, an efficient, secure 

and high bandwidth underwater wireless communication (UWC) system for tactical 

underwater applications such as oceanography studies and offshore oil exploration. The 

existing acoustic and radio frequency (RF) technologies are severely limited in 

bandwidth because of the strong frequency dependent attenuation of sound in 

seawater and the high conductivity of seawater at radio frequencies, respectively. 

Recently, underwater wireless optical communication (UWOC) has been proposed as 

the best alternative or complementary solution to meet this challenge. Taking 

advantage of the low absorption window of seawater in blue-green (400-550 nm) 

regime of the electromagnetic spectrum, UWOC is expected to establish secure, 

efficient and high data rate communication links over short and moderate distances (< 

100 m) for versatile applications such as underwater oil pipe inspection, remotely 

operated vehicle (ROV) and sensor networks. UWOC uses the latest gallium nitrite (GaN) 

visible light-emitting diode (LED) and laser diode (LD) transmitters. Although some 

research on LED lased UWOC is being conducted, both the military and academic 



5 
 

research communities are favoring the use of laser beams, which potentially could 

enhance the available bandwidth by up to three orders of magnitude.  

However, the underwater wireless channel is optically very challenging and difficult 

to predict. The propagation of laser beams in seawater is significantly affected by the 

harsh marine environments and suffers from severe attenuation which is a combined 

effect of absorption and scattering, optical turbulence, and multipath effects at high 

transmission rates. These limitations distort the intensity and phase structure of the 

optical beam leading to a decrease in signal-to-noise ratio (SNR) which ultimately 

degrades the performance of UWOC links by increasing the probability of error.  

In this dissertation, we seek to experimentally demonstrate the feasibility of short 

range (≤ 20 m) UWOC systems over various underwater channel water types using 

different modulation schemes as well as to model and describe the statistical properties 

of turbulence-induced fading in underwater wireless optical channels using laser beam 

intensity fluctuations measurements.  
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 Introduction Chapter 1:

From oceanography studies to offshore oil exploration, underwater study and 

exploitation have significantly increased in the last decade. As a result, there is a 

growing need for reliable and high data-rate underwater wireless communication (UWC) 

systems. Traditionally, acoustic waves have been used to establish underwater 

communication. However, the bandwidth of underwater acoustic channel is limited to 

hundreds of kHz because of strong frequency dependent attenuation of sound in 

seawater [1]. The attenuation varies with changes in temperature, salinity, pressure, 

and turbulence. Figure 1(a) illustrates the nominal acoustic attenuation as a function of 

frequency. The slow propagation of sound waves also causes large time delay in acoustic 

communication systems. In addition, radio frequency (RF) communication is severely 

limited due to the conductivity of seawater at radio frequencies [2]. Seawater has an 

electrical conductivity of around 4.3 Siemens/m [3], which is 2 to 3 orders of magnitude 

higher than that of natural fresh waters. Figure 1(b) shows the RF attenuation in 

seawater as a function of frequency [2, 4]. It is clearly noticeable from the graph that 

the useful frequency range is around 1 ~ 100 kHz. Thus, long distance propagation of 

high frequency RF carriers in the ocean is not feasible. Another way to achieve long 

range and high-speed underwater communications is the use of fiber optic technology, 

but the transmitter and the receiver have to be physically connected with a cable which 

is undesirable in certain underwater applications. 
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Figure 1. (a) Acoustic attenuation in representative seawater, (b) RF attenuation in seawater [2, 

4]. 

Recently, the underwater wireless optical communication (UWOC) system has 

gained a renewed interest from military and academic research communities and has 

been proposed as an alternative or complementary solution to acoustic and RF 

underwater communication links [5-8]. This is due to the wide technological advances in 

visible light emitters, receivers, digital communications and signal processing [9, 10]. By 

exploiting the low absorption of seawater in blue-green (400-550 nm) region of the 

visible light window (390-700 nm) of electromagnetic spectrum, the UWOC system is 

expected to provide high data-rates to transmit large data capacity for versatile 

applications such as underwater oil pipe inspection, remotely operated vehicle (ROV) 

and sensor networks [11, 12]. Figure 2 compares the performance of the four channels, 

based on their transmission range and data rate (bandwidth). 
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Figure 2. Comparative performance of different underwater communication channels 

[4]. 

 The underwater wireless optical link 1.1

A typical UWOC link consists of an optical transmitter, an underwater wireless water 

channel, and an optical receiver. Figure 3 illustrates the components of a typical UWOC 

system. The input digital data stream modulates an optical light source directly or 

through an external optical modulator. The common optical light sources used for 

UWOC applications are LEDs and LDs, thanks to their low power consumption, and 

enough output power to establish moderate range links. Recent breakthroughs in 

semiconductor material research and technology enabled the development of high 

power LDs. Visible LDs based on InGaN offer by OSRAM Opto Semiconductors are a few 

examples. With an appropriate cooling, OSRAM LDs have an output power of over 2 W 
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under continuous-wave (CW) and room temperature operation [13]. LED or arrays of 

LEDs are utilized as optical transmitters because of their beam profile and low power. 

However, LDs are preferred optical sources because of their coherence and large optical 

power. Often projection optics are used to control and maximize the received power, 

because optical beams diverge significantly with the propagation distance. The 

underwater wireless optical channel attenuates and distorts the optical signal. The 

receiver system usually consists of collection optics and a photodetector along with an 

appropriate electronic circuit. Similar to free-space optics, the avalanche photodiode 

(APD) is the standard technology for optical receivers operating in underwater [14, 15]. 

 

Figure 3. Conceptual block diagram of a typical UWOC link. The transmitter is composed 

of a modulator (M), laser (L), and projection optics (PO) systems. The receiver is made of 

collection optics (CO), detector (D), and noisy electronics. 

 

 The underwater wireless optical channel 1.2

The underwater environment is a very harsh and dynamically changing communication 

channel. The optical properties seawater are strongly affected by absorption, scattering 

and turbulence. As a consequence, the optical beam propagating in water experiences 

angular spreading, deflection from optical path, and amplitude and phase distortions. In 

addition, the transmitter beam is collimated with a very small diameter leading to 

unavoidable link misalignments. These phenomena ultimately translate to low SNR and 
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poor BER performance. Attenuation which is a combined effect of absorption and 

scattering is the main cause of light loss in water [16]. Absorption is the process in which 

the photon energy is lost due to the transfer of energy during the interaction with water 

molecules, dissolved organic matters and particles. In scattering, the photons are 

scattered away from the initial path after interacting with particulate matter in the 

water. Scattering may cause temporal beam spreading which results in inter-symbol 

interference (ISI) and degrades system BER performance. As a consequence, underwater 

wireless optical links are limited to much shorter ranges when compared to acoustics. 

The link range varies from few meters in more turbid harbor waters to approximately 

100 m in clear blue ocean waters. Optical properties of the underwater channel are 

traditionally classified into two broad areas: inherent and apparent. Inherent optical 

properties (IOPs) refer to the properties that depend only upon the water medium, 

while apparent optical properties (AOPs) depend on both the water medium and the 

geometric structure of the radiance distribution falling on the water body [17, 18]. 

Spectral absorption coefficient 𝑎(𝜆)  and spectral scattering coefficient 𝑏(𝜆)  are the 

main IOPs that contribute to power loss between an optical transmitter and receiver in 

an underwater link. The combined effect of these two processes represents the total 

beam attenuation coefficient 𝑐(𝜆) = 𝑎(𝜆) + 𝑏(𝜆). 
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Figure 4. The relationships among the IOPs. The quantities within the dashed area are 

the fundamental IOPs. Note that integrating the VSF over all scattering angles results in 

the scattering coefficient. 

Figure 4 shows the relationship among various IOPs, where n, 𝛽(𝜓, 𝜆), �̃�(𝜓, 𝜆) , and 

𝜔0 are the refractive index, volume scattering function (VSF), scattering phase function 

(SPF), and the single-scattering albedo, respectively. Absorption is the dominant source 

of power loss in clear open ocean waters. In turbid coastal and harbor waters, scattering 

is the dominant source of energy loss as the photons are scattered multiple times [16]. 

Recent studies showed that multiple-scattered photons may enter the receiver field of 

view (FOV) and consequently increases the total signal detected by the receiver [8, 19]. 

AOPs are useful in determining the types and concentrations of the water constituents 

as well as the amount of ambient light in undersea. Diffuse attenuation coefficient KD is 

one of the most common AOPs used to describe the attenuation coefficient of the 

downwelling plane irradiance of the sun. 
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Absorption coefficient of light in seawater is shown in Figure 5(a) [20]. We observe a 

relatively narrow absorption minimum in the visible region (390-700 nm), approximately 

near the 400 nm band. Figure 5(b) depicts the transmittance of 405, 550, 650, and 800 

nm lights as a function of transmission distance obtained by the Beer-Lambert’s [20, 21]. 

At -10 dB transmittance, the 405 nm blue light can reach up to 370 m, the longest 

distance among all colors. 

 

Figure 5. (a) Absorption coefficient of light in water, (b) Transmittance versus 

transmission distance for 405, 550, 650, and 800 nm lights [20, 21]. 

Although light attenuation in seawater is minimum in the blue-green region, the 

optimum wavelength of operation in an underwater optical link depends on the IOPs of 

the water which varies widely between geographic locations. Figure 6 shows 

attenuation (dB/m) versus wavelength for various ocean waters [22]. In coastal and 

harbor waters closer to land, the concentration of particulate (organic and inorganic) is 

much higher, and as a result the wavelength of minimal attenuation is shifted from blue 

to green wavelengths. 
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Figure 6. Attenuation in dB/m for different ocean waters (data adapted from [22]). 

 Contributions of this dissertation 1.3

The contribution of this dissertation is two-fold. First, we proposed a simple intensity-

modulation/direct-detection scheme for gigabit underwater links to demonstrate the 

feasibility of high data rates and medium ranges UWOC systems despite the harsh and 

optically challenging underwater environment.  A 7-m/2.3-Gbit/s, 20-m/1.5-Gbit/s and 

5.4-m/4.8-Gbit/s link is achieved using NRZ-OOK, NRZ-OOK and 16-QAM-OFDM, 

respectively. It is not the first time a gigabit UWOC system was established. Hanson and 

Radic [23] have achieved 1-Gbit/s UWOC link over 2-m laboratory water pipe. However, 

the system demonstrated in [23] is based on an externally modulated laser at 1064 nm, 

frequency doubled to 532 nm in a periodically poled lithium niobate (PPLN) crystal 

which make the system highly complicated, inefficient and very costly. The systems that 
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we proposed are based on efficient, reliable, compact, and cost effective semiconductor 

LDs [24] and prove to be effective solutions for next-generation high speed UWOC links. 

Second, we proposed novel statistical models to characterize fading in UWOC 

channels. Using laser beam intensity fluctuations measurement data, the Weibull and 

the generalized gamma distributions were found to model salinity-induced turbulence 

and temperature-induced turbulence, respectively. Both models showed an excellent fit 

under all channel conditions. Moreover, the major advantage of these new statistical 

channel models is that they have simple mathematical forms which are highly attractive 

from system performance study point to view. The probability density functions (PDF) of 

Weibull and GGD lead to closed-form and analytically tractable expressions that can be 

used to study the outage probability, the average bit-error rate, and the ergodic 

capacity of the system. 
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 Overview of the State-of-the Art Chapter 2:

Some early theoretical works on the underwater light propagation mostly focused on 

developing statistical models in the presence of oceanic turbulence based on the 

seminal work of Kolmogorov’s atmospheric turbulence [25]. Oceanic turbulence is the 

result of refractive-index change caused by temperature and salinity fluctuations. In 

1978, R. J. Hill measured both temperature and salinity induced spectra [26]. He had 

observed that the spectrum of refractive-index fluctuations in the water due to 

temperature is different than that due to salinity. However, only recently Nikishov et al. 

have analytically combined the two models to create a comprehensive and unified 

turbulence model for the ocean [27]. In addition, studies were carried out by several 

authors to analyze the second-order statistics of partially coherent beams propagating 

through the turbulent ocean [28-30]. Farwell and Korotkova have used the new 

combined spectrum to investigate the coherence and intensity characteristics of a 

Gaussian beam propagating through the turbulent ocean [31]. In [32], analytical study of 

the fourth-order statistics of propagating waves was investigated. Scintillation index of a 

plane wave, a spherical wave and a Gaussian beam propagation through the turbulent 

ocean were determined. 

Wiener and Karp have discussed the potential role of blue/green laser systems in 

strategic satellite to submarine communications [33]. Their work drove a lot of the early 

research into in situ optical properties in the ocean during the 1980s by the world 

navies, particularly the US Navy. In 1991, Puschell et al. have established the first duplex 
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laser communication link between a fully submerged submarine and an aircraft [34]. 

Snow et al. have used a 514 nm argon-ion laser and bulk electro-optic (EO) modulator to 

demonstrate data rates up to 50 Mbit/s over 5.1 attenuation lengths (9 m) in clear 

water in the Bahamas [35]. At Woods Hole Oceanographic Institute in Massachusetts, 

Farr and co-workers proposed an omni-directional underwater optical wireless 

communication system based on an array of commercially available 470 nm blue light 

emitting diodes (LED) and demonstrated data rates up to 10 Mbit/s over 91 m 

transmission distance [36]. In experiments conducted off Bermuda in 2008, the authors 

were able to establish an omnidirectional receiver and transmitter link with data rates 

up to 5 Mbit/s in ranges as long as 200 m in very clear water [37]. In 2010, a 10 Mbit/s 

real time video transmission system was further demonstrated [38]. 

