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ABSTRACT 

Wavelength Dependence of Underwater Turbulence Characterized Using Laser-

Based White Light 

Omar Alkhazragi 

The means of communication in oceanic environments is currently dominated by sonar. 

Although it is reliable for long-distance transmission, the vision of internet of underwater 

things (IoUT) requires an alternate means for high-data-rate transmission. It is also 

envisaged that a networked underwater and above-water objects, such as sensor nodes, and 

autonomous underwater vehicles will benefit seafloor exploration. The use of laser-based 

optical communication is poised to realize this dream while working hand-in-hand with 

acoustic and radio-frequency technologies from the littoral zone to deep blue sea.  While 

blue and green lasers are typically utilized depending on the optical properties of the water, 

laser-based white light is attractive in a number of aspects. In this thesis, we proposed and 

realized the use of white light to model the channel and to provide the immediate decision 

for the preferred system configuration, which is critical for developing reliable 

communication links, particularly, in the presence of turbulence, which makes the 

alignment of underwater wireless optical communication (UWOC) links challenging. 

Temperature and salinity changes are among factors that change the refraction index, 

giving rise to beam wander. This thesis explores the dependence of underwater turbulence 

on the wavelength. 

After comparing the performance of red, green, and blue lasers, an ultra-fast 

comprehensive method that utilizes a white-light source that can produce a wide range of 
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wavelengths is implemented. Experimental results show an 80%-decrease in the 

scintillation index as the wavelength is increased from 480 to 680 nm in weak turbulence 

caused by a 0.02-℃/cm temperature gradient with a 40-ppt salt concentration, which 

emulates conditions found in the Red Sea. The effect of turbulence on the bit error ratio 

(BER) is also investigated experimentally. Temperature gradients increased the BER 

especially for shorter wavelengths. The results along long-transmission distances were 

verified using Monte Carlo simulations.  

The correlation matrix between wavelengths was studied, which is important for designing 

multiple-input multiple-output systems. The results obtained show that as the difference in 

the wavelengths increases, the correlation decreases. 

Based on the interplay among scintillations, scattering, absorption, and the correlation 

between different wavelengths, it is possible to design a more reliable UWOC link.  
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1 Introduction 

1.1 Underwater wireless communication 

The importance of underwater communication lies in the fact that most of the planet is 

covered with oceans, most of which are unexplored. One technique to achieve high-speed 

transmission for long distances is the use of fiber optics. However, the use of wired 

communication in open oceans is impractical, given the difficulty of installing and 

maintaining these wired links. It also limits the movement of the connected devices, such 

as submarines and autonomous underwater vehicles (AUV). These limitations give rise to 

an increasing interest in ways to establish underwater wireless communication links that 

can satisfy the needs of various applications in different fields including oceanography and 

military. These wireless links have to be stable and must be capable of high-data-rate long-

distance transmission. Nevertheless, achieving wireless underwater links is extremely 

challenging 

Although the use of radio frequency (RF) technology dominates wireless communication 

in free space, including cell phones and satellite links, the most commonly used form of 

underwater wireless communication is sonar1. Acoustic communication has the advantage 

of having lower attenuation when compared to RF, especially in seawater. For radio 

frequencies in the range from 30 kHz to 0.3 THz, the conductivity of seawater is around 

4.3 S/m2. Though relatively small compared to metals, this conductivity limits RF 

propagation through water. The attenuation coefficient, 𝜒(𝜔), is given by: 

𝜒(𝜔) =
√8𝜋𝜇𝜎𝜔

𝑐
, (1) 
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where 𝜔 is the angular frequency of the RF signal, 𝜇 is the permeability of the water, 𝜎 is 

its conductivity, and 𝑐 is the speed of light2. The skin depth and the attenuation in seawater 

with conductivity 𝜎 = 4 S/m are shown in Figure 1.1
3. 
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Figure 1.1: The skin depth and the attenuation in seawater with conductivity 𝜎 = 4 𝑆/m. 3 

To avoid the high attenuation values associated with the high frequencies, the modulation 

bandwidth of RF communication underwater is limited to very-low frequencies (VLF)3, 

which limits the maximum achievable data rate.  

Acoustic communication can be used for very-long distances owing to the low attenuation 

when compared to RF2. Systems utilizing space-, time-, and frequency-diversity using 

acoustic communication have been proposed4. The underwater channel characteristics for 

acoustic communication were also studied5. However, the use of acoustic communication 

faces other challenges, including the effects of multipath, signal fluctuations that are caused 
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by movements, and noise6. The speed of sound in water is also much lower than that of 

electromagnetic waves, causing long delays. These long delays are especially problematic 

in military applications and in live streams of audio and video. Furthermore, the data rate, 

𝑅, and the transmission distance, 𝑟, are limited to an upper-bounded product given by7: 

𝑅(kbps) × 𝑟(km) ≤ 40 km ∙ kbps. (2) 

Given the aforementioned limitations of acoustic and RF technologies, and the vision of 

an internet of underwater things (IoUT), underwater wireless optical communication 

(UWOC) has attracted a lot of attention in the scientific community. With data rates in the 

range of Gbps and a very low latency8, UWOC allows for real-time communication 

applications. Moreover, light in the visible range can be transmitted for relatively long 

distances. Figure 1.2 shows the transmission of different wavelengths through the water in 

the sub-littoral zone, defined as the ocean area closest to shore. 

 

Figure 1.2: (a) Biozones of the ocean. (b) Light transmission at different wavelengths 

(sublittoralocean.weebly.com) 
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Table 1.1 shows a comparison between the acoustic, RF, and optical technologies in the 

field of underwater wireless communication. 

Table 1.1: A comparison between acoustic, RF, and optical technologies in underwater communication8 

Technology Speed Distance Bandwidth Frequency band 

Acoustic 1500 m/s ~ kms 1-100 kHz 10-15 kHz 

RF 2.255 × 108 m/s < 10 m ~MHz 30-300 Hz 

Optical 2.255 × 108 m/s 10-100 m 10 − 150 MHz 1012-1015 Hz 

1.2 Devices enabling UWOC 

A UWOC link mainly consists of two parts: the light source as the transmitter, and a light 

detector as the receiver. On the transmitter side, laser diodes (LD) and light emitting diodes 

(LED) with wavelengths ranging from the blue to the green part of the visible spectrum 

have been used for data transmission9-11 due to the low attenuation in water in this 

wavelength range. This low attenuation makes them very attractive sources for line-of-

sight (LOS) links, in which the transmitter and the receiver are aligned. Moreover, the use 

of red laser might be preferred in certain conditions, such as in highly-turbid water 

environments, since the attenuation of the red light in these channels is smaller than that of 

the blue and green light beams12. 

Since lasers tend to have narrower beams, their intensity per unit area along the propagation 

path does not decrease as fast as that of LEDs, making them the obvious choice for long-

distance LOS links.  However, satisfying the strict alignment required for laser reception 

is challenging, especially for long transmission distances. For that reason, diffuse LOS and 

non-line-of-sight (NLOS) links have garnered significant attention in the field of UWOC. 
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In these configurations, the receiver detects the diffused light and the light scattered by the 

molecules in the water. LEDs have wider beam and can be effectively used in these links13 

since they make the detection easier by easing the alignment requirements. Since scattering 

helps in the detection in diffuse-LOS and NLOS links, wavelengths with higher scattering 

coefficient are preferred. Shorter wavelengths, such as ultra-violet (UV) and near-ultra-

violet (NUV), are scattered more in water due to Rayleigh scattering14. Figure 1.3 

Illustrates the difference between LOS, diffuse-LOS, and NLOS links, with the beam 

divergence (BD) of the transmitter (Tx) and the field of view (FOV) of the receiver (Rx) 

highlighted. The beam divergence of a UV LED ensures an increase in the overlap between 

the transmitted light and the receiver’s FOV. 

