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ABSTRACT 

Ultraviolet band based underwater wireless optical communication 

Xiaobin Sun 

Underwater wireless optical communication (UWOC) has attracted increasing interest for data 

transfer in various underwater activities. However, the complexity of the water environment 

poses considerable challenges to establish aligned and reliable UWOC links. Therefore, solutions 

that are capable of relieving the requirements on positioning, acquisition and tracking (PAT) 

are highly demanded. 

Different from the conventional blue-green light band utilized in UWOC, ultraviolet (UV) light 

is featured with low solar background noise, non-line-of-sight (NLOS) and good secrecy. The 

proposed work is directed towards the demonstration and evaluating the feasibility of high-

speed NLOS UWOC for easing the strict requirement on alignment, and thus circumvent the 

issues of scintillation, deep-fading, and complete signal blockage presented in conventional LOS 

UWOC. 

This work was first started with the investigation of proper NLOS configurations. Path loss (PL) 

was chosen as a figure-of-merit for link performance. With the understanding of favorable NLOS 

UWOC configurations, we established a 377-nm laser-based, the first-of-its-kind NLOS UWOC 

link. The practicality of such NLOS UWOC links has been further tested in a field trial.  

Besides the underwater communication links, UV-based NLOS is also appealing to be the link 

for direct communication across the wavy water-air interface. Investigations for such a direct 

communication link have been carried out to study data rate, coverage and robustness to the 

dynamic wave movement, based on the performance of different modulation schemes, including 

non-return-to-zero (NRZ)-OOK and quadrature amplitude modulation (QAM)-orthogonal 

frequency division multiplexing (OFDM). Further this study, an in-Red Sea canal field in-situ test 

has been conducted, showing strong robustness of the system. In addition, an in-diving pool 

drone-aided real-application deployment has been carried on. The trial results indicate link 

stability, which alleviates the issues brought about by the misalignment and mobility in harsh 

environments, paving the way towards real applications. 



5 
 

Our studies pave the way for eventual applications of UWOC by relieving the strict 

requirements on PAT using UV-based NLOS. Such modality is much sought-after for 

implementing robust, secure, and high-speed UWOC links in harsh oceanic environments. 
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1. Introduction 

Driven by the need for high data capacity underwater communications, such as tactical 

surveillance, environmental survey, oceanography, etc., laser-based underwater wireless optical 

communications (UWOC) has been investigated for hybrid communication system consisting of optical, 

acoustic and/or radio frequency (RF) carriers. However, the transmission optical beam is inevitably 

affected by the undesired effects from the harsh environments, including water absorption, scattering, 

turbulence and others. All of these factors can cause deep signal fading or even complete signal loss by 

destroying the alignment of the link. Therefore, to ensure the robustness of the communication links in 

dynamic underwater environments, novel UWOC modalities with eased requirements on alignment are 

highly demanded. Ultraviolet (UV)-based non-line-of-sight (NLOS) or diffuse-line-of-sight (Diffuse-LOS) 

wireless communication configuration, is one of the potential solutions.    

1.1 Research background of underwater wireless communication 
 

Acoustic communication is the most common technology for underwater wireless 

communication, which can retrospect to 1490s [1]. After many years of development, numerous 

sea trials have been demonstrated with transmission distances up to tens of kilometers or 

beyond [2] and transmission rates of tens of kilobits per second or higher [3]–[7], which is much 

higher than the few tens of bits per second in the initial stage [8], [9]. With that, video 

transmission using acoustic communication has also been demonstrated [6]. Figure 1 shows the 

reported acoustic communication trials in the respect of data rate versus transmission distance 

[10]. As the physical layer verifications reach a certain degree of maturity, communication 
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networks are emerging. Various platforms are under construction worldwide, including the  

SUNRISE [11], LOON [12], and SWARMs [13].   

 

Figure 1. Data rate versus transmission range of published experimental work on underwater 
acoustic systems (from [10]). 