The research group at Patuxent River Naval Air Systems Command has significantly 

contributed to the literature of UWOC systems both theoretically and experimentally. 

Some early experimental studies by Laux et al. validated the use of Maalox as scattering 

agent by measuring and comparing its volume scattering function against two different 

measurements in a 3 m laboratory water tank. In addition, the authors also measured 

and verified small forward angle function for Maalox and validated with a Monte Carlo 

model with excellent agreement [39]. Cochenour et al. conducted a thorough 

investigation of the spatial effects of multiple scattering on a laser beam used for 

underwater communications [19]. It was observed that at higher attenuation lengths or 

higher turbidity levels, photons scatter multiple times and spread out away from the 

beam axis. Some multiple scattered photons might enter back into the receiver field of 
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view, and help improving the overall non-temporal performance of the link by making it 

less prone to misalignment and pointing errors. As such, the applicability of Beer ’s Law 

is limited because it does not account for the multiple scattered photons. In a separate 

study, Mullen et al. measured the polarization properties of both forward-scattered and 

backscattered light as a function of Maalox concentration and receiver field of view. 

They used a polarization discrimination technique to suppress backscattered light in 

modulating retroreflector links. In addition, results showed that the forward-scattered 

light is partially polarized up to extremely high water turbidities [40]. The authors also 

reported the effect of scattering albedo on attenuation and polarization of light 

underwater, and the effect of scattering agent and scattering albedo on modulated light 

propagation in water [8, 41]. Modulated pulse laser with pseudorandom coding 

capabilities for underwater ranging, detection, and imaging was reported by B. 

Cochenour et al. [42]. In [43], propagation of modulated light in water and its 

implications for imaging and communications systems was investigated. A suppression 

method for forward-scattered light using high-frequency intensity modulation was 

reported in [44]. In [45], Cochenour et al. used a high-sensitivity and high-dynamic 

experimental method to measure the frequency response of the underwater optical 

channel under different water turbidities and transmitter (Tx) - receiver (Rx) 

misalignment. By measuring both spatial and temporal dispersions, the authors showed 

that in clear waters, there is little or no temporal dispersion. 

At CNRS-Institut Fresnel in Marseille France, Khalighi et al. presented a realistic 

model of the underwater optical channel. Using a Monte Carlo simulation that takes 
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into account the type of water, and different transmitter and receiver characteristics, 

the authors showed that except in very turbid waters, the channel delay spread is 

negligible and can be modeled as frequency non-selective channel [6]. In [46], Johnson 

and co-workers carried out a detailed investigation how the ocean composition such as 

chlorophyll-a affects the magnitude of attenuation coefficient for vertical 

communication links. A mathematical model was developed to calculate the variations 

of the attenuation coefficient with respect to the water depth. 

Hanson and Radic used a frequency-doubled 532 nm laser to perform the first 

experimental measurements in underwater optical communications. Using OOK 

modulation scheme, a data rate of 1 Gbits/s was demonstrated in a 2 m laboratory 

water tank. Another study by Hanson et al. measured the coupling efficiency of focused 

beam into a single-mode fiber, characterized the effects of turbulence on underwater 

laser propagation, and proposed a simple tip-tilt feedback control system to maintain 

good coupling efficiency [47]. Weilin Hou looked at the effects of both attenuation and 

optical turbulence on underwater imaging and confirmed that turbulence in natural 

underwater environments can limit imaging resolution by affecting high spatial 

frequencies [48]. Arnon et al. focused on underwater optical wireless communication 

networks and using both line-of-sight (LOS) and non-line-of-sight (NLOS) configurations, 

the authors showed that networks based on underwater optical wireless links are 

feasible at high data rates for medium distances of up to 100 m [12, 49]. Very recently, 

Nakamura et al. have experimentally demonstrated a 1.45 Gbit/s 64-QAM OFDM data 

transmission over 4.8 m underwater link using a 405 nm LD [20]. The measured error 



31 
 

vector magnitude (EVM) of the 64-QAM OFDM signal transmission was 10.07 %, and its 

BER was 9.1×10-4, well pass the forward error correction (FEC) criterion. 

At Tsinghua University, Tang et al. investigated the performance of link 

misalignment for underwater wireless optical communications and presented a closed-

form expression of relationship of transmit power, link range and receiver o ffset 

distance [50]. A later study by the same authors modeled impulse response of 

underwater wireless optical communication links and found that the temporal pulse 

spread strongly degrades the BER performance for high data rate UWOC systems with 

OOK modulation and limits the channel bandwidth in turbid underwater environments 

[51]. At North Carolina State University (NCSU), John Muth's group has focused on 

implementing forward-error-correction (FEC) for UWOC links in order to improve the 

overall performance. An underwater optical communication system using FEC based on 

a Reed-Solomon (RS) error correcting scheme was investigated in [52]. Simpson and co-

authors implemented a real-time RS code for interfacing with an underwater vehicle at 

5 Mbps [53]. In a different investigation, William Cox and John Muth simulated channel 

losses in an underwater optical communication system [7]. Researchers at MITs 

Computer Science and Artificial Intelligence Laboratory worked on integrating optical 

wireless communication with autonomous underwater vehicles (AUVs). Prototypes 

ranging from 1.2 m in turbid water with a data rate of 320 Kbit/s to a bi-directional, 

50m, with a data rate of 2.28 Mbit/s were demonstrated [54-57]. 

Here at King Abdullah University of Science and Technology (KAUST), the research is 

mainly focused on system-level experimental development and demonstrations of high-
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speed wireless optical communication using commercial off-the-shelf visible laser 

diodes and underwater channel modeling. In [58], we have demonstrated a 2.3 Gbit/s 

transmission over 7 m distance in Red Sea coastal water using NRZ-OOK modulation 

scheme. In another study, we have achieved 1.5 Gbit/s over a 20-m UWOC link with 

OOK in an outdoor water pool [59]. In addition, we have experimentally realized a 16-

QAM-OFDM based underwater wireless optical communications system employing the 

450-nm blue LD. A record data rate of up to 4.8 Gbit/s over 5.4-m transmission distance 

is achieved after utilizing the full 1.2-GHz bandwidth of the TO-9 packaged and fiber-

pigtailed blue LD [60]. Furthermore, a high quality real-time video streaming has been  

also experimentally demonstrated by our group [61]. A link distance up to 5 m was 

established using both phase shift keying (PSK) and QAM modulation schemes. 

Structural similarity (SSIM) values of the received live video images were about 0.9 for 

clear, coastal and harbor I waters and about 0.7 for harbor II water. In [62], we 

experimentally evaluated the performance of UWOC links in the presence of different 

air bubbles sizes and densities. Signal intensity measurements reveal that air bubbles 

significantly degrade the system performance. Beam expansion is found to improve the 

performance degradation due to air bubbles in the channel. 

We characterized both salinity-induced and temperature-induced turbulent 

underwater optical channels. Salinity-induced turbulence in UWOC channels is modeled 

by Weibull distribution function with excellent fit to measured data under all channel 

conditions [63]. Meanwhile, intensity fluctuations caused by temperature-induced 

turbulence in UWOC channels is characterized by the generalized gamma distribution 
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(GGD) [64]. A nearly perfect goodness of fit is achieved under all channel conditions 

emulated. 

Recent research in UWOC has mostly focused on increasing both the data rate and 

the link range. Spectrally efficient OFDM modulation has been used by a number of 

authors to achieve both higher data rates and maximize the transmission capacity of 

UWOC systems [9, 20, 65-67]. Notably, T. C. Wu et al. have experimentally 

demonstrated a 1.7 m/12.4 Gbps 16-QAM OFDM underwater link employing 450 nm 

TO-9 packaged and fiber-pigtailed LD [68]. Moreover, Xu et al. have established a low bit 

rate and low cost LED based UWOC link [69]. Utilizing a 450 nm LED source, they 

achieved 2 m/161 Mbit/s transmission which can be used for simultaneous illumination 

and communication applications. Orbital angular momentum (OAM) multiplexing [70, 

71], multiple-input and multiple-output (MIMO) [72, 73] and wavelength division 

multiplexing (WDM) [9] techniques have also been explored to further increase the 

system’s bit rate. 
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 Gigabit underwater wireless optical communication systems   Chapter 3:

As the demand for higher bandwidth in underwater increases, there is a need to 

demonstrate high data rate and error-free underwater wireless communication (UWOC) 

system for practical applications such as real-time video link for oceanography studies, 

pollution control, offshore oil exploration, sea floor survey, just to name a few. This 

chapter deals with the system level demonstrations of high-speed UWOC systems. Both 

NRZ-OOK and QAM-OFDM modulation schemes were used in the demonstrations. 

Section 3.1 describes indoor and outdoor experiments carried out using OOK technique. 

A 7 m UWOC link based on a laboratory water tank was first investigated. The second 

experiment was performed in a 20 m long outdoor pool. In section 3.2, the more 

efficient QAM-OFDM method is used to increase the data transmission rate further.  

 OOK-based underwater wireless optical communication links 3.1

3.1.1 2.3-Gbit/s underwater wireless optical communication using directly 

modulated 520 nm laser diode 

Prior experimental studies utilized externally modulated and frequency doubled to 532 

nm and 405 nm transmitter with intensity modulation/direct detection-orthogonal 

frequency division multiplexing (IM/DD-OFDM) scheme to establish 1-Gbit/s and 1.45-

Gbit/s link in a 2-m and 4.8-m water channel, respectively. We reported the 

demonstration of a record 2.3-Gbit/s UWOC system over a 7-m distance using NRZ-OOK 
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modulation scheme. A TO-9 packaged pigtailed 520 nm LD is used as the optical 

transmitter and an avalanche photodiode (APD) module as the receiver.  

 
Figure 7 presents the schematic of the experimental setup using NRZ-OOK 

modulation scheme. At the transmitter side, a TO-9 packaged fiber pigtailed single-

mode green-emitting laser diode (Thorlabs LP520-SF15) with a collimating lens of 25 

mm focal length is used. The LD is driven using a Thorlabs ITC 4001 Laser Diode/TEC 

controller as the direct current (DC) source through Thorlabs LDM9LP laser mount. The 

underwater channel is emulated by a glass water tank with 1 m × 0.6 m × 0.6 m (L × W × 

H) dimensions. The tank is filled with Red Sea coastal water with an estimated 

attenuation coefficient of 0.568 m-1 [74]. To minimize the light reflecting off the side 

walls, the inside of the water tank was painted black. We extended the light optical path 

up to 7-m using reflective mirrors installed on both ends of the water tank. At the 

receiver side, a 75-mm plano-convex lens is used to focus the light into a sil icon 

avalanche photodetector (Menlo Systems APD210) whose specification are - modulation 

bandwidth of 1 GHz, an active diameter of 0.5-m, a responsivity of around 13 A/W at 

520 nm, and noise equivalent power (NEP) of 0.4 pW/Hz1/2. Various neutral density 

filters and a variable attenuator were used to limit the intensity level of the transmitted 

beam reaching the detector. There was no attempt to use interference filters to 

suppress the ambient background light.  
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Figure 7. Experimental setup of NRZ-OOK data transmission over 7 m underwater 

wireless optical channel: electrical amplifier (EA), laser diode (LD), variable attenuator 

(VA), mirror (M1, M2), and avalanche photodetector (APD). (© 2015 Optical Society of 

America, adapted with permission from [58]). 

 
 

Figure 8(a) presents the light-current-voltage (LIV) characteristics at 25 °C of the TO-

9 packaged and fiber-pigtailed green LD used in this study. The threshold current and 

slope efficiency is 50 mA and 16.7 %, respectively. Figure 8(b) shows the optical spectra 

versus wavelength at 25°C under different bias currents measured by using an Ocean 

Optics HR4000 Spectrometer. The nominal spectral width (full-width at half-maximum 

(FWHM)) of the green LD is around 0.5 nm. The center wavelength is observed around 

514.5 nm at bias current of 60 mA and slight red-shift with increasing drive current.  
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Figure 8. (a) Voltage vs. current and optical power vs. current characteristics of the LD at 

25 °C, (b) Optical spectra of the LD under increasing injection currents showing a peak 

emission at ~515 nm. 

 

Figure 9 illustrates the overall small signal frequency response of the system which 

includes the LD, the laser driver, the water channel and the photodetector as a function 

of injection current. The frequency response was characterized using a vector network 

analyzer and the APD. We clearly observe from the figure that the frequency response 

and the modulation bandwidth depend on the injection current. As the injection current 

increases, the LD bandwidth is extended due to its relaxation oscillation frequency and 

gain. The -3 dB bandwidth is around 1.1 GHz. 

The system was thoroughly optimized before underwater transmission 

measurements by adjusting both the laser DC bias current and the data signal 

(modulation) amplitude. We achieved the highest data rate when the bias level and the 

modulation signal amplitude is set to Vbias = 6.77 V and Vpp = 2.1 V corresponding to an 

alternating current (AC) of 42 mA based on a 50 Ohm system.  
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Figure 9. Small signal frequency response of the system at different bias currents. The 

dashed line indicates the −3 dB bandwidth, which is approximately 1.1 GHz.  

 

In this section, we present the performance of the UWOC system. The pattern 

generator in the bit-error-rate tester (Agilent J-BERT N4903B) is used to generate the 

pseudorandom binary sequence (PRBS 210-1) pattern. The data stream is electrically pre-

amplified by a 26-dB driver amplifier (Picosecond Pulse Labs, 5865) to improve the RF 

signal power and increase the extinction ratio (ER).  