 

Figure 1.3: LOS, diffuse-LOS, and NLOS configurations 

On the opposite end of a UWOC link, the detector plays a critical role. Depending on the 

application and the configuration of the link, it is important to select the most effective 
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light detector that can offer reliable reception. Due to the limitations on the bandwidth 

imposed by the resistor-capacitor (RC) time constant, the active area of a photodetector 

must be minimized to increase the maximum received data rate. This, of course, 

complicates the task of aligning the transmitter and the receiver. The use of an avalanche 

photodetector (APD) is common in UWOC and has proven practical in high-data-rate 

tests11. However, APDs tend to have small active areas. Multi-pixel photon counters 

(MPPC) have larger active areas and can relatively relieve the system from the strict 

alignment requirements, making them attractive alternatives15, 16 to smaller photodetectors 

(PD). Moreover, photo-multiplier tubes (PMT) are also used in UWOC17, but they require 

high power and cannot handle high-bandwidth detection.  

1.3 UWOC modulation techniques 

To achieve the best possible performance of a UWOC link, various modulation techniques 

have been tested. The optical signal transmitted by the laser or the LED is modulated using 

intensity modulation following a specific modulation method. The number of symbols in 

these methods differ based on the capabilities of the system. An increase in the number of 

symbols increases the number of bits that can be encoded in each of them. The number of 

bits represented by a single symbol out of 𝑀 available symbols is equal to 𝑘 = log2 𝑀. 

Grey encoding is utilized to minimize the number of incorrect received bits18. However, 

increasing the number of symbols increases the possibility of errors.  

One of the most commonly used methods is return-to-zero (RZ) and non-return-to-zero 

(NRZ) on-off keying (OOK). In this technique, the two symbols, high and low, represent 

1 and 0, respectively. Figure 1.4 shows the difference in the waveform between RZ-OOK 

and NRZ-OOK. Numerous UWOC systems employing OOK have been demonstrated11, 19. 
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Figure 1.4: Waveform of (a) NRZ-OOK and (b) RZ-OOK20 

To make full use of the available bandwidth, more spectral-efficient techniques have been 

used. The use of orthogonal frequency division multiplexing (OFDM), with phase-shift 

keying (PSK) or quadrature amplitude modulation (QAM), can increase the data rate 

significantly9, 21, 22. In 𝑀-PSK, the information modulates the phase, while in 𝑀-QAM, 

both the amplitude and the phase are modulated. The changes in the phase and amplitude 

are dependent on the number of symbols, 𝑀. The constellation diagrams of 4-PSK, 8-PSK, 

4-QAM, and 8-QAM are shown in Figure 1.5. The use of PSK and QAM requires the use 

of OFDM. This is because only real values can be transmitted using intensity modulation 

of optical sources. However, when OFDM is employed with Hermitian symmetry, the 

inverse Fast Fourier Transform (IFFT) produces real values even if the input is complex. 

Moreover, in OFDM, orthogonal subcarriers are used to efficiently utilize the available 

bandwidth. The block diagram of OFDM is shown in Figure 1.6. 
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Figure 1.5: The constellation maps of (a) 4-PSK, (b) 8-PSK, (c) 4-QAM, and (d) 8-QAM20 

 

 

Figure 1.6: Block diagram of OFDM20 
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1.4 Progress in underwater wireless optical communication 

In recent years, many researchers have been working on showcasing the full potential of 

optical communication as a technology that can work hand in hand with existing 

technologies, particularly acoustic communication, to allow for a wide network of 

interconnected devices and sensors underwater. 

Figure 1.7 shows the latest advancements in the field of UWOC in terms of the data rate 

and the transmission distance9-11, 21, 23-34. Some of these tests were conducted in real 

environments, including the test shown in Figure 1.8 where a UWOC link was tested in 

Narragansett Bay34. Other experiments are testbed demonstrations11.  

 

Figure 1.7: Recent progress in UWOC in terms of data rate and transmission distance20, 35 (Data points are 

available in DOI: 10.25781/KAUST-0KI92) 
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Figure 1.8: (a) A schematic of the UWOC link and (b) its deployment in Narragansett Bay34 

Moreover, Real-time video transmission in different water channels has been demonstrated 

using both PSK and QAM36. Furthermore, in Appendix A, we include the details of a 

system that allows commercial smartphones and tablets to wirelessly access the internet 
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underwater with a data rate up to 1 Mbps with no hardware nor software modifications 

required. A simple schematic of the system is shown in Figure 1.9.  

 

Figure 1.9: Wireless internet access underwater for commercial smartphones and tablets 

With the increasing interest in UWOC systems, it is expected that it will help in laying out 

the infrastructure for worldwide networks of sensors, vehicles, and other devices. 

Combining the technologies of acoustic communications and UWOC then becomes a very 

promising solution to different problems faced by wireless links in the underwater channel. 

For instance, a data muling system consisting of a sensor node and a robot capable of 

finding sensors autonomously and collecting data from them using acoustic and optical 

communication, depending on the distance, has been demonstrated37. Figure 1.10 shows a 

picture of the robot. 

 

Figure 1.10: An underwater data muling system using acoustic and optical communication37 
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Another hybrid system for acoustic-optical localization of sensors networks with energy 

harvesting capabilities has also been proposed38. These systems benefit from the unique 

advantages offered by the two technologies. 
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2 The Underwater Channel 

2.1 General UWOC links 

In order to study and simulate the underwater channel, a general model must be defined. A 

general UWOC link is illustrated in Figure 2.1. In this system, the receiver, denoted Rx, 

which is a spherical photodetector with radius 𝑅𝐷, is located at the origin (0,0,0). This 

photodetector is assumed to have a field of view 𝐹𝑜𝑉. Not all photons that hit the receiver’s 

sensitive area are detected. Only those photons which arrive at the photodetector from an 

FOV are received. The transmitter, denoted Tx, is a laser or an LED with beam divergence 

angle 𝐵𝐷. The light source emits the beam from a distance equal to 𝑟 from the point 

(0, 𝑟, 0). The angle 𝜃𝑅 is the zenith angle of the receiver with respect to the positive 𝑧 axis. 

The azimuth angle with respect to the positive 𝑥 axis of the pointing direction of the 

receiver is denoted as 𝜙𝑅. The same notation is used for the transmitter side, i.e., the zenith 

angle of the beam and its azimuth angle are denoted 𝜃𝑇 and 𝜙𝑇, respectively. In such a 

setting, each photon can be transmitted in a direction within the beam divergence angle of 

the laser. However, due to processes in the underwater channel, its direction will most 

probably change. 

 

Figure 2.1: A general UWOC link 
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In the case that 𝜃𝑅 = 𝜃𝑇 = 𝜙𝑅 = 𝜋/2 and 𝜙𝑇 = 3𝜋/2, the link is considered a LOS link. 

This is because both the transmitter and the receiver would be facing each other. Otherwise, 

the link becomes a NLOS link. 

2.2 Intrinsic optical properties 

The underwater channel can be characterized by describing the radiative transfer equation 

(RTE), which is defined based on the intrinsic optical properties of the water. These 

properties are: absorption, scattering, and the volume scattering function (VSF), and they 

depend only on the channel and the wavelength of the light beam, hence the name. These 

three properties dictate how the photons will propagate in the channel. 

To describe abruption, which is the loss of a photon that has been absorbed and transformed 

into another form of energy, we use the absorption coefficient, 𝑎(𝜆), where 𝜆 is the 

wavelength of the photon. If a photon is not absorbed when it encounters a particle, it 

changes its direction, which is referred to as scattering and is described by specifying the 

scattering coefficient, 𝑏(𝜆). The scattering event can be either diffraction when the particle 

size is comparable to the wavelength, or refraction due to the difference in the refractive 

index. We use the attenuation coefficient, 𝑐(𝜆), to describe absorption and scattering, and 

it is given by: 

𝑐(𝜆) = 𝑎(𝜆) + 𝑏(𝜆), (3) 

where all three coefficients are measured in m−1. The attenuation coefficient is very 

important in modeling light propagation in a lossy medium. This is because the differential 

path loss is given by39: 
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𝑑𝐼(𝐿)

𝑑𝐿
= −𝑐(𝜆)𝐼(𝐿), (4) 

where 𝐼(𝐿) is the light intensity after traveling a distance 𝐿 in a lossy medium with an 

attenuation coefficient 𝑐(𝜆). From this, we can find an expression for 𝐼(𝐿): 

𝐼(𝐿) = 𝐼𝑜𝑒
−𝑐(𝜆)𝐿 , (5) 

where 𝐼𝑜 is the initial light intensity before propagating through the lossy medium, i.e., 

𝐼𝑜 = 𝐼(0). Eq. (5 is commonly referred to as Beer-Lambert’s law. 