 

However, limited by the low data rate of acoustic communication, high-bandwidth 

communication technologies are in demand driven by the increasing data capacity required by 

the upsurging underwater activities. RF technology, which is typically utilized for terrestrial 

wireless communication, can deliver digital communication over the kilometer range with speeds 

of tens of megabits per second [14]. Recently, various attempts have been made to deploy RF 

communication for unconventional applications, including monitoring soil properties and build 

underground networks [15], [16] and even underwater sensor networks. Though the 

considerable water attenuation for RF [17], a few studies worked on underwater RF 

communications [18]–[20]. In these works, a high data rate is usually obtained by sacrificing the 

transmission distance (16 cm and 11 Mbit/s at 2.4 GHz) [18] or vice versa (40 m and 100 bps at 
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3 kHz) [19]. The realizable data rates and transmission ranges of RF-based underwater 

communication systems can be found in Table 1 [17]. 

Table 1. Exemplary predicted data rates for different ranges (from [17]). 

 Seawater Fresh water 

0.2 m 10–100 Mbit/s 10–100 Mbit/s 

1–2 m 1–10 Mbit/s 5–20 Mbit/s 

10 m 20–50 kbit/s 100–200 kbit/s 

50 m 1–10 kbit/s 3–10 kbit/s 

200 m 50–100 bit/s 100–200 bit/s 

 

Considering the drawbacks of underwater acoustic and RF communication, UWOC is attracting 

people’s interests due to its large license-free bandwidth and moderate water attenuation 

(compared to RF) [21]. Optical wireless communication (OWC) is type of data transmission 

utilizing an optical carrier, including UV, visible, or infrared. Different from RF and acoustic, OWC 

enables extremely high data rates of up to gigabits per second (Gbit/s) wireless data transmission 

[22]. In fact, OWC dates back to very early years of human civilization [23]. In 1880, the 

photophone based on modulated sunbeams has been invented by Alexander Graham Bell, 

creating the world’s first OWC system [24]. Recently developed high-speed opto-electronic 

devices has further enabled OWC with data rates of up to 100 Gbit/s [25] over a few kilometers 

[26]. Such devices include light-emitting diodes (LEDs) [27], superluminescent diodes (SLD) [28], 

diode lasers [29], photodetectors [30], modulators [31], and the device integration [32].  

1.2 Overview of underwater wireless optical communication 
 

Because of the harsh underwater environments, the development of UWOC lagged far behind 

free-space OWC. In 1992, Snow et al. firstly experimentally demonstrated the UWOC, obtaining 
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a transmission speed of 50 Mbit/s over a 5.1 m water channel by using a gas laser [33]. Farr et al. 

achieved a data rate of 10 Mbit/s over a 91-m UWOC link in 2006 with a 470 nm blue LED [34]. 

The first gigabit UWOC link was demonstrated by Hanson et al. using a diode-pumped solid-state 

(DPSS) laser in 2008 [35]. With the development of high-speed devices, lots of higher speed 

UWOC links have been demonstrated [33], [35]–[58], as summarized in Fig. 2 [59]. The extinction 

length used in Fig. 2, which is the product of the transmission range and the attenuation 

coefficient of the water channel, is employed to normalize the effect of water turbidity. Different 

light wavelengths are suitable for different water turbidities. Owing to the low attenuation, blue-

green light is the preferable wavelength to be used in clear water [60]. For turbid water, red-light 

lasers outperform in the regard of -3-dB channel bandwidth [51]. A further experimental study 

showed frequency response enhancement by utilizing a near-infrared laser [61]. These studies 

have laid the foundation for the recent demonstration of real-time ultra-high-definition video 

transmission over underwater channels with different turbidities [62]. 

 

Figure 2. Data rate versus transmission range (extinction length) of published experimental work 
on underwater laser-based communication systems. 

Besides the consideration of wavelength selection with respected the water clarity, there are 
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still many considerations required for realizing better UWOC performance. In order to achieve 

high data rates, advanced modulation schemes and novel system configurations are employed, 

including orthogonal frequency-division multiplexing (OFDM) [47], pulse-amplitude modulation 

(PAM) [48], discrete multitone (DMT) with bits and power loading [45], and injection locking [57]. 

On the other side, high-speed lasers [63], and highly sensitive photodetectors such as 

photomultiplier tubes (PMTs) [46], single-photon counters [52], and multi-pixel photon counters 

(MPPC) are utilized for long-range communication [43].  