 

At the receiver side, the eye diagrams are collected using a digital communications 

analyzer (Agilent 86100C DCA), and the BER is measured using the error detector of the 

J-BERT. BER performance versus received optical power of the UWOC system at 7 m was 

investigated and shown in Figure 10. For this study, the data rate was varied from 1-

Gbit/s to 2.3-Gbit/s. This figure can serve as a guide for UWOC system engineers to 
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determine the minimum required received optical power for a certain data rate. For 

example, for the 1.5-Gbit/s, received optical power of -27 dBm is required to obtain a 

BER of 2×10-3. When the data rate increases to 2.3-Gbit/s, in order to maintain similar 

performance, the minimum received optical power goes up to around -20.5 dBm. This 

power penalty can be attributed to the bandwidth limitation imposed by the laser driver 

and the LD. The inset of Figure 10 depicts open eye diagram at 2.3-Gbit/s which shows 

the potential of visible LD-based NRZ-OOK for high-speed UWOC applications. It should 

be noted that this UWOC system has an error free transmission (BER < 10 -9) for data 

rates up to 1.5-Gbit/s. At the maximum data rate of 2.3-Gbit/s, we achieved a BER of 

2.23×10-4, well pass the forward error correction (FEC) criterion of 3.8×10-3.  

 

Figure 10. Measured BER versus received optical power at 1, 1.5, and 2.3-Gbit/s after a 

7-m transmission in underwater. The measured eye diagram for OOK modulation over 

7-m at 2.3-Gbit/s is shown in onset. 
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We further investigated the effect of intersymbol interference (ISI) on the system 

performance. Figure 11 presents the BER performance as a function of link distance for 

different data rates. Note that a variable optical attenuator was used to maintain a 

constant optical power level when the transmission distance was varied from 1-m to 7-

m. As clearly shown in the figure, the BER is nearly flat for all three data rates studied. 

These results suggest that ISI has no effect on BER performance for high-speed UWOC 

systems with OOK modulation, contrary to the recent numerical study that suggested 

that multiple scattering in coastal and harbor waters introduces intersymbol 

interference (temporal pulse spread) [51]. However, it should be noted that if the 

transmission range increases to 40 m as in [51], the performance of the BER might be 

degraded. 

 

Figure 11. Measured BER versus link distance for 1, 2.15 and 2.3-Gbit/s underwater 

transmission. (© 2015 Optical Society of America, reprint with permission from [58]). 
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In conclusion, we have experimentally demonstrated 7-m, 2.3-Gbit/s NRZ-OOK 

UWOC link. The communication system uses a green 520 nm LD and an APD for 

transmitter and receiver, respectively. Open eye diagrams and a BER value of less than 

the FEC criterion were observed for data rates up to 2.3-Gbit/s. 

3.1.2 20-m underwater wireless optical communication link with 1.5-Gbit/s date 

rate 

Various human activities in underwater require long-distance wireless communications 

and the channel length of the previously demonstrated LD based UWOC links are 

relatively short (in the range of 0.3-7 m) [20, 23, 58]. Figure 12 illustrates different 

underwater networks including distributed sensor nodes, unmanned underwater 

vehicles (UUVs) and autonomous underwater vehicles (AUVs) [59] where long distance 

UWOC system is in high demand. In this section, we study and report on the 

demonstration of high-speed LD based UWOC link offering a data rate up to 1.5-Gbit/s 

over 20-m underwater channel. 
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Figure 12. Illustration of human activities underwater requiring long-distance and large 

data transmission wireless communications (© 2016 Optical Society of America. Reprint, 

with permission, from [59]). 

Figure 13 shows the experimental setup used to measure the long distance underwater 

transmission of light using NRZ-OOK modulation scheme. The experiment was 

performed in a 20-m long (optical path length) outdoor pool (Figure 13(b)) using a 

power efficient TO-38 packaged 450 nm blue LD as optical transmitter. The LD was 

biased by a Keithley 2400 multisource. The modulation signal was a pseudorandom 

binary sequence (PRBS 210-1) NRZ-OOK data stream and electrically pre-amplified with 

an ultra-broadband amplifier (Picosecond Pulse Labs, 5865) of 26 dB gain to maintain a 

good extinction ratio (ER).  
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Figure 13. Experimental setup used to measure the long distance underwater 

transmission of light using NRZ-OOK modulation scheme. (a) Actual photograph of the 

20-m water channel; (b) Schematics of the setup: bit-error-rate tester with pattern 

generator (Agilent J-BERT N4903B), digital communications analyzer (Agilent 86100C 

DCA), laser diode (LD), thermoelectric cooler (TEC), avalanche photodetector (APD). 

 

Light-current-voltage (LIV) characteristics of the 450 nm blue LD is depicted in Figure 

14(a). The threshold current is around 24 mA with a corresponding threshold voltage of 

4.3 V. Figure 14(b) shows the electroluminescence (EL) spectra of the LD at three 

different injection currents. The Full-width at half-maximum (FWHM) and the peak 

emission of the LD at 60 mA is around 0.9 nm and 514.5 nm, respectively. As shown in 

the figure, when the current increases from 40 mA to 120 mA, the shift in EL center 

wavelength is nearly negligible indicating a stable transmission system with respect to 

LD drive current change. As a result, the link range can be extended further by 

increasing the LD drive current translating directly to an increase in output power.   
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Figure 14. Characteristics of 450 nm blue LD: (a) LIV curve, (b) emission spectra at  

different injection currents. 

 

In order to demonstrate long distance UWOC links, we first investigated the BER 

performance at 12-m distance for three different data rates. Various neutral density 

filters were used to attenuate the received optical power. BER performance plot is 

illustrated in Figure 15. At 1 Gbit/s, a received power of about -18.7 dBm is required to 

achieve a BER of 10−4. To achieve similar performance at 2-Gbit/s, we are required to 

increase the received power -14.7 dBm. Note that the BER at 2-Gbit/s is much lower 

than the FEC limit of 3.8 × 10−3. As shown in Figure 15(a) and (b), open eye diagrams are 

obtained at 1-Gbit/s and 2-Gbit/s confirming that the range can further be extended at 

the expense of lower data rate. 
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Figure 15. Performance for the OOK modulation after 12-m underwater transmission: 

(a) Measured BER at different data rates. (b) & (c) Measured eye diagrams at 1-Gbit/s 

and 1.5-Gbit/s.  

  

In this section, we increased the link range to 20-m and demonstrated a FEC 

compliant UWOC system. Figure 16 presents the OOK BER performance of the system as 

a function of data rates. At 1.5-Gbit/s transmission, the measured BER of the received 

data is 3.0×10-3. The performance of the link could be further optimize and improve by 

inserting a preamplifier or an equalizer at the receiver. Open eye diagrams are obtained 

for 1-Gbit/s and 1.5-Gbit/s as shown in insets of the figure which confirms the potential 

of visible LDs for high-speed and long distance UWOC applications.   
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Figure 16. BER as a function of data rates for the 20-m UWOC link. Inset: eye diagrams at 

1.0-Gbit/s and 1.5-Gbit/s. 

 

 16-QAM-OFDM UWOC transmission based on compact 450 nm laser diode 3.2

Although OOK based UWOC systems are cost-effective and reliable, in order to achieve 

higher data rates and increase transmission capacity of the system, spectrally efficient 

modulation schemes such as QAM-OFDM have to be utilized. In our quest to 

demonstrate high-speed UWOC systems, we experimentally investigated 16-QAM-

OFDM transmission. A record data rate up to 4.8-Gbit/s over 5.4-m was achieved. Figure 

17 shows the schematic of the experimental setup of the 16-QAM-OFDM transmission 

over 5.4-m underwater channel and the actual photograph of the underwater channel 

illustrating multiple reflections. Similar to the outdoor UWOC study described in the 

previous section, we have used a TO-9 packaged and single-mode fiber pigtailed 450 nm 

blue LD (Thorlabs LP450-SF15). At the transmitter side, the 16-QAM-OFDM is first 
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generated by an offline Matlab® program and then loaded into an arbitrary waveform 

generator (Tektronix 70001A).  

 

Figure 17. (a) Schematic of the experimental setup of 16-QAM-OFDM data transmission 

over 5.4-m underwater wireless optical channel; (b) Actual photograph of the 

underwater channel showing multiple reflections. 

 

Figure 18 presents the RF modulation/demodulation conceptual block diagram of 

the 16-QAM OFDM signal. First, a high-speed raw data generated in the transmitter 

block by a pseudorandom binary sequence is divided into parallel binary streams by the 

serial-to-parallel multiplexer, encoded with M-QAM levels (MQAM = 16 symbols; mQAM = 

log2 16 = 4 bit/symbol), mapped into an in-phase/quadrature (IQ) constellation diagram, 

transformed into equally-spaced N-OFDM subcarriers (NOFDM = 32 symbol) with 1.3 GHz 

bandwidth ranged from 0.14 to 1.44 GHz by IFFT (LFFT = 512 samples), and converted 

back into serial data by the parallel-to-serial demultiplexer [75]. Detailed explanations 

on how to map serial-to-parallel data can be found in references [76, 77]. Then, the data 
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is complemented with 8 additional training symbols, a cyclic prefix of 1/32 of the FFT 

size, and a forward error correction overhead of 7 %. Table 1 presents related 

parameters of the OFDM data stream. Afterwards, the signal goes through a digital-to-

analog (DAC) conversion process and gets loaded into an arbitrary waveform generator 

(AWG). The sampling rate of the AWG and output peak-to-peak voltage (Vpp) of the 

OFDM signal were set at 24 GSa/s and 0.4 V, respectively. A 26-dB broadband amplifier 

(Picosecond Pulse Labs, 5865) was used to amplify the QAM-OFDM signals before being 

superimposed on the DC bias current via the built-in RF connector of the laser diode 

mount (Thorlabs LDM9LP) to directly encode the blue LD. The transmission rate (tr) of 

the 16-QAM-OFDM data signal is calculated as follows: 

𝑡𝑟[𝑏𝑖𝑡/𝑠] =
∆𝑓[𝑠𝑎𝑚𝑝𝑙𝑒/𝑠]

𝐿𝐹𝐹𝑇[𝑠𝑎𝑚𝑝𝑙𝑒]
∗ 𝑁𝑂𝐹𝐷𝑀 [𝑠𝑦𝑚𝑏𝑜𝑙] ∗ 𝑚𝑄𝐴𝑀[𝑏𝑖𝑡/𝑠𝑦𝑚𝑏𝑜𝑙]            (1) 

 

Figure 18. Conceptual block diagram for underwater 16-QAM-OFDM transmission. 

 

Table 1. Related parameters of the OFDM data stream 
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Parameters 16-QAM-OFDM 

Number of subcarriers 32 

Inverse fast Fourier transform (IFFT) size 512 

Cyclic prefix 16 

Symbol length 21.33 ns 

Subcarrier frequency Interval 46.875 MHz 

 

Figure 19 presents the power-to-current response of the blue LD which shows the 

operation of the DC offset 16-QAM-OFDM data directly encoded onto it. Note that the 

DC bias point of the blue LD was thoroughly optimized to achieve the largest peak-to-

peak average power ration (PAPR) of the modulated QAM-OFDM data stream. The 

maximal/minimal (Iout,max/Iout,min) current decides the optical 16-QAM-OFDM data 

stream with its maximal/minimal power levels (Pout,max/Pout,min). 
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Figure 19. Schematic diagram showing the operation of the DC offset 16-QAM-OFDM 

data directly encoded onto the 450 nm blue LD. (© 2015 Optical Society of America. 

Reprint, with permission, from [60]). 

 

The modulated laser beam was collimated using a 25.4-mm diameter and 25.4-mm 

focal length plano-convex lens (Thorlabs LA1951-A) and made incident onto a 0.6-m 

long glass water tank filled with fresh municipal tap water with an estimated 

attenuation of 0.071 m-1 [74]. The estimated divergence angle and optical output power 

of the LD were 5.6 ° and 15 mW (11.8 dBm), respectively. The physical optical path 

length that the light beam travels in underwater was increased to 5.4-m with reflective 

mirrors installed at both ends of the water tank. The output signal from the water 

channel was focused onto a low noise, high sensitivity silicon APD (Menlo systems, 

APD210, 1 GHz at 3-dB bandwidth). The relevant specifications of the APD are an active 

diameter of 0.5 mm, a responsivity of around 5 A/W at 450 nm and a noise equivalent 
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power (NEP) of around 0.4 pW/Hz1/2. Note that the intensity level of the transmitted 

laser beam was controlled via a variable attenuator and neutral density filters. All 

measurements were taken under normal room illumination and no attempt was made 

to use optical interference filters to suppress the background noise due to ambient light.  

The output signal of the APD is captured by a serial digital analyzer (Tektronix, DSA 

71604C) with a sampling rate of 100 GSa/s and converted back to digital signal , 

synchronized with the training symbol by an autocorrelation algorithm to find the 

symbol head. Then the signal is divided into parallel data by a serial-to-parallel 

multiplexer, filtered of training symbols and cyclic prefix. The OFDM signals are then 

translated and equalized to frequency domain by the FFT module, de-mapped back to 

QAM symbols before a parallel-to-serial demultiplexer is employed to convert the QAM 

symbols into serial bit streams in order to analyze and extract the BER performance of 

each subcarrier and the corresponding constellation map [78]. 

The BER is measured and used to evaluate the performance of this underwater wireless 

optical communication system. BER is a standard performance metric for 

communication signal quality evaluation as it describes the probability of error in terms 

of number of erroneous bits per bit transmitted. The BER can be estimated from the 

error vector magnitude (EVM) values according to (2) as given in [79], assuming an 

additive white Gaussian noise, data-aided reception and quadratically (𝐿 × 𝐿) arranged 

M-QAM constellations. Note that EVM describes the difference between actual received 

symbols and ideal symbols in the complex constellation diagram, according with the 

following formula. 
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𝐿2−1
]

2
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2 𝑙𝑜𝑔2𝑀

]  (2) 

Before underwater transmission, we characterized the overall small signal frequency 

response of the blue LD as a figure of merit. Figure 20 illustrates the response of the 

UWOC system including the LD, the underwater channel and the APD receiver. 