The VSF defines the intensity of the scattered light per unit volume per unit incident 

irradiance. We use the VSF to find the scattering coefficient, which is equal to the 

integration of the VSF over all possible angles: 

𝑏(𝜆) = ∫ ∫ 𝛽(𝜓, 𝜆) sin(𝜓) 𝑑𝜓
𝜋

0

2𝜋

0
𝑑𝜙 = 2𝜋 ∫ 𝛽(𝜓, 𝜆) sin(𝜓) 𝑑𝜓

𝜋

0
, (6) 

where 𝛽(𝜓, 𝜆) is the VSF, 𝜓 is the polar angle of scattering with respect to the direction of 

incidence of the photon, and 𝜙 is the azimuthal angle of scattering of the projection of the 

of the photon’s new direction on a perpendicular plane of its initial direction and a reference 

on that plane40, 41. The scattering of a photon and the angle 𝜓 are shown in Figure 2.2. The 

azimuthal angle is assumed to have a uniform distribution from 0 to 2𝜋. 

 

Figure 2.2: An illustration of a scattering event 
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Normalizing the VSF by dividing by 𝑏(𝜆) gives the phase function, 𝛽(𝜓, 𝜆). We can write: 

𝛽(𝜓, 𝜆) =
𝛽(𝜓, 𝜆)

𝑏(𝜆)
. (7) 

The probability density function, 𝑓𝜓,𝜙(𝜓, 𝜙), is then given by41: 

𝑓𝜓,𝜙(𝜓, 𝜙) = 𝛽(𝜓, 𝜆)sin(𝜓). (8) 

Another important property of the water that is useful for Monte Carlo simulations is the 

spectral single-scattering albedo, 𝜔𝑜(𝜆), which is the ratio of the scattering coefficient to 

the attenuation coefficient of the water40. We can write: 

𝜔𝑜(𝜆) =
𝑏(𝜆)

𝑐(𝜆)
. (9) 

Researchers have devoted efforts to the characterization of the underwater channel. An 

example of this is the profiler shown in Figure 2.3 which was developed for the study of 

water characteristics, including the relationship between the temperature and the 

chlorophyll concentration42. 

2.3 Modeling the intrinsic optical properties 

There are several models for the intrinsic optical properties of the underwater channel. 

Modeling the phase function is of special importance as it defines the scattering of photons 

in the water. The Henyey-Greenstein (HG) model, which was initially proposed as a model 

for galactic scattering43, can be used to approximate the phase function using fitting for 

photon propagation in water40. According to this model, the scattering phase function can 

be expressed as: 
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Figure 2.3: A profiler developed to study the characteristics of the underwater channel42 

𝛽𝐻𝐺(𝜓, 𝜆, 𝑔) =
1 − 𝑔2

2(2𝜋)(1 + 𝑔2 − 2𝑔cos𝜓)3/2 
, (10) 

where 𝑔 is called the asymmetry factor and is equal to the average value of the cosine of 

the angle 𝜓44. However, it was shown that another model, the two-term Henyey-Greenstein 

(TTHG) model, is more accurate, especially for small and large angles45. This model has 

two asymmetry factors, 𝑔𝐹 and 𝑔𝐵, instead of one, corresponding to the forward- and back-

scattering, respectively. The two-term Henyey-Greenstein phase function, 

𝛽𝑇𝑇𝐻𝐺(𝜓, 𝜆, 𝑔𝐹, 𝑔𝐵), is given by45: 

𝛽𝑇𝑇𝐻𝐺(𝜓, 𝜆, 𝑔𝐹 , 𝑔𝐵) = 𝛼𝛽𝐻𝐺(𝜓, 𝜆, 𝑔𝐹) + (1 − 𝛼)𝛽𝐻𝐺(𝜓, 𝜆, −𝑔𝐵), (11) 
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where 𝛼 is the weight of the forward-scattering. The values for 𝑔𝐹, 𝑔𝐵, and 𝛼 can be found 

by solving the following system of equations45: 

𝑔𝐵 = −0.3061446 + 1.000568𝑔𝐹 − 0.01826338𝑔𝐹
2 + 0.03643748𝑔𝐹

3, (12) 

𝛼 =
𝑔𝐵(1 + 𝑔𝐹)

(𝑔𝐹 + 𝑔𝐵)(1 − 𝑔𝐹 + 𝑔𝐵)
, 

(13) 

cos(𝜓)̅̅ ̅̅ ̅̅ ̅̅ ̅ = 𝛼(𝑔𝐹 + 𝑔𝐵) − 𝑔𝐵 = 2
1 − 2𝐵

2 + 𝐵
, 

(14) 

where cos(𝜓)̅̅ ̅̅ ̅̅ ̅̅ ̅ is the average value of cos(𝜓) and 𝐵 is equal to 𝑏𝑏(𝜆)/𝑏(𝜆). 

2.4 Underwater turbulence 

In addition to absorption and scattering, an important factor that plays a big role in defining 

the propagation of light in a medium is turbulence. Turbulence in this context refers to the 

random variations in the refraction index of the medium in which light is traveling. These 

variations can be caused by the inhomogeneity of the water channel which is the result of 

pressure variations, temperature variations, salinity changes, and the presence of bubbles. 

The changes in the refraction index cause light to change its path according to Snell’s law. 

Since fast light detectors have small active areas, even small changes in the direction of the 

light beam can cause degradation in the performance of the UWOC link. 

In studying turbulence, one important parameter is the scintillation index, 𝜎𝐼
2, which is 

given by46: 

𝜎𝐼
2 =

𝐸[𝐼2] − 𝐸2[𝐼]

𝐸2[𝐼]
, (15) 
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where the random variable 𝐼 is the instantaneous received optical intensity and 𝐸[⋅] 

represents the expected value operator. Depending on the scintillation index and the 

conditions of the channel, we can fit the histogram of the received intensity with one of the 

commonly used distributions. we use the coefficient of multiple determination, 𝑅2, to 

evaluate the goodness of fit. The value of 𝑅2 is given by47: 

𝑅2 = 1 −
𝑆𝑆𝐸

𝑆𝑆𝑇
, (16) 

where 𝑆𝑆𝐸 = ∑(𝐼𝑖 − 𝑓𝑖)
2 is the sum of squared differences between the intensity of the 𝑖𝑡ℎ 

bin of the histogram and 𝑓𝑖 is the value of the distribution we use to fit with the experimental 

data at that intensity value and 𝑆𝑆𝑇 = ∑(𝐼𝑖 − 𝐸[𝐼])2 is the sum of squared deviations about 

the mean, of the histogram of the received intensity. The value of 𝑅2 ranges between zero 

and one.  

Many studies have been conducted on underwater turbulence in an effort to have better 

understanding of it, which in turn would open the door to mitigating its negative effects on 

the performance of the UWOC link. In the presence of salinity gradients, using maximum 

likelihood estimates for fitting, the histogram of the received intensity was shown to follow 

a Weibull distribution, whose probability density function (PDF) is given by: 

𝑓(𝐼; 𝑘, 𝛼) =
𝑘

𝛼
(
𝐼

𝛼
)
𝑘−1

exp [−(
𝐼

𝛼
)
𝑘

] , 𝐼, 𝑘, 𝛼 > 0, (17) 

where 𝑘 and 𝛼 are the shape and scale parameters, respectively48. 