Though lots of investigations have been done [43], [64], the ability to deploy UWOC systems in 

real oceanic environments remains a distant reality. Harsh environments may damage the link 

performance by destroying the key factor - alignment in a UWOC link. This degradation could 

mostly come from the oceanic turbulence, which could change the light propagation path and 

thus induce intensity fluctuation at the receiver side. Therefore, a novel UWOC configuration 

with the ability to ease the requirements on pointing, acquisition and tracking (PAT) is deemed 

necessary to mitigate the degradation.  

1.3 Overview of the effect of underwater optical turbulence on UWOC 
 

Oceanic turbulence, which could cause the temperature gradient, salinity gradient and bubbles 

in the ocean, changes the refractive index of the water, causing random variations in the direction 

of photons and inducing scintillation at the receiver side. And this effect in an optical link is called 

as optical turbulence. Since a perfect alignment is a key to conventional line-of-sight (LOS) UWOC 

links, underwater turbulence, which can persist for a relatively long time, cause severe signal 

fading in UWOC systems. Therefore, to establish high-speed and robust UWOC links, it is critical 
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for us to understand turbulence-induced fading. One method to quantify the turbulence is to 

determine the scintillation index 𝜎𝐼
2 of the received signal, which is expressed as [65]   

                                                          𝜎𝐼
2 =

〈𝐼2〉 − 〈𝐼〉2

〈𝐼〉2
,                                                                                (1) 

where 𝐼 is the received intensity and 〈⋅〉 denotes the average over a long duration of sampling. 

The higher scintillation index represents the stronger turbulence, which results in worse UWOC 

performance. When the 𝜎𝐼
2 < 0.1, the turbulence is in the weak regime, and when the 𝜎𝐼

2 >

0.7, the turbulence is in the strong regime [66]. 

An in-field study quantifying the strength of the turbulence measured the refractive-index 

structure constant 𝐶𝑛
2, conducted in the Tongue of the Ocean in Bahamas [67]. Some laboratory 

experiments have also been conducted to statistically study turbulence-induced fading caused 

by temperature and salinity gradients and by bubbles [68]–[70]. The statistical distributions and 

the goodness of fit was reported in each case. Besides the experimental studies, models are 

developed to produce a closed-form expression of the communication performance by computer 

simulations [71]. Based on that, some mitigation methods have been proposed. For example, the 

fading performance caused by the turbulence could be minimized by increasing the aperture size 

as suggested by some numerical calculations [72]. Correspondingly, it was shown experimentally 

that using wider beams in a turbulent channel for wireless communication can improve 

communication  performance [73]. On the other side, using MIMO configurations with spatial 

diversity is analogous to the wider beam utilization for overcoming the effect of turbulence [74]. 

A comprehensive study of the MIMO systems in a turbulent environment can be found in [75], 

and the effect of transmission wavelength on the turbulent channel has also been studied [76]. 



21 
 

The results showed enhanced performance by using longer wavelengths. However, it is 

important to note that longer wavelengths suffer from higher attenuation.  

 

Figure 3. (a) Beam position on receiver side with no temperature gradient. (b) Beam position on 
receiver side with 0.1°C/cm temperature gradient. 

Figure 3 shows how turbulence affects the beam position. In this study, a sensor (PDQ90A; 

Thorlabs) with an auto aligner cube (KPA101; Thorlabs) is used to monitor the received beam 

position after passing through a water channel, wherein a 0.1°C/cm temperature gradient exists. 

As can be observed from Fig. 3, the beam position changes randomly over time, severely 

degrading the alignment of UWOC links [77].  