Measurements were taken at 50 mA and 75 mA DC bias currents with the aid of a vector 

network analyzer. We observe that with the increase in DC bias level, the bandwidth of 

the system is slightly extended due to the up-shift of the LD’s relaxation oscillation 

frequency and gain [80]. The bandwidth shift at higher current is not significant. The 

most likely cause is the 1 GHz cut-off frequency of the APD receiver.    

 

Figure 20. Small-signal frequency response of the 16-QAM-OFDM based UWOC system 

at 50 mA and 75 mA DC bias currents. The dotted line indicates the -3 dB bandwidth 

which is approximately 1.1 GHz. 
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The overall performance of the 16-QAM-OFDM UWOC link is presented in Figure 21. 

Note that prior to the underwater transmission experiment, both the laser DC bias 

current and the amplitude of data signal were adjusted to obtain an optimized 

operating condition. The highest data rate was achieved at DC bias current of 

𝐼𝑏𝑖𝑎𝑠 = 70 𝑚𝐴 (𝑉𝑏𝑖𝑎𝑠 = 5.01 𝑉) and modulating signal voltage of 𝑉𝑝𝑝 = 0.4 𝑉. Figure 

21(a) shows the measured BER as a function of modulation bandwidth with 

corresponding data rate. Also shown in the figure is the FEC limit line of the 16-QAM-

OFDM modulation. Changing the data bandwidth from 1.0 to 1.2 GHz increases the 

transmission capacity of the blue LD from 4.0-Gbit/s to 4.8-Gbit/s at the expense of BER 

performance degradation from 1.3 × 10−4 to 2.6 × 10−3. Further increasing the data rate 

to 5.2-Gbit/s, the system’s BER increases to 4.8 × 10−3, which is slightly higher than the 

FEC threshold of 3.8 × 10−3 required for error-free operation. Thus, the acceptable 

modulation bandwidth is 1.2 GHz and the corresponding data rate is 4.8-Gbit/s. A clear 

constellation diagram of the 1.2 GHz 16-QAM-OFDM signal is shown in onset.  Figure 

21(b) further illustrates the performance of the 16-QAM-OFDM UWOC link in terms of 

SNR versus subcarrier index. Note that the measured SNR exhibits a negative slope 

showing a clear signature of the small-signal frequency response plot presented in 

Figure 20. The SNR is inversely proportional to subcarrier index. At the optimum 

operating condition of 70 mA, the average SNR is higher than 15.19 dB which is required 

for FEC decoding.  
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Figure 21. Transmission performance of 16-QAM-OFDM data over 5.4-m link, (a) Raw 

data rate and related BER, constellation diagram of the 1.2 GHz 16-QAM-OFDM signal 

shown in onset; (b) SNR as a function of subcarrier index [60, 81].   

 

In this section, we study the effects of scattering on the system performance. 

Scattering effects such temporal pulse spread are known to have an adverse impact on 

underwater wireless optical links by limiting the channel bandwidth especially in turbid 

underwater environments because of high concentration of organic and inorganic 

particulates [51]. Inter-symbol interference and modulation loss are the results of 

temporal beam spreading caused by multiple scattering. Measured performance BER 

versus link distance for the 16-QAM-OFDM signals is presented in Figure 22(a). The link 

distance was increased from 0.6 to 5.4-m by an increment of 0.6-m. During 

measurements, the received optical signal was kept constant with the aid of a variable 

attenuator. As the figure shows, the BER is nearly flat for distances up to 5.4-m 

indicating that scattering has no effect on the BER performance. Our link range is 

relatively short when compared to the simulation study presented in [51]. Therefore, 
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the performance of the 16-QAM-OFDM system may be degraded when overly extending 

the link distance to 40 m or more as found in [51] for the case of OOK modulation 

systems. In addition, changing the water channel to more turbid water channels may 

also affect the BER performance. Constellation diagrams of the system at 0.6-m and 5.4-

m are presented in Figure 22(b) and (c), respectively. No significant impairment on 

constellation diagrams of 16-QAM-OFDM modulated signals is observed, further 

confirming the negligible effect of temporal beam spreading on the UWOC system.   

 

Figure 22. (a) Measured BER versus link distance for the 16-QAM-OFDM data; (b) 

Constellation diagram at 0.6-m; (c) Constellation diagram at 5.4-m.   
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 Performance of UWOC links in the presence of air bubbles  Chapter 4:

UWOC channels are highly affected by air bubbles. As reported by Woolf, there are 

three types of air bubbles depending on their sources [82]. Bubbles could be either of 

atmospheric, benthic or cavitation sources. Atmospheric bubbles are produced by air -

sea interaction. Breaking surface waves and rain are the two main sources of 

atmospheric bubbles. Common gases such as methane and carbon dioxide that escape 

from the seafloor are few examples of benthic bubbles. Cavitation bubbles are the by-

product of man’s activities in the ocean including small water vapors resulting in the 

wake of ship propellers. The size and shape of air bubbles vary significantly, but mostly, 

for simplicity, it’s assumed that they take spherical shape in water as reported by 

several authors [83-85]. Bubbles play important roles in many oceanographic processes. 

It was shown that bubbles help transport bacteria in the underwater environment, the 

bacterial concentration in jet drops from bursting bubbles is higher when compared to 

the concentration in the water in which the bubbles originated [86]. Also, the 

propagation and scattering of acoustic waves are influenced by air bubbles [87]. 

Moreover, air bubbles participate in the formation of organic-particles [88]. Figure 23 

shows an image of air bubbles in the ocean surface. The presence of air bubbles in the 

underwater channel distorts both the amplitude and phase of the propagating optical 

signal. The reflection and refraction at the water-bubble interface cause scattering of 

light in many directions. In other words, the scattering properties of UWOC channel 

have changed due to the presence of air bubbles. From the UWOC system performance 
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perspective, it’s very important to have a detailed understanding of the impact of air 

bubbles.   

 

Figure 23. Photograph of air bubbles in the blue ocean [89]. 

In this chapter, we experimentally evaluate the performance of UWOC systems in 

the presence of different air bubble populations. We show that air bubbles of different 

sizes affect the system performance differently. Also, a beam expansion technique was 

used to mitigate performance degradation of bubbly UWOC links. Figure 24 illustrates 

the experimental apparatus used to investigate the effect of air bubbles on optical signal 

propagation. The experiment was conducted in an indoor laboratory setup, consisting of 

a semiconductor LD-based transmitter, a bubbly water channel and a PIN/APD receiver 

module.   
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Figure 24. (a) Photograph of the experimental setup used to evaluate the performance 

of UWOC in the presence of air bubbles. (i) LP520-SF15 LD, (ii) water tank, (iii) PIN/APD 

photodetector, (iv) S120VC power meter, (v) MDO3104 oscilloscope. (b) Schematic: 

laser diode (LD), lens (L1 = 25.4, L2 = 15.29, L3 = variable, and L4 = 75 mm), focal length 

(F1, F2), beam size (W), and photodetector (PD) (© 2017 IEEE. Reprint, with permission, 

from [62]). 

 

 The optical light source was a commercially available 520 nm single-mode LD. The 

optical and electrical characteristics of this transmitter were reported in section 3.1.1. A 

25-mm focal length plano-convex lens (Thorlabs LA1951-A) was utilized to shape and 

direct the optical beam as it passes through the water channel. The bubbly underwater 

environment was emulated using a glass water tank with dimensions 50 × 34 × 34 cm. 

Air bubbles of approximately same sizes were generated using a ¼ copper pipe with 1 

mm hole directly connected to the laboratory dry air system. The flow rate of the dry air 

was kept at around 1 standard liter per minute (2.2 SCFH). Using a submersible fountain 

pump (Haibo HB103) of variable pump rate, the quasi-uniform air bubbles were broken 

up into bubbles of different sizes. In the receiver end, both PIN/APD photodetectors 

(b)

(a)

(i)

(ii)
(iii)

(iv)

(v)
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were used to measure the BER and the intensity fluctuations of received optical signals, 

respectively. The focusing of the received optical beam was ensured by a 75-mm lens 

(Thorlabs LA1608). The APD was a high gain Menlo Systems APD210 with an active 

diameter of 0.5-mm as described in details in section 3.1.1. The PIN PD was a Thorlabs 

DET36A with a bandwidth of 80 MHz. Other specifications of this PD include a  

responsivity of around 13 A/ W at 520 nm and a NEP of 0.4 pW/Hz1/2. BER and SNR were 

analyzed with a high-performance BER tester (Agilent J-BERT N4903B) and a digital 

communication analyzer (Agilent 86100C Infiniium DCA-J wideband oscilloscope with 

86105D, 34 GHz optical, 50 GHz electrical module), respectively. The intensity of the 

received signal was monitored and measured by using a Tektronix mixed domain 

oscilloscope with a sampling rate of 5 GSa/s. Both municipal tap water and harbor II 

water were used in the experiment.  

 Before investigating the effect of air bubbles, we studied the impact of moving and 

circulating water on the received optical signal. In this study, the water circulation speed 

was varied from 0 to 0.33 liters per second, corresponding to stagnant and violently 

moving water channel, respectively. Note that in this experiment, there is no variation in 

temperature or salinity. In other words, there is neither temperature nor salinity 

gradient in the water channel. Using temperature probes, the temperature variations 

within the water tank were found to be very stable. In Figure 25, we show the BER 

performance versus received optical power at a transmission rate of 0.622 Gbit/s for 

both clear and harbor II water. It can be observed from the figure that for both clear and 

turbid harbor II water, the measured BER is almost identical for all pump flow rates or 
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water circulation strengths. Moreover, we looked into the effect of high data rate by 

increasing the system bit rate to 1.8 Gbit/s. As illustrated in Figure 25(b), there is no 

change in BER performance for both water types. As expected, Figure 25 demonstrated 

that circulating or moving water has no effect on the performance of UWOC links.  This 

can be explained by the fact that there are no changes in refractive index due to 

temperature or salinity gradients within the water tank, resulting in a homogeneous 

optical channel, even though moving water can be violent or chaotic similar to the 

naturally occurring water bodies with random eddy-current link motions dominated by 

inertial-vertex forces [62, 90]. 

 

Figure 25. Plots of BER as a function of received optical power for clear ocean and turbid 

harbor II waters: (a) at 0.622-Gbit/s; (b) at 1.8-Gbit/s [62]. 

Corresponding eye diagrams are also shown in Figure 26 for both water types. We 

notice that the measured eye diagrams of the received signals are widely open 

indicating an error-free communication system. It’s important to clarify here that such a 

homogeneous underwater channel cannot be classified as a turbulent environment 

even if the water is in motion. The channel is said to be optically turbulent only if its 
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refractive index changes which ultimately affects the optical signal as it propagates 

through.   

 

 

Figure 26. (a) Eye diagrams of the modulated received optical signal: (a) clear water at 

0.622-Gbit/s; (b) harbor II water at 0.622-Gbit/s; (c) clear water at 1.8-Gbit/s; (d) harbor 

II water at 1.8-Gbit/s [62]. 

 Next, we investigated the effect of different air bubbles sizes on UWOC system 

performance. Air bubbles of different sizes were created by directly placing the fountain 

pump in front of the 1 mm air generating hole. As we increase the flow rate of the pump 

from 0 to 0.33 L/s, the originally quasi-uniform air bubbles were broken into smaller 

bubbles. Based on their average area, we classified the bubbles into extra-large, large, 

medium, and small, corresponding to 0, 0.19, 0.26, and 0.33 L/s, respectively. Figure 27 

presents the photographic images of air bubbles captured by a Nikon D5500 camera 

system. ImageJ software was utilized to process and characterize the bubbles. Both size 

spectra and the frequency of occurrences were calculated. As the flow rate of the 

fountain pump increases from 0 to 0.33 L/s, the air bubble size becomes smaller. In 
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addition, the number of air bubbles becomes larger and larger as shown in Figure 27(a)-

(c) because the high flow rate helps break up the bubbles into smaller bubbles.  

 

Figure 27. Actual photographs of air bubbles in the water channel. (a) Extra-large; (b) 

Large; (c) Medium; (d) Small. 

For example, at 0.00 L/s, the number of bubbles is around 22 with an average area 

of 28mm2. Meanwhile, when the pump flow rate is 0.33 L/s, we register over 280 air 

bubbles with an estimated average area of 5.8 mm2. This is further illustrated by the 

bubble size histograms in Figure 28.  
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Figure 28. Air bubble size histograms for: (a) Extra-large; (b) Large; (c) Medium; (d) 

Small. 

 

 Figure 29 presents the oscilloscope traces of the received signal through a fresh 

water link with and without air bubbles. We collected 100K points with a sampling rate 

of 50 kS/s. In the case of channel without air bubbles (Figure 29(a)), the received signal 

is approximately constant over time indicating a fading-free UWOC channel. Figure 29(b) 

shows the effect of air bubbles have on the propagating optical signal. As it can be seen 

from the figure, the presence of air bubbles causes the intensity of the received signal to 

severely fluctuate due to the random beam scattering triggered by air bubbles. Such 

distortions ultimately lead to performance degradation of the UWOC link.   
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Figure 29. Received optical signal through fresh water link: (a) without air bubbles; (b) 

with air bubbles. 