In the case of gradient temperature, the Generalized Gamma distribution has shown precise 

fitting with the experimental measurements49. It was also shown that the Gamma 



33 

 

distribution can accurately fit data obtained under small temperature gradients, with 𝑅2 =

0.964, which provides a simple model for future studies49. Figure 2.4 shows the fitting of 

the histograms of the measurements with the Generalized Gamma distribution, Gamma 

distribution, and Weibull distribution. 

 

Figure 2.4: Fitting the histogram of the intensity under temperature gradients of (a) 0.05 ℃/cm, (b) 0.10 

℃/cm, (c) 0.15 ℃/cm, and (d) 0.20 ℃/cm with different distibutions49. 

Besides studying temperature and salinity gradients, turbulence caused by random 

variations in the temperature and salinity has also been studied. The Generalized Gamma 

distribution and the Exponentiated Weibull distribution have shown high goodness-of-fit 

in the presence of random temperature and salinity variations50. 
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Turbulence caused by air bubbles present in the underwater channel was also studied with 

different rates and sizes of the bubbles51. In addition to that, a unified statistical model that 

includes the effects of air bubbles and temperature gradients has been proposed with an 

easy-to-use mathematical form that uses the Exponential Gamma distribution52.  

Another parameter used to quantify the severity of turbulence is the index of refraction 

structure constant, 𝐶𝑛
2. A study conducted in an oceanic trench in the Bahamas, Tongue of 

the Ocean, determined the values of 𝐶𝑛
2 using a vertical microstructure profiler53. Figure 

2.5(a) shows the apparatus used to conduct the experiment and Figure 2.5(b) shows it being 

deployed. 

 

Figure 2.5: (a) The apparatus used for turbulence measurements in the Bahamas. (b) Deploying the equipment 

to the required depth53. 

2.5 Turbulence mitigation techniques 

The studies that have been carried out on turbulence paved the way for researchers to study 

techniques and methods that can be used to mitigate the performance degradation caused 

by it. These techniques have been tested under temperature- and salinity-induced 
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turbulence as well as turbulence due to the presence of air bubbles in the underwater 

channel. 

The width of the beam is one of the most important factors that determine the performance 

of the UWOC link. The advantages of using a wide beam in the presence of turbulence 

caused by random temperature and salinity changes have been demonstrated50. The wide 

beam resembles the use of spatial diversity, as different parts of the beam travel through 

different conditions, which can enhance the performance of the communication link50. 

Wider beams were also shown to have better performance under turbulence caused by 

bubbles51. 

Instead of using wide beams to emulate the effects of spatial diversity, it is possible to send 

two spatially separated beams to increase the diversity gain. The use of such multiple-input 

multiple-output (MIMO) systems can improve the quality of the link. Significant 

performance improvement has been analytically demonstrated by using 2 × 1 and 3× 1 

spatial-diversity multiple-input single-output (MISO) systems and a 2 × 2 MIMO 

system54. Moreover, MISO links with up to six transmitters arranged in a uniform circular 

array have been proposed to mitigate the turbulence-induced fading55. However, it is worth 

mentioning that MIMO systems utilizing spatial diversity increase the complexity of 

alignment. 

In addition to techniques implemented to the configuration of the transmitter and the 

receiver, the use of signal processing and channel estimation techniques can help in 

mitigating the negative effects of turbulence-induced fading on the performance of UWOC 

links. This requires the receiver side to send the channel state information (CSI) to the 
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transmitter. However, if the fading caused by underwater turbulence is reciprocal, a full-

duplex link can estimate the CSI without the need of feedback. For that reason, the 

reciprocity of the turbulence-induced fading that caused by different factors has been 

studied56. 
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3 Simulating UWOC Links 

3.1 Simulating absorption and scattering 

There are many approaches to simulate UWOC links that take into consideration both 

absorption and scattering. One of these approaches uses the albedo weight. In this 

approach, a photon is initialized starting from a point within the beam diameter and the 

beam divergence angle. We assume that the light source has a uniform distribution for all 

possible angles such that the initial direction of a photon is defined by the two angles 𝜓𝑜 

and 𝜙𝑜. The initial azimuthal angle with respect to a reference on a plane perpendicular to 

the direction of Tx, 𝜙𝑜, is uniformly distributed between 0 and 2𝜋. The initial polar angle 

with respect to the transmitter’s pointing direction, 𝑈, is given by: 

𝑈 = 𝜓𝑜 − 𝜃𝑇 . (18) 

The angle 𝜓𝑜 is then generated using57: 

cos𝑈 = 1 − 𝛿𝑜 (1 − cos
𝐵𝐷

2
), (19) 

where 𝛿𝑜 is a random variable between 0 and 1.  

It is assumed that each photon starts with unity weight. The photon propagates in a straight 

line until it encounters an absorption or a scattering event. We assume that the photon will 

always scatter according to the phase function under consideration, and we account for the 

absorption by updating the weight of the photon by multiplying it by the single scattering 

albedo, 𝜔𝑜(𝜆). We can write58: 
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𝑊𝑖 = 𝜔𝑜(𝜆)𝑊𝑖−1, (20) 

where 𝑊𝑖 is the weight of the photon after the 𝑖𝑡ℎ scattering event. 

Based on Beer-Lambert’s law, the probability that a photon will travel a distance 𝑙 before 

being scattered or absorbed, 𝑃𝐿(𝑙), is given by44:  

𝑃𝐿(𝑙) = 1 − 𝑒−𝑐(𝜆)𝑙. (21) 

The distance between scattering events can be generated by creating a uniform random 

variable, 𝛿, between 0 and 1 and equal to 𝑃𝐿(𝑙). We can generate the distance between two 

consecutive scattering events using: 

𝑙 = −
ln(1 − 𝛿)

𝑐(𝜆)
. (22) 

However, (1 − 𝑞) = 𝛿𝑑 is also a random variable between 0 and 1, so we can write: 

𝑙 = −
ln 𝛿𝑑

𝑐(𝜆)
. (23) 

To know in which direction the photon will be scattered, we need to define the direction 

cosines, 𝜇𝑥, 𝜇𝑦, and 𝜇𝑧, which constitute the unit vector in the direction of the photon and 

are given by: 

𝜇𝑥 = sin𝜓 cos𝜙, (24) 

𝜇𝑦 = sin𝜓 sin𝜙, (25) 

𝜇𝑧 = cos𝜓, (26) 
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where 𝜓 is the polar angle between 0 and 𝜋 and 𝜙 is the azimuthal angle between 0 and 

2𝜋, and these two angles define the current direction in which the photon is traveling before 

encountering the following scattering particle. Since the three direction cosines form a unit 

vector, we know that: 

𝜇𝑥
2 + 𝜇𝑦

2 + 𝜇𝑧
2 = 1. (27) 

To find the new direction cosines, 𝜇𝑥
′ , 𝜇𝑦

′ , and 𝜇𝑧
′ , after a scattering event if the value of 𝜇𝑧

2 

is not close to 1,  we use44: 

[

𝜇𝑥
′

𝜇𝑦
′

𝜇𝑧
′

] =

[
 
 
 𝜇𝑥𝜇𝑧/√1 − 𝜇𝑧

2 −𝜇𝑦/√1 − 𝜇𝑧
2 𝜇𝑥

𝜇𝑦𝜇𝑧/√1 − 𝜇𝑧
2 𝜇𝑥/√1 − 𝜇𝑧

2 𝜇𝑦

−√1 − 𝜇𝑧
2 0 𝜇𝑧]

 
 
 
[

√1 − 𝜇𝑠
2 cos 𝜙′

√1 − 𝜇𝑠
2 sin𝜙′

𝜇𝑠

], (28) 

where 𝜇𝑠 = cos𝜓′, 𝜓′ is the scattering polar angle, and 𝜙′ is the scattering azimuthal angle. 