1.4 Ultraviolet band-based NLOS underwater wireless optical communication 
 

Lasers emitting in the “transparent window” (400~600 nm) for light aquatic-attenuation [78] 

are typically utilized for both clear and turbid water. In actual undersea transmission, the 

interplay between multiple-scattering, absorption and oceanic turbulence, restrict and even ruin 

the LOS link performance by affecting the link alignment. Moreover, the presence of suspended 

particles including both living and nonliving materials and natural underwater geology cause 
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signal block, thus further limiting the application of point-to-point communications. One could, 

however, overcome the shortcomings in LOS UWOC by taking advantage of particle and 

molecular scattering and focus instead on NLOS communication [79]. Different from the 

conventional line-of-sight (LOS) communication modality, in which the transmitter and the 

receiver are perfectly aligned, the field-of-view (FOV) for both transmitter and receiver are not 

pointed to each other directly in diffuse-LOS or NLOS (See Fig. 4). Rather, the transmitted 

radiation will be redirected one time or multiple times before arriving at the detector through 

scattering. Thus, diffuse-LOS or NLOS communications relaxes the strict requirements in PAT. UV 

radiation, which is the shortest wavelength in the range of optical radiation, has the strongest 

scattering properties and thus is the most suitable wavelength to be utilized for the NLOS UWOC 

constructions. Besides, due to the low background solar radiation and low device dark noise in 

UV-band, especially in the UV-C/B band (100-280 nm / 280-315 nm) [80], UV-based 

communication links are subject to low background noise.  

 

Figure 4.  Line-of-sight (LOS) link. (b) Diffuse-LOS link. (c)-(e) NLOS link. 
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In fact, NLOS UWOC could be configured either through light reflection from the water surface 

[81] or light scattering in the water (e.g. plankton, particulates, dissolved organic matters, 

inorganics) [82]. Compared with surface-reflection NLOS, light-scattering-based NLOS 

circumvents the problem of signal fading caused by wave-induced variations in the water surface. 

Therefore, scattering-based NLOS is more flexible and robust in terms of the application in a 

dynamic underwater environment [83].  

Despite the advantages of UV-based wireless communication links, the limitations in the 

devices technologies impede the advance in this regard. Commercial UVB/UVC diode lasers are 

currently unavailable. High performance UV photodetectors with high sensitivity and response 

speed are required [84]. Nevertheless, as a result of the low penetration depth of UV photons in 

silicon layer, e.g. <20 nm for deep UV to UVA regime, the commercial Si-based photodetectors 

usually exhibits a responsivity less than 0.1 A/W across the UV range, while further drops in the 

deep UV range [85].  

Given the constrictions, most of the early work was theoretical. Monte Carlo simulations [86] 

and the Henyey-Greenstein (HG) phase function [87] were used to develop models describing 

the transmitted photons’ trajectory. The impulse response [82], [88], bit-error-rate (BER) 

performance [82], [89], and effects of channel geometry on path loss [90] have also been 

modeled. 

Regarding UV safety, the American Conference of Governmental Industrial Hygienists (ACGIH, 

2005) has set a threshold limit value (TLV) of 6.0 mJ/cm2 (60 J/m2), which is based on the effect 

of erythema to a “fair skinned” individual. It should also be noted that a TLV is defined as 

“…conditions under which it is believed that nearly all workers may be repeatedly exposed, day 
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after day, over a working lifetime, without adverse health effects” suggesting that adherence to 

the TLV should preclude any adverse effects, stochastic or deterministic.  One way to minimize 

the adverse effects of UV radiation in communications is to aim at obtaining the highest 

communication performance using the lowest possible UV power. 

1.5 Contribution of this dissertation 
 

The contribution of this dissertation is three-fold. First, we investigated the effect of optical 

turbulence on the conventional LOS and our novel NLOS optical wireless communication systems. 

The communication performance are evaluated via the received signals for different types and 

intensities of the turbulence. It is found severe signal fading occurs in LOS links in the presence 

of oceanic turbulence, while the received signals in NLOS links experience negligible signal fading 

in a weak turbulent channel. Furthermore, the NLOS UWOC links even get received power 

enhancement in bubbly turbulent channels.  Therefore, we proposed the diffuse-LOS and NLOS 

UWOC configurations for easing the requirements on PAT. Based on that, we then investigated 

the NLOS UWOC. As a figure of merit, path loss was chosen for link performance evaluation, 

which considers the effects of geometries, water turbidity, and transmission wavelength. With 

that, we established a NLOS link with a data rate of 85 Mbit/s and a transmission distance of 30 

cm using on-off keying (OOK) in an extremely highly turbid harbor water channel. A further in-

pool deployment proved a 2.5-m 20 Mbit/s NLOS link. Lastly, we experimentally demonstrated 

high-speed diffuse line-of-sight optical wireless communications across a wavy water-air 

interface. Further field deployments are also implemented in a Red Sea canal and in a diving pool, 

indicating the link stability, which alleviates the issues brought about by the misalignment and 

mobility in harsh environments, paving the way towards real applications. 
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2. Oceanic Turbulence Study 

In this chapter, we studied the performance of conventional LOS and our novel NLOS optical 

wireless communication systems in the presence of oceanic optical turbulence. The turbulence 

are emulated by creating temperature gradient and bubbles along the light propagation path. 