 

Furthermore, Figure 30 shows the performance of the UWOC system in terms of 

received optical power versus transit power under four different air bubbles levels for 

both harbor II and clear water. Note that as the air bubble size decreases, the 

performance degradation is more significant for both water types. This is attributed to 

the large number of small air bubbles that act as scatters in the beam path. For instance, 

in the case of extra-large bubbles for harbor II link, a transmit power of -7 dBm is 

required to achieve a received power of about -28 dBm, whereas only 0 dBm is required 

to obtain similar received power in the case of small bubbles. We observe from this 

figure that the size and density of air bubbles can have a direct impact on the design of 

UWOC systems. 

(a) (b)
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Figure 30. Plots of received versus transmitted optical signal power under four different 

air bubble sizes: (a) through clear water; (b) harbor II water [62]. 

 

In the following section, we propose a beam expansion technique based on the 

simple Keplerian beam expander to mitigate the performance degradation caused by 

the air bubbles. The beam expander is schematically shown in Figure 31. 

 

Figure 31. Schematic of the experimental setup of UWOC link in the presence of air 

bubbles with a Keplerian beam expander. (Reprint from [62], Copyright 2017 IEEE). 

 

The magnification of the beam expander is expressed as 

𝑀 =
𝐹2

𝐹1
                                                         (3) 
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where  𝐹1 and 𝐹2 denote the effective focal length of the entry and exit lens, 

respectively. A 15.29-mm focal length lens (Thorlabs A260TM-A) was used for 𝐹1. Note 

that the value of 𝐹1 was fixed throughout the experiment and the size of the incoming 

beam in the beam expander was 4 mm in diameter. The focal length of was set to 25.4, 

35, 50 and 60-mm to produce an expanded beam of approximately 6.6, 9.2, 13.1, and 

15.7-mm in respectively. Figure 32 presents the measured intensity of the received 

signal for the four expanded beams plus the original 4-mm beam under all four beam 

sizes. It should be pointed out that every plot is normalized to its own maximum.  

 

Figure 32. (a)-(d) Measured intensity of the received signal at five different beam sizes 

and four bubble sizes. (© 2017 IEEE. Adapted from [62]). 
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There are three important takeaways from Figure 32. First, when the pump is off (X-

large bubble) and the beamwidth is 9.2-mm or smaller, the bubble is large enough to 

completely block the optical beam resulting in a deep fade scenario. In deep fade, the 

system’s SNR severely drops and causes a temporary communication failure. As clearly 

seen in all subfigures, the intensity fluctuations or variance of fading (𝐼𝑚𝑎𝑥 − 𝐼𝑚𝑖𝑛) is 

very large and the intensity drops to zero at times. Second, for any given bubble size, as 

the beamwidth increases, the variance of the fading decreases because a larger beam is 

less susceptible to complete obstruction and more light can reach the receiver system. 

For example, when the beam size is 13.1-mm or larger, the intensity drops are 

significantly reduced. The third observation is that when the bubble is small, the 

variance of the fading becomes smoother if the beamwidth is 9.2-mm or larger. It’s 

worth mentioning that for the 15.7-mm beam, the intensity fluctuation curve almost 

flattens out. Also, it is interesting to note that Figure 32 revealed a tradeoff between 

maintaining the level of received intensity for minimum reliable communication and 

mitigating the deep fade. Increasing the beamwidth helps reduce performance 

degradation due to air bubbles at the expense of significant decrease in the received 

optical power. However, such low power underwater wireless optical links are very 

reliable because fading due to air bubbles is almost negligible. The beamwidth is an 

important parameter that can be adjusted to improve the performance of UWOC links 

in the presence of air bubbles once the bubble size of the system is carefully 

determined.    



68 
 

In summary, we experimentally investigated the performance of UWOC links in the 

presence of different air bubble sizes. Air bubbles in underwater significantly impair 

wireless optical signal quality leading to UWOC performance degradation. Results show 

that large bubbles cause deep fade while small bubbles contribute to severe power loss  

but less susceptible to deep fade. In addition, a simple Keplerian beam expander was 

used to mitigate performance degradation of UWOC systems caused by air bubbles. 
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 UWOC channel modeling  Chapter 5:

The propagation of optical signals in seawater is often perturbed by the presence of 

oceanic turbulences. Therefore, a detailed understanding of the underwater wireless 

optical channel is of paramount importance. The underwater channel needs to be fully 

characterized and statistically modeled in order to design robust and reliable UWOC 

systems. The underwater wireless optical channel can be of two kinds – turbulent and 

non-turbulent. A non-turbulent underwater channel is characterized by a water body 

where its salinity, temperature, and density are all uniform throughout the channel. 

Whereas a turbulent water channel is defined as a water column in which the refractive 

index of water changes due to temperature fluctuations, salinity variations, or the 

presence of air bubbles throughout the channel.  

In non-turbulent channels, the important phenomena that effect the propagation of 

light are absorption and scattering. As mentioned before in section 1.2, in the case of 

absorption, some of the energy of the incident laser beam is dissipated along the UWOC 

link resulting in a reduced optical power at the receiver. Meanwhile, scattering creates 

dispersion which introduces temporal spread of beam pulse (intersymbol interference) 

to the data communication. The total combination of scattering and absorption 

constitutes the total attenuation which reduces the overall signal to noise ration of the 

communication system.  
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 Modeling of attenuation in UWOC channels 5.1

In order to realistically evaluate the performance of UWOC systems, channel models 

that accurately reflect the main IOPs and AOPs characteristics of light propagation in 

underwater environments are crucial. Early underwater channel studies often used 

simple models such as Beer-Lambert’s (BL) law to simulate the propagation of light in 

underwater. Equation (4) expresses Beer’s law which gives the received optical power of 

non-scattered point-to-point link as a function of distance.  

𝑃𝑅(𝑧) = 𝑃𝑇𝑒
−𝑐𝑧

                                                (4) 

where 𝑃𝑅  is the received optical power, 𝑧 is the propagation distance (m), 𝑃𝑇  is the 

initial transmit power, and 𝑐 is the beam attenuation coefficient (m−1), where 𝑐 = 𝑎 + 𝑏. 

𝑎 is the absorption coefficient, 𝑏 is the scattering coefficient, all in units of m-1. The 

product 𝑐𝑧 is defined as the number of attenuation lengths. The ratio between of the 

amount of scattering and overall attenuation is defined as the scattering albedo, 

𝜔0 = 𝑏/𝑐. Based on the pioneering works of Jerlov [91] in the early 1950s and Mobley in 

the early 1990s [17], which categorized the world oceans into different water types, the 

value of attenuation coefficient 𝑐(𝜆) changes widely between geographic locations [4, 7, 

19, 23]. The typical values of 𝑎(𝜆), 𝑏(𝜆), and 𝑐(𝜆) for the four major water types are 

tabulated in Table 2. 

Table 2. Typical values of absorption, scattering and attenuation 

coefficients for the different ocean water types [7, 17]. 
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Water type a (λ) (/m) b (λ) (/m) c (λ) (/m) 

Pure sea 0.0405 0.0025 0.043 

Clear ocean 0.114 0.037 0.151 

Coastal ocean 0.179 0.219 0.398 

Harbor I 0.187 0.913 1.10 

Harbor II 0.366 1.824 2.19 

 

However, the above simple BL model is attractive for its simplicity [74, 92] but it is 

not accurate and significantly underestimates the true received power in a number of 

scenarios [93-96] because it implicitly relies on two unrealistic assumptions. First, it 

assumes perfect LOS links. Second, it assumes that all scattered photons are lost, which 

is not realistic as in practice. For more turbid waters or long link ranges, multiply 

scattered light may enter the receiver field of view (FOV) and can beneficial to the 

communication link in terms of reducing pointing errors [8, 19]. To account for the 

collection of scattered light events, Equation (4) is redefined (see (5) below) to include 

both water optical properties (absorption, scattering) and system parameters (beam 

radius, divergence angle, aperture size FOV, etc.) [8, 19].  

𝑃𝑅(𝑧) = 𝑃𝑇𝑒
−𝛾𝑧

                                       (5) 

where 𝛾 = 𝑎 + (1 − 𝜂)𝑏. 𝜂 is the scattering factor (0 ≤ 𝜂 ≤ 1). Taking 𝜔0 = 𝑏/𝑐, (5) 

reduces to 
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𝑃𝑅(𝑧) = 𝑃𝑇𝑒
(1−𝜔0)𝑐𝑧                               (6) 

Cochenour et al. used (6) to predict underwater link range for a given scenario of water 

optical properties and system parameters [8]. For 𝑐𝑧 > 15, a majority of the received 

optical signal comprises of scattered light and as a result the total signal detected by the 

receiver increases.  

Despite the modification, still BL cannot fully describe the channel characteristics of 

UOWC systems since it only includes range dependence, and cannot address the spatial 

and temporal properties. Several researchers proposed alternative approaches to solve 

the RTE without resorting to the simplistic assumptions underlying the BL in order to 

overcome these limitations and further improve the reliability of UWOC systems. The 

two-dimensional steady state RTE is given as [97] 

�⃗� . 𝛻𝐼(𝜆, 𝑟,⃗⃗ �⃗� ) = −𝑐𝐼(𝜆, 𝑟,⃗⃗ �⃗� ) + 𝑏∫ �̃�(𝜃)𝐼(𝜆, 𝑟,⃗⃗ �⃗� )
2𝜋

𝑑𝑛′⃗⃗  ⃗ + 𝑆(𝜆, 𝑟,⃗⃗ �⃗� )  (7) 

Where 𝐼(𝑡, 𝑟,⃗⃗ �⃗� ) is the light radiance, �⃗�  is the direction vector, ∇ is the divergence 

operator, c is the speed of light in water, �̃� is the scattering phase function (SPF), and 

𝑆(𝑟,⃗⃗ �⃗� ) is the source radiance, and 𝜃 is the plane scatter angle between direction �⃗�  and 

𝑛′⃗⃗  ⃗ which ranges from (0, 2π). 

Nonetheless, finding the general analytical solution for RTE is not possible. 

Therefore, approximate analytical approaches have been proposed by simplifying 

assumptions. They can be classified into two groups: deterministic approaches and 

probabilistic approaches. Deterministic approaches rely on numerical approximations 
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and have mainly been proposed in[80, 98, 99].  In [99], Jarawatanadilok has modeled 

and captured both multiple scattering nature of natural water and polarization behavior 

of light in scattering underwater. On the other hand, probabilistic approaches based on 

Monte Carlo simulations have been promoted, mainly due to their simplicity and 

flexibility[6, 100-102]. In addition, Monte Carlo approaches are more flexible to account 

for the geometry of the medium. In [6, 7, 101], Monte Carlo numerical simulations were 

used to simulate underwater optical channel losses for a variety of receiver aperture 

sizes and fields. However, it is quite computationally extensive and difficult to obtain 

accurate results because it requires millions (or billions) of photons in each simulation 

and the simulation needs to be repeated thousands of times. 

 Models of turbulence in UWOC channels 5.2

World water bodies are often turbulent and the impact of turbulence has often been 

overlooked by the majority of studies investigating underwater optical channel models.  

This becomes problematic because turbulence, caused essentially by rapid changes in 

the water refractive can lead to severe reduction in the receiver power at a larger scale 

than absorption and scattering. Therefore, having a unified statistical channel model to 

describe turbulence-induced fading in underwater is very crucial. Similar to free-space 

optical communication (FSO) studies, underwater turbulence can be divided into three 

regimes, namely weak, moderate or strong turbulence based on the value of the beam 

scintillation index σI
2 [103]. The scintillation index σI

2, is defined as the normalized 

variance of the laser irradiance. It’s a measure of turbulence strength. A scintillation 
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index of high value indicates a strong turbulent channel while a scintillation of low value 

describes a weak turbulent channel. Weak turbulence is defined for 𝜎𝐼
2 ≪ 1. Moderate 

turbulence regime is designated as σI
2  ~ 1. Strong fluctuations, also known as the 

saturation regime is achieved when 𝜎𝐼
2 ≫ 1.  

Motivated by the analogy with atmospheric optical turbulence, variations of existing 

models for classical atmospheric channels have been proposed. In [30, 104], the log-

normal distribution, already used to characterize turbulence-induced fading in free-

space optical channels under weak turbulence regime, has been presented to model 

weak oceanic turbulence. The PDF of log-normal distribution is given by   

                               𝑓𝐼(𝐼) =
1

√2𝜋 𝜎𝑡  𝐼
 𝑒𝑥𝑝(−

(𝑙𝑛(𝐼)−𝜇)2

2 𝜎𝑡
2 

)                         (8)    

where 𝐼 denotes the received irradiance, 𝜇 is the mean logarithmic light intensity, and 

 𝜎𝑡
2 is the scintillation index. However, using a series of recent experiments involving 

the impact of air bubbles, and inhomogeneous salinity and temperature, several authors 

[63, 64, 105, 106] rightly criticized this model reasoning that the underwater channel is 

very different from the atmospheric channel and the variations of the refractive index 

caused by variations of salinity and temperature in water are not the same as those 

caused by variations of temperature and pressure.  

5.2.1 Weibull channel model for salinity-induced turbulent UWOC 
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We propose the Weibull distribution function to model salinity-induced turbulence in 

UWOC channels. The model showed an excellent fit under all channel conditions. Figure 

33 shows a photograph of the experimental setup used to characterize the statistics o f 

salinity-induced turbulent underwater wireless optical channel.   

 

Figure 33. (a) Photograph of experimental setup: laser diode (LD), and photodetector 

(PD). (© 2017 IEEE. Reprint, with permission, from [63]). 