When the value of 𝜇𝑧
2 is close to 1, we use44: 

[

𝜇𝑥
′

𝜇𝑦
′

𝜇𝑧
′

] = 𝑠𝑖𝑔𝑛(𝜇𝑧) [

√1 − 𝜇𝑠
2 cos𝜙′

√1 − 𝜇𝑠
2 sin𝜙′

𝜇𝑠

]. (29) 

If the photon is at a point (𝑥, 𝑦, 𝑧), and is traveling with direction cosines, 𝜇𝑥, 𝜇𝑦, and 𝜇𝑧, 

the next position of the photon at which it will be scattered again, (𝑥′, 𝑦′, 𝑧′), can be found 

using44: 

𝑥′ = 𝑥 + 𝜇𝑥𝑙, (30) 

𝑦′ = 𝑦 + 𝜇𝑦𝑙, (31) 
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𝑧′ = 𝑧 + 𝜇𝑧𝑙. (32) 

The azimuthal scattering angle 𝜙′ is a random variable with uniform distribution, which 

means that we need to randomly generate an angle between 0 and 2𝜋 and assign it to 𝜙′. 

To find the polar scattering angle, 𝜓′, we use the inverse-cumulative-distribution-function 

(CDF) method and generate a uniform random variable, 𝛿𝜓, between 0 and 𝜋 and find an 

angle 𝜓′ such that45: 

𝛿𝜓 = ∫ 𝛽𝐻𝐺(𝜃, 𝜆) sin 𝜃 𝑑𝜃
𝜓′

0

, (33) 

where 𝜃 is the dummy variable of the integration, and the one-term Henyey-Greenstein 

model is implemented. If we choose to use the TTHG model, then Equation (33 changes 

to: 

𝛿𝜓 = ∫ 𝛽𝑇𝑇𝐻𝐺(𝜃, 𝜆, 𝑔𝐹, 𝑔𝐵) sin 𝜃 𝑑𝜃
𝜓′

0

. (34) 

We repeat the process of generating a step size, 𝑙, generating scattering angles, finding the 

new direction cosines, and finding the new position of the photon until its weight drops 

below a specified threshold, 𝜖𝑤, in which case the photon is considered lost, or until it hits 

the receiver. If the latter situation occurs, the photon is considered detected if it hits the 

receiver with an angle within the detector’s FOV. Otherwise, the photon is considered lost. 

A flow chart of the process is shown in Figure 3.1. A new photon is then generated, and 

the above steps are repeated until the specified number of photons, 𝑁, is accounted for. A 

pseudocode of this approach is shown in Figure 3.2.  
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Figure 3.1: A flow chart of the albedo weight approach for a single photon 

The path loss can be found by dividing the sum of the weights of all transmitted photons, 

which is equal to their count, by the sum of the weights of the received ones. We can also 

obtain the channel impulse response by adding the weights of the photons received at each 

instant in time. This is done by calculating the delay that each photon experiences. The 

delay of reception of a photon is given by the total distance it traveled from the transmitter 

to the receiver divided by the speed of light in water, which is approximately equal to 

2.26 × 108 m/s45. 
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Figure 3.2: Pseudocode for the albedo weight approach, where 𝐷𝑃 is the summation of the weights of detected 

photons, and 𝑷 is a vector pointing to the photon’s location. 

It is important to monitor the value of 𝑧, especially in the NLOS configuration, until it 

reaches the water-air interface, which can be defined by the plane 𝑧 = 𝐷, where 𝐷 is the 

depth at which the transmitter and receiver are located. We then calculate the reflection 

angle according to Snell’s law: 

𝑛𝑤 sin 𝜃𝑖 = 𝑛𝑎 sin 𝜃𝑟 , (35) 



43 

 

where 𝑛𝑤 and 𝑛𝑎 are the refraction indices of the water and air, respectively, and 𝜃𝑖 and 𝜃𝑟 

are the incidence angle and refraction angle, respectively. 𝜃𝑖 is the angle the initial direction 

of the photon makes with the negative 𝑧 axis, while 𝜃𝑟 is the angle the direction of the 

photon after refraction makes with the positive 𝑧 axis. Note that the effects of waves are 

neglected. 

In some cases, such as for long transmission distances, the number of detected photons 

using the previous method is too small, which renders that method ineffective. This is 

where the probabilistic approach is more suitable. In this method, a large number of 

photons is generated, just as in the previously discussed technique. Furthermore, the initial 

direction, distances between scattering events, and scattering angles are updated in the 

same manner. However, in this approach, after each scattering event, we calculate the 

probability that the photon is detected by the receiver. For that to happen, there are three 

conditions that must be satisfied, namely: 

1. The direction of the photon after the scattering event must be toward the receiver 

and within its FOV 

2. The photon must reach that particular scattering particle 

3. The photon reaches the receiver without being absorbed or scattered 

By calculating the probability that all these criteria are met, we calculate the probability 

that the photon is received after a certain number of scattering events. For each photon, the 

probabilities of reception after all considered scattering events are added together to get the 

total probability of that particular photon being received. Using this technique, all photons 
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contribute to the received power, not only those that would have been received in a real 

situation.  

The probability of the first condition can be calculated by integrating the phase function 

over a solid angle Ω𝑛 that can be seen by the receiver. We can write57: 

𝑝𝑛 = ∫𝛽(𝜓, 𝜆)𝑑Ω

 

Ω𝑛

, (36) 

where 𝑝𝑛 is the probability that the photon is directed toward the receiver after the 𝑛𝑡ℎ 

scattering center. 

The survival probability of the photon traveling to the 𝑛𝑡ℎ scattering center from the 

(𝑛 − 1)𝑡ℎ, 𝑠𝑛, is updated after each event. It can be expressed as57: 

𝑠𝑛 = 𝑠𝑛−1(1 − 𝑝𝑛)𝑒
−𝑎(𝜆)𝑙𝑛 , (37) 

where (1 − 𝑝𝑛) represents the probability that the photon is not received after the 𝑛𝑡ℎ 

scattering event and 𝑙𝑛 is the distance traveled by the photon to reach the 𝑛𝑡ℎ scattering 

center from the previous one. We multiply by the factor 𝑒−𝑎(𝜆)𝑙𝑛  to account for the energy 

loss the photon undergoes between the two events. 

The probability of a photon reaching the receiver after 𝑛 scattering events, 𝑃𝑛, is then given 

by57: 

𝑃𝑛 = 𝑠𝑛𝑝𝑛𝑒
−𝑐(𝜆)𝑑𝑛 , (38) 
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where 𝑑𝑛 is the distance between the 𝑛𝑡ℎ scattering particle and the receiver. In our case, 

the receiver resides at the origin, so we can write: 

𝑑𝑛 = √𝑥𝑛
2 + 𝑦𝑛

2 + 𝑧𝑛
2, (39) 

where 𝑥𝑛, 𝑦𝑛, and 𝑧𝑛 are the coordinates of the location of the 𝑛𝑡ℎ scattering center. 

The process is repeated until either we reach the specified number of scattering events, 𝑁𝑠, 

we would like to take into consideration for each photon, or the survival probability of the 

photon goes below a certain threshold, 𝜖𝑠. The total probability of detection for a photon, 

𝑃𝑡, is expressed as: 

𝑃𝑡 = ∑ 𝑃𝑛

𝑀

𝑛=1

, (40) 

where 𝑀 is the number of scattering events the photon undergoes. This probability 

represents the energy received per photon. Figure 3.3 shows a flow chart of these steps. 

The path loss, 𝑃𝐿, using this approach is expressed as57: 

𝑃𝐿 =
1

𝑃𝑡
. (41) 

In addition, we can estimate the channel impulse response by adding the probabilities of 

reception along all paths for all photons that have a similar propagation delay, which is 

calculated from the traveled distance41. 
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Figure 3.3: A flow chart of the probabilistic approach for a single photon. 

3.2 Simulating turbulence 

Simulating turbulence-induced fading can help in understanding its negative effects on the 

UWOC link. A Monte Carlo simulation in which the channel is divided into several layers 

has been proposed to simulate underwater turbulence59. In this model, the channel is 

divided into 𝐾 layers, and each layer has a specific refraction index depending on its 

temperature, 𝑇, pressure, 𝑝, and salinity, 𝑆. The values of 𝑇, 𝑝, and 𝑆 are picked randomly 

from a specified range depending on the channel and they are assumed to be uniformly 

distributed. Given these values, the refraction index of the 𝑘𝑡ℎ layer can be expressed as60: 

𝑁𝑘(𝑇, 𝑝, 𝑆, 𝜆) = 𝑁𝐼(𝑇, 𝜆) + 𝑁𝐼𝐼(𝑇, 𝜆, 𝑆) + 𝑁𝐼𝐼𝐼(𝑝, 𝑇, 𝜆) + 𝑁𝐼𝑉(𝑆, 𝑝, 𝑇), (42) 
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where 𝑁(𝑇, 𝑝, 𝑆, 𝜆) is the refraction index of the 𝑘𝑡ℎ layer, 𝑇 is the temperature in ℃, 𝑝 is 

the pressure in dbar, 𝑆 is the salinity in psu, and the functions 𝑁𝐼(𝑇, 𝜆), 𝑁𝐼𝐼(𝑇, 𝜆, 𝑆), 

𝑁𝐼𝐼𝐼(𝑝, 𝑇, 𝜆), and 𝑁𝐼𝑉(𝑆, 𝑝, 𝑇) are available60. This expression is valid for: 500 < 𝜆 <

700 nm, 0 < 𝑇 < 30 ℃, 0 < 𝑝 < 11000 dbar, and 0 < 𝑆 < 43 ppt. 

The layers are assumed to be separated by boundaries whose intersections with the 𝑦 axis 

are assumed to be sections of spheres with random radii, defined as 𝑅𝑘 = |ln 𝛿𝑅|, where 

𝛿𝑅 is a random variable uniformly distributed between 0 and 1. The sphere is centered at 

𝐶𝑘(𝑥𝑜 , 𝑦𝑜 , 𝑧𝑜), as shown in Figure 3.4. The point of intersection of the 𝑘𝑡ℎ boundary and 

the 𝑦 axis is denoted as 𝐵𝑘(0, 𝑦𝑘, 0). 

When the photon is traveling in the direction if the unit vector �⃑⃑� 𝑘 = 〈𝜇𝑥, 𝜇𝑦, 𝜇𝑧〉 it intersects 

the 𝑘𝑡ℎ boundary at the point 𝑋𝑐(𝑥𝑐, 𝑦𝑐 , 𝑧𝑐) which is found using intersection equations. If 

there is no intersection, the photon is considered lost. In addition, photons that are not 

received within the FOV of the receiver are also considered lost. To find the point 𝐶𝑘, we 

define a random unit vector that is normal to the 𝑘𝑡ℎ sphere at 𝐵𝑘, �⃑⃑� 𝑘 = 〈𝑎, 𝑏, 𝑐〉, and the 

values of 𝑎, 𝑏, and 𝑐 are given by59: 

𝑎 = sinΘ𝑘 cosΦ𝑘, (43) 

𝑏 = sinΘ𝑘 sinΦ𝑘, (44) 

𝑐 = cos Θ𝑘 , (45) 
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Figure 3.4: The UWOC link in the presence of turbulence. (a) The gray circles represent the spherical 

boundaries. (b) The change in direction of a photon upon reaching a boundary 

where Θ𝑘 is the polar angle with respect to the 𝑧 axis and Φ𝑘 is the azimuth angle with 

respect to the positive 𝑥 axis. Φ𝑘 is chosen randomly between 0 and 2𝜋 with uniform 

distribution, while Θ𝑘 is also uniformly distributed between 0 and a specified angle, Θ𝑚𝑎𝑥. 

From these two angles, we can get the vector �⃑⃑� 𝑘, and using this information and the radius 

𝑅𝑘, we find the center of the sphere, 𝐶𝑘: 

𝐶𝑘(𝑥𝑜 , 𝑦𝑜 , 𝑧𝑜) = (−𝑎𝑅𝑘 , 𝑦𝑘 − 𝑏𝑅𝑘, −𝑐𝑅𝑘), (46) 

We also need to define a unit vector normal to the sphere at the point where the photon 

arrives at the 𝑘𝑡ℎ boundary, which we will call �⃑⃑� 𝑟𝑘 = 〈𝑎𝑟 , 𝑏𝑟 , 𝑐𝑟〉 and is given by: 

 �⃑⃑� 𝑟𝑘 =
1

𝑅𝑘
𝐶𝑘𝑋𝐶
⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ =

1

𝑅𝑘
〈𝑥𝑐 − 𝑥𝑜 , 𝑦𝑐 − 𝑦𝑜 , 𝑧𝑐 − 𝑧𝑜〉, (47) 
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Using Snell’s law in vector form we can write: 

𝑛𝑘+1(�⃑⃑� 𝑘+1 × �⃑⃑� 𝑟𝑘) = 𝑛𝑘(�⃑⃑� 𝑘 × �⃑⃑� 𝑟𝑘), (48) 

where 𝑛𝑘 is the refraction index of the 𝑘𝑡ℎ layer. This relation is decomposed into three 

equations, which we use as well as the fact that �⃑⃑� 𝑘+1 is a unit vector to determine the new 

direction of the photon. The process is repeated until the photon is either received or lost. 

A new photon is then generated, and the previous steps are repeated and so on, until the 

specified number of photons is reached. 

We assume that the photons do not experience long propagation delays, which entails that 

they arrive within a small period of time such that we can consider them received exactly 

at the same instant, and so the received power is proportional to the total number of 

received photons. We repeat the entire process again for a new batch of photons and each 

realization is considered a sample in time. By recording the received intensities over a 

specified period of time, statistical analysis, including finding the scintillation index, can 

be carried out. 
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4 Experimental Results 

4.1 Experimental setup 

To study the impact of wavelength on the turbulence-induced fading, we emulated the 

turbulence conditions in a lab testbed. The channel is a 100-cm-long polyvinyl chloride 

(PVC) water tank. The cross-section of the tank is 12 × 12 cm and both sides have 6 × 6-

cm optical windows from which light passes. The transmitter is one of three lasers that are 

sequentially tested. These lasers are a 642-nm red laser, a 520-nm green laser, and a 450-

nm blue laser. The optical power is set at 7.5 mW for all lasers. The receiver is a silicon 

photodetector (Thorlabs DET36A), which is connected to a mixed-domain oscilloscope 

(Tektronix MDO3104) that records 10,000 samples of the received intensity with a 

sampling rate of 100 Sa/s. By continuously circulating the water on both sides, the 

temperature and salinity gradients can be maintained. 

In the case of temperature gradient, on the transmitter’s end, water cooled using a chiller 

flows into the tank while water heated using another chiller flows into the receiver’s end. 

The water is then suctioned from the middle of the tank. Four temperature gradients are 

tested in this part of the experiment: 0.20, 0.15, 0.10, and 0.05 ℃/cm, with an average 

temperature of 25 ℃. For salinity gradients, the water supplies are water buckets with 

different salt concentrations. The salinity and temperature scenarios tested are shown in 

Table 4.1 and a picture of the red, green, and blue (RGB) turbulence setup is shown in 

Figure 4.1. 

In addition to the scintillation index calculations, we also tested the effect of temperature-

induced turbulence on a communication link with NRZ-OOK utilizing the three 
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aforementioned lasers sequentially. The bit-error ratio (BER) is measured using a BER 

tester (Agilent N4903B J-BERT). In this part of the experiment, the detector is an APD 

(Menlo Systems APD 210) and the temperature gradients range from 0.10 to 0.01 ℃/cm 

separated by 0.01-℃/cm intervals.  