 

We created a salinity gradient in a laboratory water tank by mixing two water 

masses of different salinity levels but same temperature. The water tank is a 1-m long, 

0.6-m wide and 0.6-m high made of polyvinyl chloride (PVC). Two identical submersible 

fountain pumps (Haibao HB103) were utilized to pump and mix the waters at constant 

flow rate (Inlet 1 & Inlet 2). Similarly, two identical pumps are used to drain the mixture 

at the same flow rate. In Table 3, we show the different salinity values used to create 

the salinity gradient. The salinity difference between the two inlets was varied from 5 

LD
PD

Bucket 1
Bucket 2

Inlet 1
Inlet 2

Oscilloscope

Outlet 1 & 2
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g/L to 20 g/L while keeping the mean salinity value to constant 35 g/L. The optical 

transmitter is a 520 nm green LD (Thorlabs LP520-SF15). The characteristics of this 

transmitter are described in section 3.1.1 as previously mentioned. A PIN photodiode 

(PD - Thorlabs DET 36A) was used to ensure the optical-to-electrical conversion. The 

output of the PD was captured by a digital oscilloscope. We collected 100 K samples of 

intensity fluctuations data with a sampling rate of 100 S/s. 

Table 3. Different salinity values used to create gradient in the water channel. 

Inlet 1 
salinity (g/L) 

 

Inlet 2 
salinity (g/L) 

 

Gradient, m 
(g.L-1.cm-1) 

 

Mean 
salinity (g/L) 

 

37.5 32.5 0.05  

 

35.0 

40.0 30.0 0.10 

42.5 27.5 0.15 

45.0 25.0 0.20 

 

Weibull distribution function is proposed to model the intensity fluctuations, 𝐼, 

caused by the salinity-induced turbulence. Weibull PDF is an important and flexible 

distribution function commonly used for reliability and lifetime modeling. The PDF of 

the Weibull is expressed as  

𝑓(𝐼, 𝑘, 𝜆) =
𝑘

𝜆
(

𝐼

𝜆
)
𝑘−1

𝑒−(
𝐼

𝜆
)
𝑘

,    𝐼, 𝑘, 𝜆 > 0           (9) 
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where 𝑘, 𝜆 are the shape and scale parameters, respectively. The intensity fluctuations 

or scintillations of the light beam are defined by scintillation index, 𝜎𝐼
2, which is defined 

as the normalized variance of the fluctuations. Equation (10) expresses 𝜎𝐼
2. 

𝜎𝐼
2 = 𝜆2 [𝛤 (1 +

2

𝜆
) − 𝛤 (1 +

1

𝜆
)]                   (10) 

Figure 34 shows the histograms of the measured data fitted with Weibull distribution 

function using a Matlab program. 

 

Figure 34. Histograms of the measured data along with Weibull PDF for four different 

salinity gradient levels. (© 2017 IEEE, reprint with permission from [63]). 

 

(a) gradient (b) gradient

(c) gradient (d) gradient
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Table 4. R2 test measure results for different Weibull distribution under four different 

underwater salinity gradient levels. 

 
 

 
 

 
Weibull distribution 

Salinity gradient (g.L-1.cm-1) 𝜎𝐼,𝑚𝑒𝑎𝑠
2  𝜎𝐼

2 (𝑘, λ) 𝑅2 

0.05 0.0429 0.0487 (5.1982, 1.0844) 0.9571 

0.10 0.0756 0.0829 (3.8817, 1.1039) 0.9471 

0.15 0.1021 0.1134 (3.2549, 1.1119) 0.9637 

0.20 0.1417 0.1484 (2.8104, 1.1225) 0.9649 

 

As clearly shown in Figure 34, the Weibull PDF describes well the laser beam 

fluctuations in underwater caused by salinity gradient induced turbulence. A good very 

fit with the measured data was obtained. Note that the shape of the histogram depends 

on the number of bins chosen. In all our turbulence studies, we used the Sturges rule to 

calculate the number of bins [107]. This is further illustrated in Table 4 with the 

goodness of fit R2 close to 1.  The quality of fitness of the Weibull distribution to the 

experimental data is evaluated using the statistical measure R2 which determines how 

close the data are to the fitted distribution. R2 has a value that ranges from 0 to 1 with 1 

being the desired value indicating the model perfectly fits the data.  

In conclusion, the Weibull distribution PDF has been proposed to statistically 

characterize laser beam fluctuations in underwater wireless optical channels due to 

salinity-induced turbulence. An excellent fit with the measured data has been obtained 

under all salinity gradient levels tested. This channel model  for salinity-induced 
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turbulence is an important step toward formulating a unified model that would predict 

the performance of UOWC links underwater all turbulence conditions.  

5.2.2 Channel model for weak temperature-induced turbulence in UWOC systems 

In addition, to salinity-induced turbulence as mentioned above [63], underwater 

wireless optical channels also exhibit strong temperature-induced turbulence. In fact, 

the presence of temperature gradient in world oceans in very common. Labrador 

Current, Gulf Stream, and Antarctic Circumpolar Current are a few examples of naturally 

occurring waters with thermal gradient. Rapid influxes of glacial fresh water and 

extratropical cyclones are other additional examples of sources of ocean temperature 

gradient.  

A detailed experimental study on the statistical distribution of the temperature-

induced fading for UWOC channels was not yet demonstrated. Previous studies have 

characterized the effects of optical turbulence on UWOC channels mostly from 

theoretical point of view [30, 32, 108, 109]. In this study, we investigate temperature-

induced underwater channels. Using laser beam intensity fluctuations measurements, 

we introduce a new simple UWOC channel turbulence model. We propose the 

generalized gamma distribution (GGD) to model and describe the statistical properties 

of weak temperature-induced turbulence conditions. In Figure 35, we present the 

photograph of the experimental apparatus used to characterize thermally induced 

turbulent UWOC channels. Note that the water tank, transmitter unit and the receiver 

system are all identical to the ones described in reference [63]. The water tank is filled 
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with fresh tap water. The output of the PD was sent to a mixed domain oscilloscope. We 

collected 100 K samples of intensity fluctuations data with a sampling rate of 100 S/s.  

 

Figure 35. Actual photograph of the experimental apparatus used to characterize the 

thermally-induced turbulent UWOC channel. 

The GGD is a well-known and flexible probability distribution function commonly 

used in reliability modeling and analysis. The PDF of the GGD is given by [110].    

𝑓(𝐼, 𝑎, 𝑏, 𝑐) =
𝑐𝐼𝑎𝑐−1

𝑏𝑎𝑐 ∗
𝑒

−(
𝐼
𝑏
)
𝑐

𝛤(𝑎)
,      𝐼, 𝑎, 𝑏, 𝑐 > 0      (11) 

where 𝑎 and 𝑐 are shape parameters, b represents the scale parameter and 𝛤(. ) is the 

gamma function. Commonly used distribution functions such as gamma, Weibull and 

exponential are special cases of the GGD. For instance, if 𝑐 = 1, the GGD becomes the 

gamma distribution. The Weibull and exponential are expressed as 𝑓(𝐼, 1, 𝑏, 𝑐) and 

𝑓(𝐼, 1, 𝑏, 1), respectively. The scintillation index, 𝜎𝐼
2, of the GGD is expressed 
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𝜎𝐼
2 =

𝛤(𝑎)𝛤(𝑎+
2

𝑐
)

𝛤(𝑎+
1

𝑐
)

− 1                                  (12) 

The estimates parameters of the GGD PDF were obtained through the maximum 

likelihood method using the wafo toolbox [111].  

Before temperature-induced turbulence studies, we investigated the effect of 

temperature change on beam scintillation index in non-turbulent channels. We changed 

the water temperature from 15 °C to 40 °C in steps of 5C. In every temperature 

increment, we measured the beam scintillation index. It should be noted that there is no 

water temperature gradient in the tank and the uniformity is kept within 0.1 °C 

throughout the tank using Jubalo-F12 chiller that circulates water at constant 

temperature.   

Figure 36 depicts the scintillation index of the laser beam versus water temperature. 

As the figure indicates, the scintillation index increases with water temperature. This 

increase in scintillation index can be explained by the dipole polarization of water 

molecules through Lorentz-Lorenz law. Also known as Clausius-Mossoti and Maxwell’s 

formula relation, this law relates the dielectric constant (refractive index) of a substance 

to its polarizability [112]. When the temperature of the water increases, the thermal 

collision of water molecules also increases and their bonding forces weaken as a result. 

This makes harder for the dipole moments to align which translates to a decrease in 

water medium’s refractive index [113]. 

 



82 
 

 

 

Figure 36. Scintillation index versus water temperature: open circles for measurements 

and solid squares for calculations. Measured data histogram with gamma distribution fit 

at 25°C is shown in onset [64]. 

 

In addition, we found that for uniform water channel condition, the statistics of the 

received intensity is best modeled by the simple gamma distribution function. Note that 

gamma distribution is a special case of the GGD. The inset graph of Figure 36 shows the 

histogram of the measured data along with the fitting PDF of the gamma distribution. A 

very good agreement with the measured was obtained for temperature up to 40 °C.   

In this section, we study the effect of temperature gradient on UWOC channels. A 

temperature gradient was produced in the water tank along the optical path by mixing 
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two water bodies of different temperatures. As shown in Figure 35, the two waters 

were mixed by pouring from Inlet 1 and Inlet 2 utilizing two identical fountain pumps. 

Mixing waters of different temperatures creates an index of refractive difference in the 

optical path that significantly deteriorates the optical signal as it propagates in the water 

channel. Such channel is known as turbulent channel or turbulence-induced fading 

channel. Five different gradient levels were studied. Table 5 illustrates the temperature 

values used to create the temperature gradient in the water tank.  

Table 5. Different temperature values used to create gradient in the water channel 

[114]. 

Inlet 1 
temperature 

(°C) 
 

Inlet 2 
temperature 

(°C) 
 

Temperature 
Gradient 
(°C.cm-1) 

 

Mean 
Temperature 

(°C) 
 

22.5 27.5 0.05  

25.0 20.0 30.0 0.10 

17.5 32.5 0.15 

15.0 35.0 0.20 

 

In Figure 37, we present the histograms of the measured intensity fluctuations data 

along with the fitness of the proposed GGD PDF for the different gradient levels. The 

PDFs of gamma and Weibull distributions are included for comparison purposes. For low 

gradient levels (𝜎𝐼
2 ≤ 0.001), all three distributions model well the intensity 

fluctuations. However, as the temperature gradient increases and the channel becomes 



84 
 

more turbulent, the histogram of the measured data skews to the left and only GGD 

accurately predicts the shift.  

 

Figure 37. Histograms of the measured data along with the Gamma, Weibull as well as 

the Generalized-Gamma distribution PDFs for four different temperature gradient 

levels. (© 2017 Optical Society of America, reprint with permission from [64]). 

 

This is further confirmed by Table 6 where the results of R2 test are summarized. 

When 𝜎𝐼
2 ≤ 0.001, the R2 of both Gamma and Weibull is higher than 96 % but it drops 

rapidly as the temperature gradient increases (𝜎𝐼
2 ≥ 0.1013). As expected, the 

scintillation index increases with increasing temperature gradient. 

Table 6. Measured and estimated parameters of the Gamma, Weibull and the 

Generalized Gamma distributions along with the R2 test results for four different 

temperature gradient levels. (Reprint from [64], Copyright 2017 Optical Society of 

America). 
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Our experimental temperature gradient values are nearly 10 times higher than sea 

surface temperature (SST) of Gulf Stream and Kuroshio currents. According to [114], the 

largest temperature difference between the reservoir of warm water at the ocean 

surface and the reservoir of cold water in the ocean floor varies between 22 and 25 °C. 

As an example, if the ocean depth is assumed to 300-m, then the corresponding 

temperature gradient is 10-3 °C.cm-1.  

In summary, using measured data, we introduce a new simple model to characterize 

the statistics of laser beam irradiance fluctuations in underwater channel caused by 

temperature induced gradient. The GGD model is found to perfectly fit the experimental 

data under all channel conditions tested. However, for thermally uniform and low 

temperature gradient UWWOC channels, the simple Gamma distribution can be used to 

describe the PDF of the received signal.  
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 Conclusions Chapter 6:

Underwater wireless optical communication (UWOC) has recently emerged as a unique 

opportunity for high data rate and moderate distance communication in undersea. 

Many applications with large amount of data such as real-time video transmission and 

control of remotely operated vehicles could greatly benefit from UWOC. Despite its 

potential in unlocking the mysteries of world oceans, UWOC research is still in 

embryonic stage. In this dissertation, we contributed to the literature of underwater 

communication in two ways. First, we demonstrated various system-level underwater 

links with record breaking high data rates. Using both simple OOK and spectrally 

efficient QAM-OFDM modulation schemes, UWOC link of 20-m/1.5-Gbit/s and 5.4-

m/4.8-Gbit/s is achieved, respectively. Underwater channel characterization and 

modeling is the second part of the work in this dissertation. Using measured laser beam 

intensity fluctuations data, we studied and proposed Weibull and Generalized Gamma 

distributions to statistically describe and model UWOC channel fading due to salinity-

induced turbulence and weak temperature-induced turbulence, respectively. For both 

models, there is a nearly perfect fit with the measured data under all channel 

conditions. Our research shows that spectrally efficient QAM-OFDM modulation stands 

out to be an effective solution for robust and reliable laser based high-speed next-

generation UWOC systems. In addition, our significant contributions towards UWOC 

research in channel modeling and characterization help predict the performance of 

UWOC links under all turbulence conditions.  
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 Moreover, we identified some research challenges that need to be 

addressed. To circumvent the dynamics nature of the underwater channel which affects 

the optical signal’s overall attenuation, efficient and robust tunable lasers in the violet-

blue-green regime need to be developed. Also, in order to reduce background noise, it 

would also be interesting to explore the development of a laser with operating 

wavelength corresponds exactly to one of the Fraunhofer lines in the solar spectrum. 