Table 4.1: Temperature and salinity in the water tank for the RGB turbulence study 

Temperature (transmitter’s side) (℃) Temperature (receiver’s side) (℃) 

22.5 27.5 

20.0 30.0 

17.5 32.5 

15.0 35.0 

Salinity (transmitter’s side) (g/L)  Salinity (receiver’s side) (g/L) 

37.5 32.5 

40.0 30.0 

42.5 27.5 

45.0 25.0 

 

Figure 4.1: Experiment setup for the RGB (a) temperature- and (b) salinity-induced turbulence tests61 
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The use of the aforementioned lasers limits the study to only three wavelengths. It also 

does not test these wavelengths simultaneously, which prevents correlation studies of the 

turbulence between the different wavelengths. A much more comprehensive approach is 

the use of laser-based white light, as it includes a wide range of wavelengths in the visible 

range of the spectrum. The laser used and its spectrum are shown in Figure 4.2, while 

Figure 4.3 shows a schematic of the experimental setup. The receiver is a spectrometer 

(Ocean Optics HR4000 with a 5-μm slit) that records the intensity for each wavelength. 

Aspheric lenses are used for collimation and focusing purposes and neutral density (ND) 

filters with a total attenuation ND=2.5 are used to prevent the spectrometer from saturating. 

 
 

(a) (b) 
Figure 4.2: (a) Spectrum of the used white light. (b) Picture of the laser-based white light source 

 

Figure 4.3: Experimental setup for laser-based white light channel characterization 
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4.2 Results and discussion 

Figure 4.4 shows the scintillation index for the three wavelengths in the RGB turbulence 

experiment in the presence of temperature gradients and salinity gradients. As the gradients 

increase, the scintillation index increases as well. Furthermore, the results show that longer 

wavelengths are less sensitive to the effects of turbulence. This suggests that the use of red 

lasers might be a more suitable choice in some scenarios in which the channel suffers from 

severe turbulence-induced fading.  

 

Figure 4.4: Scintillation index for RGB lasers under (a) temperature- and (b) salinity-induced turbulence61 

(a)

(b)
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The performance of a NRZ-OOK UWOC link under temperature-induced turbulence in 

terms of BER was also studied. The BER values for the RGB lasers are shown in Figure 

4.5. The data rate was set at 1 Gbps, and the BER accumulation time was 60 seconds. The 

increase in the temperature gradient increases the BER for all lasers, which highlights the 

severity of the damage caused by underwater turbulence on the performance of UWOC 

links. However, significant difference is observed between different wavelengths. The 

difference in the performance between the blue and the red lasers is up to three orders of 

magnitude. The degradation in the performance is caused mostly by the turbulence since 

the transmitted power was high enough for all lasers to be received by the APD. To avoid 

saturating the detector, a continuous variable ND filter was used and adjusted to achieve 

the best performance.  

 

Figure 4.5: BER of the RGB lasers under temperature-induced turbulence 
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To generalize the investigation to include a wider range of wavelengths, we used a white-

light source. Since the wavelengths included in the white light are traveling simultaneously 

through the turbulent water channel, the comparison among these wavelengths is ensured 

to be a fair one. The spectrometer is set to record 1,000 samples of the spectrum, each of 

which contains information about the received intensity from each wavelength. The 

integration time was set at 50 ms, which corresponds to a sampling rate of 20 Sa/s. By 

calculating the variance of the intensity after normalizing by the mean for each wavelength, 

we obtain the scintillation index. The normalization also ensures that the difference in the 

intensities has no effect on the scintillation index values. Figure 4.6(a) shows the 

scintillation index versus the wavelength for five different temperature gradients, while 

Figure 4.6(b) shows the recorded spectra in the range from 480 to 680 nm. The significant 

drop in the scintillation index from short to long wavelengths indicates that the longer 

wavelengths are indeed more immune to turbulence-induced fading, which agrees with the 

results of the RGB experiment. A total drop between 70 and 80% is observed for all 

scenarios. 

 

Figure 4.6: (a) Scintillation index as a function of wavelength obtained using the white-light source. (b) 

Spectra samples in the region of interest. 
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To highlight the impact of the significant difference in the scintillation index between short 

and long wavelengths, we numerically studied the effect of turbulence on the BER. Given 

the empirical data obtained from the spectra, we can calculate the average probability of 

error, 𝑃𝑒, of the system for different wavelengths as a function of the average signal-to-

noise ratio, SNR̅̅ ̅̅ ̅̅ , using46, 62: 

𝑃𝑒 = ∫
1

2
𝑓𝐼𝜆(𝑖𝜆)erfc (

√SNR̅̅ ̅̅ ̅̅ 𝑖𝜆
2

)𝑑𝑖𝜆

∞

0

, (49) 

where 𝑓𝐼𝜆(𝑖𝜆) is the PDF of the intensity at wavelength 𝜆, 𝑖𝜆 is a dummy variable of 

integration, and erfc(𝑥) is the complementary error function, which can be defined as: 

1

2
erfc (

𝑥

√2
) = 𝑄(𝑥) = ∫

1

√2𝜋
exp(−

𝑡2

2
)𝑑𝑡

∞

𝑥

. (50) 

The PDF is obtained using an estimation based on a normal kernel function applied to the 

empirical data corresponding to each wavelength of interest. The integration is 

approximated using a left Riemann sum. The average probability of error, 𝑃𝑒, in the case 

that a simple OOK modulation is used, is equal to the average bit-error ratio, BER̅̅ ̅̅ ̅̅ .  

Figure 4.7 shows the average BER at different wavelengths in two turbulence scenarios 

versus the average signal-to-noise ratio (SNR). The probability of error increases as the 

temperature gradient increases. Moreover, increasing the wavelength decreased the 

average BER significantly. This is especially true for the high temperature gradient. 

Additionally, the performance improvement between 480 and 520 nm is much more 

significant than that between 642 and 680 nm.  
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Figure 4.7: BER̅̅ ̅̅ ̅̅  versus SNR̅̅ ̅̅ ̅̅  for different wavelengths under 0.10-℃/cm (solid) and 0.02-℃/cm (dashed) 

temperature gradients  

The difference in performance becomes more pronounced as the average SNR increases. 

This suggests that when the transmitter has enough power, considering a longer wavelength 

can help in improving the overall performance of the UWOC link under turbulence-

induced fading, especially since having enough power can overcome the high attenuation. 

In addition to selecting longer wavelengths to mitigate underwater turbulence, wavelength 

diversity in MIMO systems can also enhance the performance. An advantage of using 

wavelength diversity is that it does not increase the complexity of the alignment between 

the transmitter and the receiver. This is because all beam can be superimposed onto a single 

beam since they can be decomposed on the receiver’s end using optical filters. 
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However, it is important to study the correlation between the different wavelengths in the 

presence of turbulence in order to maximize the diversity gain. The use of laser-based white 

light facilitates this study. Since the intensities of all wavelengths were recorded 

simultaneously, we can obtain the correlation matrix for all wavelengths between 480 and 

680 nm. Figure 4.8 shows the correlation matrices under five different temperature 

gradients.  

 

Figure 4.8: Correlation matrix under (a) 0.10-, (b) 0.08-, (c) 0.06-, (d) 0.04-, and (e) 0.02-℃/cm temperature 

gradients between different wavelengths. 

The correlation matrices for all five scenarios show a decrease in the correlation coefficient 

as the difference between the wavelengths increases. For example, in the case of a 2 × 2 

MIMO system utilizing a blue laser as one of the two sources, the use of a red laser as the 

second source is preferred over the use of a green laser, since it will offer higher diversity 

gain, in addition to being less sensitive to turbulence-induced fading. Such a system will 

have the advantage of using a blue laser that can travel for long distances, if needed, due 

to its low attenuation, while still benefitting from the red laser’s immunity to turbulence. 
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4.3 Simulation results 

Testing weak turbulence along relatively long distances is challenging in lab testbeds, 

given the difficulty of accurate temperature control with small variations and the 

limitations in terms of the size of the water tank. For that reason, we simulated turbulent 

scenarios using the Monte Carlo simulation algorithm described in Section 3.2. By 

launching photons with different wavelengths in an identical channel, the fairness of the 

comparison is ensured. We simulated five different wavelengths in the range for which the 

refraction index model is reliable. The water channel is 10-m long divided into 200 layers. 