Many underwater platforms are deployed in deep sea and there is a strong need to 

develop UWOC systems with highly efficient photodetectors. Biologically-inspired 

quantum photosensors (BQP) are perfect example of efficient PD. Link misalignment is 

one of the challenges of line-of-sight (LOS) UWOC systems and remains an active 

research direction. Deploying and testing smart transceivers and modulating retro-

reflectors embedded UWOC systems in real seawater for misalignment mitigation is 

thus important. 



88 
 

BIBLIOGRAPHY 

[1] I. F. Akyildiz, D. Pompili, and T. Melodia, "Underwater acoustic sensor networks: 

research challenges," Ad Hoc Networks, vol. 3, no. 3, pp. 257-279, 2005/05/01/ 2005. 
[2] P. Lacovara, "High-Bandwidth Underwater Communications," Marine Technology 

Society Journal, vol. 42, no. 1, pp. 93-102, 2008. 

[3] J. R. Apel, Principles of Ocean Physics. Academic Press, 1987. 
[4] M. Lanzagorta, Underwater Communications - Synthesis Lectures on Communications 

Morgan & Claypool Publishers, 2012. 

[5] G. Baiden, Y. Bissiri, and A. Masoti, "Paving the way for a future underwater omni-
directional wireless optical communication systems," Ocean Engineering, vol. 36, no. 9-

10, pp. 633-640, 2009. 
[6] C. Gabriel, M. A. Khalighi, S. Bourennane, P. Leon, and V. Rigaud, "Monte-Carlo-based 

channel characterization for underwater optical communication systems," IEEE/OSA 

Journal of Optical Communications and Networking, vol. 5, no. 1, pp. 1-12, 2013. 
[7] W. Cox and J. Muth, "Simulating channel losses in an underwater optical communication 

system," Journal of the Optical Society of America A, vol. 31, no. 5, pp. 920-934, 

2014/05/01 2014. 
[8] B. Cochenour, L. Mullen, and J. Muth, "Effect of scattering albedo on attenuation and 

polarization of light underwater," Optics Letters, vol. 35, no. 12, pp. 2088-2090, 
2010/06/15 2010. 

[9] Y.-C. Chi, D.-H. Hsieh, C.-T. Tsai, H.-Y. Chen, H.-C. Kuo, and G.-R. Lin, "450-nm GaN laser 

diode enables high-speed visible light communication with 9-Gbps QAM-OFDM," Optics 
Express, vol. 23, no. 10, pp. 13051-13059, 2015/05/18 2015. 

[10] D. Tsonev et al., "A 3-Gb/s Single-LED OFDM-Based Wireless VLC Link Using a Gallium 
Nitride <formula formulatype="inline"><tex Notation="TeX">$\mu{\rm 
LED}$</tex></formula>," IEEE Photonics Technology Letters, vol. 26, no. 7, pp. 637-640, 

2014. 
[11] A. Munafò, E. Simetti, A. Turetta, A. Caiti, and G. Casalino, "Autonomous underwater 

vehicle teams for adaptive ocean sampling: a data-driven approach," Ocean Dynamics, 

vol. 61, no. 11, pp. 1981-1994, 2011/11/01 2011. 
[12] S. Arnon, "Underwater optical wireless communication network," 2010, vol. 49, p. 6: 

SPIE. 
[13] Osram. (Accessed on April 1, 2017). Available: http://www.osram-

os.com/osram_os/en/press/press-releases/ir-devices-and-laserdiodes/2012/blue-laser-

diode/index.jsp?mkturl=pr-bluelaser 
[14] R. M. G. a. S. Karp, Optical Communications, 2nd Edition ed. Wiley Inter-Science, 1995. 
[15] J. Xu et al., "Underwater wireless transmission of high-speed QAM-OFDM signals using a 

compact red-light laser," Optics Express, vol. 24, no. 8, pp. 8097-8109, 2016/04/18 2016. 
[16] B. C. a. L. Mullen, "Free-space optical communications underwater - in Advanced Optical 

Wireless Communication Systems," J. B. S. Arnon, G. Karagiannidis, R. Schober, and M. 
Uysal, Ed. no. 201-239): Cambridge University Press, 2012. 

[17] C. D. Mobley, Light and Water: Radiative Transfer in Natural Waters. Academic Press, 

1994. 
[18] R. C. Smith and K. S. Baker, "Optical properties of the clearest natural waters (200–800 

nm)," Applied Optics, vol. 20, no. 2, pp. 177-184, 1981/01/15 1981. 

http://www.osram-os.com/osram_os/en/press/press-releases/ir-devices-and-laserdiodes/2012/blue-laser-diode/index.jsp?mkturl=pr-bluelaser
http://www.osram-os.com/osram_os/en/press/press-releases/ir-devices-and-laserdiodes/2012/blue-laser-diode/index.jsp?mkturl=pr-bluelaser
http://www.osram-os.com/osram_os/en/press/press-releases/ir-devices-and-laserdiodes/2012/blue-laser-diode/index.jsp?mkturl=pr-bluelaser


89 
 

[19] B. M. Cochenour, L. J. Mullen, and A. E. Laux, "Characterization of the Beam-Spread 
Function for Underwater Wireless Optical Communications Links," IEEE Journal of 
Oceanic Engineering, vol. 33, no. 4, pp. 513-521, 2008. 

[20] K. Nakamura, I. Mizukoshi, and M. Hanawa, "Optical wireless transmission of 405 nm, 
1.45 Gbit/s optical IM/DD-OFDM signals through a 4.8 m underwater channel," Opt 
Express, vol. 23, no. 2, pp. 1558-66, Jan 26 2015. 

[21] M. N. Berberan-Santos, "Beer's law revisited," Journal of Chemical Education, vol. 67, 
no. 9, p. 757, 1990/09/01 1990. 

[22] N. Jerlov, Marine Optics (no. Elsevier Oceanography Series). 1976. 
[23] F. Hanson and S. Radic, "High bandwidth underwater optical communication," Applied 

Optics, vol. 47, no. 2, pp. 277-283, 2008/01/10 2008. 

[24] S. Watson et al., "Visible light communications using a directly modulated 422&#xA0;nm 
GaN laser diode," Optics Letters, vol. 38, no. 19, pp. 3792-3794, 2013/10/01 2013. 

[25] A. N. Kolmogorov, "Dissipation of energy in the locally isotropic turbulence," in 

Proceedings of the USSR Academy of Sciences vol. 32, ed, 1941, pp. 16–18. 
[26] R. J. Hill, "Optical propagation in turbulent water," Journal of the Optical Society of 

America, vol. 68, no. 8, pp. 1067-1072, 1978/08/01 1978. 
[27] V. V. Nikishov and V. I. Nikishov, "Spectrum of Turbulent Fluctuations of the Sea-Water 

Refraction Index," vol. 27, no. 1, pp. 82-98, 2000-02-01 2000. 

[28] O. Korotkova and N. Farwell, "Effect of oceanic turbulence on polarization of stochastic 
beams," Optics Communications, vol. 284, no. 7, pp. 1740-1746, 4/1/ 2011. 

[29] W. Lu, L. Liu, J. Sun, Q. Yang, and Y. Zhu, "Change in degree of coherence of partially 
coherent electromagnetic beams propagating through atmospheric turbulence," Optics 
Communications, vol. 271, no. 1, pp. 1-8, 2007/03/01/ 2007. 

[30] X. Yi, Z. Li, and Z. Liu, "Underwater optical communication performance for laser beam 
propagation through weak oceanic turbulence," Applied Optics, vol. 54, no. 6, pp. 1273-
1278, 2015/02/20 2015. 

[31] N. Farwell and O. Korotkova, "Intensity and coherence properties of light in oceanic 
turbulence," Optics Communications, vol. 285, no. 6, pp. 872-875, 2012/03/15/ 2012. 

[32] O. Korotkova, N. Farwell, and E. Shchepakina, "Light scintillation in oceanic turbulence," 
Waves in Random and Complex Media, vol. 22, no. 2, pp. 260-266, 2012/05/01 2012. 

[33] T. Wiener and S. Karp, "The Role of Blue/Green Laser Systems in Strategic Submarine 

Communications," IEEE Transactions on Communications, vol. 28, no. 9, pp. 1602-1607, 
1980. 

[34] J. J. Puschell, R. J. Giannaris, and L. Stotts, "The Autonomous Data Optical Relay 

Experiment: first two way laser communication between an aircraft and submarine," in 
[Proceedings] NTC-92: National Telesystems Conference, 1992, pp. 14/27-14/30. 

[35] J. P. F. Judith Bannon Snow, Dennis E Freeman, Mark A Landry, Carl E and J. R. L. 
Lindstrom, and Joshua A Schwartz, "Underwater propagation of high-data-rate laser 
communications pulses," Ocean Optics XI, SPIE, vol. 1750, 1992. 

[36] N. Farr et al., "Optical Modem Technology for Seafloor Observatories," in OCEANS 2006, 
2006, pp. 1-6. 

[37] N. F. C. Pontbriand, J. Ware, J. Preisig, and H. Popenoe., "Diffuse high-bandwidth optical 

Communications.pdf," OCEANS, pp. 1-4, 2008. 
[38] N. Farr, A. Bowen, J. Ware, C. Pontbriand, and M. Tivey, "An integrated, underwater 

optical /acoustic communications system," in OCEANS 2010 IEEE - Sydney, 2010, pp. 1-6. 



90 
 

[39] A. Laux et al., "The a, b, c s of oceanographic lidar predictions: a significant step toward 
closing the loop between theory and experiment," Journal of Modern Optics, vol. 49, no. 
3-4, pp. 439-451, 2010. 

[40] L. Mullen, B. Cochenour, W. Rabinovich, R. Mahon, and J. Muth, "Backscatter 
suppression for underwater modulating retroreflector links using polarization 
discrimination," Applied Optics, vol. 48, no. 2, pp. 328-337, 2009/01/10 2009. 

[41] L. Mullen, D. Alley, and B. Cochenour, "Investigation of the effect of scattering agent and 
scattering albedo on modulated light propagation in water," Applied Optics, vol. 50, no. 

10, pp. 1396-1404, 2011/04/01 2011. 
[42] B. Cochenour, L. Mullen, and J. Muth, "Modulated pulse laser with pseudorandom 

coding capabilities for underwater ranging, detection, and imaging," Applied Optics, vol. 

50, no. 33, pp. 6168-6178, 2011/11/20 2011. 
[43] L. Mullen, A. Laux, and B. Cochenour, "Propagation of modulated light in water: 

implications for imaging and communications systems," Applied Optics, vol. 48, no. 14, 

pp. 2607-2612, 2009/05/10 2009. 
[44] B. Cochenour, S. P. O'Connor, and L. J. Mullen, "Suppression of forward-scattered light 

using high-frequency intensity modulation," 2013, vol. 53, p. 8: SPIE. 
[45] B. Cochenour, L. Mullen, and J. Muth, "Temporal Response of the Underwater Optical 

Channel for High-Bandwidth Wireless Laser Communications," IEEE Journal of Oceanic 

Engineering, vol. 38, no. 4, pp. 730-742, 2013. 
[46] L. J. Johnson, R. J. Green, and M. S. Leeson, "Underwater optical wireless 

communications: depth dependent variations in attenuation," Applied Optics, vol. 52, 
no. 33, pp. 7867-7873, 2013/11/20 2013. 

[47] F. Hanson and M. Lasher, "Effects of underwater turbulence on laser beam propagation 

and coupling into single-mode optical fiber," Applied Optics, vol. 49, no. 16, pp. 3224-
3230, 2010/06/01 2010. 

[48] W. Hou, "A simple underwater imaging model," Optics Letters, vol. 34, no. 17, pp. 2688-

2690, 2009/09/01 2009. 
[49] S. Arnon and D. Kedar, "Non-line-of-sight underwater optical wireless communication 

network," Journal of the Optical Society of America A, vol. 26, no. 3, pp. 530-539, 
2009/03/01 2009. 

[50] S. Tang, Y. Dong, and X. Zhang, "On Link Misalignment for Underwater Wireless Optical 

Communications," IEEE Communications Letters, vol. 16, no. 10, pp. 1688-1690, 2012. 
[51] S. Tang, Y. Dong, and X. Zhang, "Impulse Response Modeling for Underwater Wireless 

Optical Communication Links," IEEE Transactions on Communications, vol. 62, no. 1, pp. 

226-234, 2014. 
[52] W. C. Cox, J. A. Simpson, C. P. Domizioli, J. F. Muth, and B. L. Hughes, "An underwater 

optical communication system implementing Reed-Solomon channel coding," in 
OCEANS 2008, 2008, pp. 1-6. 

[53] J. A. Simpson, W. C. Cox, J. R. Krier, B. Cochenour, B. L. Hughes, and J. F. Muth, "5 Mbps 

optical wireless communication with error correction coding for underwater sensor 
nodes," in OCEANS 2010 MTS/IEEE SEATTLE, 2010, pp. 1-4. 

[54] M. Doniec and D. Rus, "BiDirectional optical communication with AquaOptical II," in 

2010 IEEE International Conference on Communication Systems, 2010, pp. 390-394. 
[55] I. Vasilescu et al., "Krill: an exploration in underwater sensor networks," in The Second 

IEEE Workshop on Embedded Networked Sensors, 2005. EmNetS-II., 2005, pp. 151-152. 



91 
 

[56] C. Detweiller, I. Vasilescu, and D. Rus, "An Underwater Sensor Network with Dual 
Communications, Sensing, and Mobility," in OCEANS 2007 - Europe, 2007, pp. 1-6. 

[57] M. Doniec, C. Detweiler, I. Vasilescu, and D. Rus, "Using optical communication for 

remote underwater robot operation," in 2010 IEEE/RSJ International Conference on 
Intelligent Robots and Systems, 2010, pp. 4017-4022. 

[58] H. M. Oubei, C. Li, K.-H. Park, T. K. Ng, M.-S. Alouini, and B. S. Ooi, "2.3 Gbit/s 

underwater wireless optical communications using directly modulated 520 nm laser 
diode," Optics Express, vol. 23, no. 16, pp. 20743-20748, 2015/08/10 2015. 

[59] C. Shen et al., "20-meter underwater wireless optical communication link with 1.5 Gbps 
data rate," Optics Express, vol. 24, no. 22, pp. 25502-25509, 2016/10/31 2016. 

[60] H. M. Oubei et al., "4.8 Gbit/s 16-QAM-OFDM transmission based on compact 450-nm 

laser for underwater wireless optical communication," Optics Express, vol. 23, no. 18, 
pp. 23302-23309, 2015/09/07 2015. 

[61] A. Al-Halafi, H. M. Oubei, B. S. Ooi, and B. Shihada, "Real-Time Video Transmission Over 

Different Underwater Wireless Optical Channels Using a Directly Modulated 
520&#x2009;&#x2009;nm Laser Diode," Journal of Optical Communications and 

Networking, vol. 9, no. 10, pp. 826-832, 2017/10/01 2017. 
[62] H. M. Oubei, R. T. ElAfandy, K. H. Park, T. K. Ng, M. S. Alouini, and B. S. Ooi, 

"Performance Evaluation of Underwater Wireless Optical Communications Links in the 

Presence of Different Air Bubble Populations," IEEE Photonics Journal, vol. 9, no. 2, pp. 
1-9, 2017. 

[63] H. M. Oubei et al., "Efficient Weibull channel model for salinity induced turbulent 
underwater wireless optical communications," in 2017 Opto-Electronics and 
Communications Conference (OECC) and Photonics Global Conference (PGC), 2017, pp. 1-

2. 
[64] H. M. Oubei et al., "Simple statistical channel model for weak temperature-induced 

turbulence in underwater wireless optical communication systems," Optics Letters, vol. 

42, no. 13, pp. 2455-2458, 2017/07/01 2017. 
[65] P. Tian et al., "High-speed underwater optical wireless communication using a blue GaN-

based micro-LED," Optics Express, vol. 25, no. 2, pp. 1193-1201, 2017/01/23 2017. 
[66] Y. Chen et al., "26 m/5.5 Gbps air-water optical wireless communication based on an 

OFDM-modulated 520-nm laser diode," Optics Express, vol. 25, no. 13, pp. 14760-14765, 

2017/06/26 2017. 
[67] M. Kong et al., "Security weaknesses of underwater wireless optical communication," 

Optics Express, vol. 25, no. 18, pp. 21509-21518, 2017/09/04 2017. 

[68] T.-C. Wu, Y.-C. Chi, H.-Y. Wang, C.-T. Tsai, and G.-R. Lin, "Blue Laser Diode Enables 
Underwater Communication at 12.4 Gbps," Scientific Reports, Article vol. 7, p. 40480, 

01/17/online 2017. 
[69] J. Xu et al., "OFDM-based broadband underwater wireless optical communication 

system using a compact blue LED," Optics Communications, vol. 369, pp. 100-105, 

2016/06/15/ 2016. 
[70] W. Wang, P. Wang, T. Cao, H. Tian, Y. Zhang, and L. Guo, "Performance Investigation of 

Underwater Wireless Optical Communication System Using M -ary OAMSK Modulation 

Over Oceanic Turbulence," IEEE Photonics Journal, vol. 9, no. 5, pp. 1-15, 2017. 
[71] J. Baghdady et al., "Multi-gigabit/s underwater optical communication link using orbital 

angular momentum multiplexing," Optics Express, vol. 24, no. 9, pp. 9794-9805, 
2016/05/02 2016. 



92 
 

[72] A. E. Willner et al., "Underwater optical communications using orbital angular 
momentum-based spatial division multiplexing," Optics Communications, vol. 408, pp. 
21-25, 2018/02/01/ 2018. 

[73] M. V. Jamali, J. A. Salehi, and F. Akhoundi, "Performance Studies of Underwater Wireless 
Optical Communication Systems With Spatial Diversity: MIMO Scheme," IEEE 
Transactions on Communications, vol. 65, no. 3, pp. 1176-1192, 2017. 

[74] J. W. Giles and I. N. Bankman, "Underwater optical communications systems. Part 2: 
basic design considerations," in MILCOM 2005 - 2005 IEEE Military Communications 

Conference, 2005, pp. 1700-1705 Vol. 3. 
[75] J. R. D. Retamal et al., "4-Gbit/s visible light communication link based on 16-QAM 

OFDM transmission over remote phosphor-film converted white light by using blue laser 

diode," Optics Express, vol. 23, no. 26, pp. 33656-33666, 2015/12/28 2015. 
[76] W. S. I. Djordjevic, OFDM for Optical Communications Academic Press, 2009. 
[77] Y. m. Lin and P. l. Tien, "Next-generation OFDMA-based passive optical network 

architecture supporting radio-over-fiber," IEEE Journal on Selected Areas in 
Communications, vol. 28, no. 6, pp. 791-799, 2010. 

[78] J. Armstrong, "OFDM for Optical Communications," Journal of Lightwave Technology, 
vol. 27, no. 3, pp. 189-204, 2009/02/01 2009. 

[79] R. Schmogrow et al., "Error Vector Magnitude as a Performance Measure for Advanced 

Modulation Formats," IEEE Photonics Technology Letters, vol. 24, no. 1, pp. 61-63, 2012. 
[80] C. Lee et al., "4 Gbps direct modulation of 450 nm GaN laser for high-speed visible light 

communication," Optics express, vol. 23, no. 12, pp. 16232-16237, 2015. 
[81] H. M. Oubei et al., "Underwater wireless optical communications: From system-level 

demonstrations to channel modelling," in 2017 22nd Microoptics Conference (MOC), 

2017, pp. 34-35. 
[82] D. K. Woolf, "Bubbles," in Encyclopedia of Ocean Sciences, S. A. T. J. H. Steele, and K. K. 

Turekian, Ed., ed: Academic, 2001, pp. 352–357. 

[83] H. Medwin, "In situ acoustic measurements of bubble populations in coastal ocean 
waters," Journal of Geophysical Research, vol. 75, no. 3, pp. 599-611, 1970. 

[84] D. A. Kolovayev, "Investigation of the concentration and statistical size distribution of 
wind-produced bubbles in the near-surface ocean," Oceanol., Engl. Transl., vol. 15, pp. 
659–661, 1976. 

[85] B. D. Johnson and R. C. Cooke, "Bubble populations and spectra in coastal waters: A 
photographic approach," Journal of Geophysical Research: Oceans, vol. 84, no. C7, pp. 
3761-3766, 1979. 

[86] D. C. Blanchard and L. D. Syzdek, "Concentration of bacteria in jet drops from bursting 
bubbles," Journal of Geophysical Research, vol. 77, no. 27, pp. 5087-5099, 1972. 

[87] D. M. Farmer and D. D. Lemon, "The Influence of Bubbles on Ambient Noise in the 
Ocean at High Wind Speeds," Journal of Physical Oceanography, vol. 14, no. 11, pp. 
1762-1778, 1984. 

[88] W. H. Sutcliffe, E. R. Baylor, and D. W. Menzel, "Sea surface chemistry and Langmuir 
circulation," Deep Sea Research and Oceanographic Abstracts, vol. 10, no. 3, pp. 233-
243, 1963/07/01/ 1963. 

[89] (Accessed on January 15, 2018). Bubbles. Available: https://pixabay.com/en/air-
bubbles-sea-water-ocean-1446661/ 

[90] C. H. Gibson, "Turbulence in the Ocean, Atmosphere, Galaxy, and Universe," Applied 
Mechanics Reviews, vol. 49, no. 5, pp. 299-315, 1996. 

https://pixabay.com/en/air-bubbles-sea-water-ocean-1446661/
https://pixabay.com/en/air-bubbles-sea-water-ocean-1446661/


93 
 

[91] N. G. J. a. F. F. Koczy, Photographic measurements of daylight in deep water. Elanders 
boktr, 1951. 

[92] J. H. Smart, "Underwater optical communications systems part 1: variability of water 

optical parameters," in MILCOM 2005 - 2005 IEEE Military Communications Conference, 
2005, pp. 1140-1146 Vol. 2. 

[93] W. H. Wells, Theory of small angle scattering (Optics of the Sea). ser. AGARD Lect.. 

Brussels, Belgium: NATO, 1973, p. Ch3.3. 
[94] W. H. Wells, "Loss of Resolution in Water as a Result of Multiple Small-Angle Scattering," 

Journal of the Optical Society of America, vol. 59, no. 6, pp. 686-691, 1969/06/01 1969. 
[95] D. Arnush, "Underwater Light-Beam Propagation in the Small-Angle-Scattering 

Approximation," Journal of the Optical Society of America, vol. 62, no. 9, pp. 1109-1111, 

1972/09/01 1972. 
[96] A. P. I. E. P. Zege, and I. L. Katsev, Image Transfer Through a Scattering Medium. 

Heidelberg, Germany: Springer-Verlag, 1991. 

[97] S. Arnon, J. Barry, and G. Karagiannidis, Advanced optical wireless communication 
systems. Cambridge university press, 2012. 

[98] H. Gao and H. Zhao, "A Fast-Forward Solver of Radiative Transfer Equation," Transport 
Theory and Statistical Physics, vol. 38, no. 3, pp. 149-192, 2009/09/25 2009. 

[99] S. Jaruwatanadilok, "Underwater Wireless Optical Communication Channel Modeling 

and Performance Evaluation using Vector Radiative Transfer Theory," IEEE Journal on 
Selected Areas in Communications, vol. 26, no. 9, pp. 1620-1627, 2008. 

[100] J. Li, Y. Ma, Q. Zhou, B. Zhou, and H. Wang, "Monte Carlo study on pulse response of 
underwater optical channel," 2012, vol. 51, p. 6: SPIE. 

[101] W. C. Cox, Jr., "Simulation, Modeling, and Design of Underwater Optical Communication 

Systems," 2012. 
[102] J. Huang, Y. Zhang, D. Li, and S. Ren, "Analyzation and Simulation of Underwater Laser 

Communication Based on Monte Carlo Mechanism," in 2015 7th International 

Conference on Intelligent Human-Machine Systems and Cybernetics, 2015, vol. 2, pp. 
517-520. 

[103] L. C. a. P. Andrews, R. L., Laser Beam Propagation through Random Media. Bellingham 
WA: SPIE Optical Engineering Press, 1998. 

[104] M. V. Jamali and J. A. Salehi, "On the BER of multiple-input multiple-output underwater 

wireless optical communication systems," in 2015 4th International Workshop on 
Optical Wireless Communications (IWOW), 2015, pp. 26-30. 

[105] E. Zedini, H. M. Oubei, A. Kammoun, M. Hamdi, B. S. Ooi, and M. S. Alouini, "A New 

Simple Model for Underwater Wireless Optical Channels in the Presence of Air Bubbles," 
in GLOBECOM 2017 - 2017 IEEE Global Communications Conference, 2017, pp. 1-6. 

[106] M. V. Jamali et al., "Statistical distribution of intensity fluctuations for underwater 
wireless optical channels in the presence of air bubbles," in 2016 Iran Workshop on 
Communication and Information Theory (IWCIT), 2016, pp. 1-6. 

[107] D. W. Scott, "Sturges' rule," Wiley Interdisciplinary Reviews: Computational Statistics, 
vol. 1, no. 3, pp. 303-306, 2009. 

[108] H. Gercekcioglu, "Bit error rate of focused Gaussian beams in weak oceanic turbulence," 

J Opt Soc Am A Opt Image Sci Vis, vol. 31, no. 9, pp. 1963-8, Sep 1 2014. 
[109] E. A. Boyle and L. Keigwin, "North Atlantic thermohaline circulation during the past 

20,000 years linked to high-latitude surface temperature," Nature, vol. 330, p. 35, 
11/05/online 1987. 



94 
 

[110] V. B. Parr and J. T. Webster, "A Method for Discriminating between Failure Density 
Functions Used in Reliability Predictions," Technometrics, vol. 7, no. 1, pp. 1-10, 1965. 

[111] (Accessed on April, 10, 2017). Wafo Toolbox. Available: 

http://www.maths.lth.se/matstat/wafo/documentation/wafodoc/wafo/wstats/index.ht
ml 

[112] M. B. a. E. Wolf, Principle of Optics 7th ed. Cambridge University Press, 1999. 

[113] K. M. Aly and E. Esmail, "Refractive index of salt water: effect of temperature," Optical 
Materials, vol. 2, no. 3, pp. 195-199, 1993/07/01/ 1993. 

[114] W. H. A. a. C. Wu, Renewable energy from the ocean: a guide to OTEC. New York: Oxford 
University Press, 1994. 

 

http://www.maths.lth.se/matstat/wafo/documentation/wafodoc/wafo/wstats/index.html
http://www.maths.lth.se/matstat/wafo/documentation/wafodoc/wafo/wstats/index.html