The temperature gradients are 0.010 and 0.005 ℃/cm, which are weaker than the ones 

tested experimentally. For the first temperature gradient, the temperature on the 

transmitter’s and the receiver’s ends are 20 and 30 ℃, respectively and for the second case 

they are 22.5 and 27.5 ℃, respectively. The salt concentration in each layer of the water 

channel is a random variable uniformly distributed between 39.7 and 40.3 ppt. Since the 

experiment was done in a shallow water tank, the effects of pressure were neglected. 

Moreover, the absorption and scattering of the light are not taken into consideration, 

ensuring that the variations are caused mainly by the turbulence-induced fading.  

Each intensity value is obtained by counting the number of photons received out of 10,000 

launched photons, and 1,000 intensity samples are recorded for each wavelength. The 

wavelengths considered in the simulation are: 500, 550, 600, 650, and 700 nm. The 

scintillation index is then calculated in the case of each of these wavelengths. Figure 4.9 

shows the scintillation index values for the five different wavelengths under the two 

temperature gradients. 
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Figure 4.9: Simulation results for the scintillation index for the different wavelengths 

As expected, increasing the temperature gradient increases the scintillation index. The 

simulation results also verify the experimental observations, with longer wavelengths 

experiencing fewer scintillations. This can be theoretically shown by considering the Rytov 

variance, 𝜎𝑅
2, which is given by46: 

𝜎𝑅
2 = 1.23𝐶𝑛

2 (
2𝜋

𝜆
)
7/6

𝐿11/6, (51) 

where 𝐿 is the channel length and 𝐶𝑛
2 is the refractive index structure parameter. Increasing 

the wavelength decreases the Rytov variance, which changes linearly with the scintillation 

index under weak turbulence46. 

The simulation suggests that the use of longer wavelengths is also beneficial for long-

distance transmission, since they suffer from less turbulence-induced fading. However, 

high power might be required due to the high attenuation of longer wavelengths in 

underwater channels. 
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4.4 Summary 

We have shown the severity of performance degradation caused by underwater turbulence 

in UWOC links arising from changes in the temperature and salinity which affect the beam 

path due to the changes in the refraction index, and hence, complicating the alignment 

process. Using RGB lasers, we demonstrated the impact of wavelength on the scintillations 

caused by turbulence. The results show that the longer wavelengths are less sensitive to 

turbulence-induced fading, which makes their performance better than that of shorter 

wavelengths. We verified that by obtaining experimental measurements of the BER for the 

RGB lasers, which agreed with our expectations. 

By using laser-based white light, we were able to extend the study to a continuous range 

of wavelengths ranging from 480 to 680 nm. We used a spectrometer to record intensity 

variations and confirmed that the scintillation index decreases significantly with the 

increase in wavelength. We numerically studied the performance of an OOK link using 

different wavelengths and the results suggest that the use of longer wavelengths results in 

an improved performance with lower BER. We also showed that the correlation between 

different wavelengths under turbulence decreases as the difference in wavelength 

increases, which is desirable in wavelength-diversity MIMO systems. 

We also showed that these results still hold for long-distance transmission with small 

temperature gradients by using Monte Carlo simulations. The results from the simulation 

agreed with that of theoretical and experimental studies.  

This study allows for the design of UWOC links that make use of the most suitable 

wavelengths depending on the conditions of the underwater channel. 
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5 Conclusions 

Given the challenges of alignment in UWOC, it is imperative to have sufficient information 

about the channel. This becomes more crucial in the presence of turbulence caused by 

temperature or salinity gradients or other factors. Understanding turbulence-induced fading 

can help in developing stable UWOC links that support high data rates, which allows for 

future applications in oceanic environments. A set of interconnected sensors, underwater 

and airborne vehicles, and terrestrial base stations has the potential to make underwater 

studies more accessible.  

Having a better understanding of the wavelength-dependence of underwater turbulence 

makes it possible to design reliable communication links by selecting the most suitable 

wavelengths, which depends on the conditions of the underwater channel. These conditions 

include intrinsic optical properties and turbulence-induced fading. The proposed method 

of characterizing the channel using laser-based white light gives comprehensive 

information about the channel. This is possible because of the wide range of wavelengths 

available in the white light, which allows for studying the dependence of underwater 

characteristics on the wavelength, since they will be traveling through the same medium. 

We showed that the use of longer wavelengths improves the performance of the UWOC 

link in terms of the scintillation index and BER. The decrease in the scintillation index is 

up to 80% when the wavelength is changed from 480 nm to 680 nm. This big difference is 

highlighted by the decrease in the BER, which in some cases is up to three orders of 

magnitude. We then verified the experimental results numerically. We also used Monte 

Carlo simulations to show that these results are valid for long distances and under the 

influence of weak turbulence caused by small temperature gradients. 
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Furthermore, in order to achieve the best performance of a wavelength-diversity MIMO 

system, correlation studies were carried out. We showed that as the difference in 

wavelength increases, the correlation between the two wavelengths decreases. This lower 

correlation can translate to better performance since it increases the diversity gain. 

By knowing how different wavelengths behave under the influence of turbulence-induced 

fading, a variety of solutions can be implemented, including selecting wavelengths that are 

more immune to turbulence or using wavelength diversity, to enhance the performance of 

the system. The use of the white-light interrogator allows for immediate decision that can 

be taken on the transmitter’s side to improve the reliability of the UWOC link. Together 

with acoustic and RF technologies, these links can pave the way for developing oceanwide 

reliable IoUT networks. 
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6 Appendix A: Wireless Internet Access Underwater 

The widespread of RF technologies has made wireless internet access available to virtually 

all modern mobile devices. However, given the limitations of RF in the water, it is not 

practical to use it in underwater environment. Providing internet access gives almost 

unlimited connectivity to divers, vehicles, and devices underwater as it can be used in 

countless applications such as live video streaming and for fast data transmission. 

Since RF technologies and standards are mature and well-developed, we tapped on them 

to provide UWOC-based wireless internet access to commercial smartphones and tablets 

through Wi-Fi. This is done by connecting the mobile device to a Raspberry Pi that acts as 

an access point by Wi-Fi. This Raspberry Pi is connected to an optical transceiver 

consisting of a light source and a photodetector. The transceiver sends and receives internet 

data through optical signals to another Raspberry Pi which takes the role of a base station 

and which is connected to the internet through an ethernet cable. This configuration can 

work with any device as long as it has Wi-Fi capabilities. Figure 6.1 shows a schematic of 

the system 

 

Figure 6.1: Wireless internet access underwater for commercial smartphones and tablets 

The link is established through transmission control protocol and internet protocol 

(TCP/IP) communication using the universal asynchronous receiver/transmitter (UART) 

available on the Raspberry Pi. To transmit and receive signals using the fast UART through 

the general-purpose input/output (GPIO) ports, we disabled the Bluetooth module. The 
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output signal goes through an inverting amplifier before being fed to the bias tee of the 

light source, which combines the bias and the signal. On the receiver’s end, another 

amplifier and a comparator are connected to the other Raspberry Pi. The circuitry on the 

transmitter’s and the receiver’s sides are shown in Figure 6.2.  

 
 

(a) (b) 

Figure 6.2: The circuits used on the (a) transmitter’s and the (b) receiver’s sides 

The system was tested using a green LED and a green LD. In the case of the LED, the data 

rate was set to 200 kbps. This is mainly due to the limitations imposed by the bandwidth 

of the LED. When the laser was used, instead, the data rate could be set as high as 1 Mbps. 

In both cases, the connection was fast enough to allow for live-video transmission. Figure 

6.3 shows the different development stages of the system. 

 

Figure 6.3: Development stages of the wireless internet access underwater. (a) Testing the LED link back to 

back. (b) Testing the LED link. (c) Testing the LD link 
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The main advantage of using this system is that it does not require hardware or software 

modifications to the mobile device. It also does not limit the communication to a specific 

network, making the system extremely versatile. Furthermore, it represents the first step 

towards the development of expansive networks that can include multiple devices 

connected to a single base station that serves different users underwater with no limitations 

imposed by compatibility issues.   
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