The performance for the two types of configurations are compared via the received signals for 

different types and intensities of the turbulence. Section 2.1 describes the turbulence study with 

a LOS link and section 2.2 is for the NLOS links. It is found that LOS links experience severe signal 

fading in a turbulent channel, while there is negligible signal fading for the NLOS link. Beyond 

that, for NLOS, the received signal power is even get improved with the existence of air bubbles 

in the water channel.    

2.1 Scintillations of LOS UWOC links in weak temperature and salinity-induced optical 

turbulence 
 

Figure 5 shows the emulated turbulent water channel to study the performance of a LOS link 

in the presence of turbulence, which could be induced by the temperature gradient and salinity 

gradient [83]. The water tank has a dimension of 100 cm length x 12 cm width x 12 cm height. 

There are two 6 cm x 6 cm optical windows on both ends of the water tank. The temperature or 

salinity gradients were created by supplying water with different temperature or salinity at the 

two ends of the tank using two chillers or pumps, respectively. Two outlets are placing in the 

middle of the water tank for water circulation and maintaining the constant temperature/salinity 

gradient in the tank. The water tank is filled with tap water having an attenuation coefficient of 

0.071 m-1 at the wavelength of 520 nm [91]. Three lasers with different wavelengths are utilized 

to study the effect of wavelength on the turbulence mitigation, including a 450-nm blue laser, a 
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520-nm green laser and a 642-nm red laser. The laser beam propagated along the gradient 

direction and in the same layer of the gradient. The transmitted power for all the lasers was kept 

same at 8.8 dBm. Table 2 and Table 3 shows the temperature and salinity gradient created along 

the water tank in this study [70], [92]. 

 

Figure 5. Schematics of experimental apparatus used for scintillations studies - laser diode (LD), and 
photodetector (PD), (a) temperature-induced turbulence setup, (b) salinity-induced turbulence 
setup. 

  

Table 2. Temperature values used to create temperature gradient in the water channel 

Inlet 1 temperature 
(oC) 

Inlet 2 temperature 
(oC) 

Channel Gradient 
(oC·cm-1) 

Mean temperature 
(oC) 

22.5 27.5 0.05 

25 
20 30 0.1 

17.5 32.5 0.15 

15 35 0.2 

 

Table 3. Salinity values used to create temperature gradient in the water channel 

Inlet 1 salinity 
 (g/L) 

Inlet 2 salinity 
 (g/L) 

Channel Gradient 
(g·L-1·cm-1) 

Mean salinity 
(g/L) 

32.5 37.5 0.05 

35 
30 40 0.1 

27.5 42.5 0.15 

25 45 0.2 
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 A photodetector (Thorlabs DET36A) was placed at the exit window of the water tank to 

measure the received signal after the turbulent channel to evaluate the scintillation. A mixed 

domain oscilloscope (Tektronix MD03000) was used to collect 10 k samples with a sampling rate 

of 100 Sa/s.  

 

Figure 6. Collected received signals of the wireless channel when the water channel: (a) without 
water circulation, (b) with water circulation while without turbulence, (c) with both water 
circulation and salinity gradient-induced turbulence. 

 

Figure 7. Images of received 520-nm laser beam observed on a screen placed at about 40 cm from 
the exit window after propagating through an underwater channel of: (a) uniform temperature, (b) 
0.2 °C.cm-1 temperature gradient, (c) 0.2 g.L-1.cm-1 salinity gradient. 
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Figure 6 shows the received signals of the wireless link. To exclude the effect of water 

circulation, the received signals for the channel with/out the water circulation were compared. 

It can be observed that the water circulation causes negligible effect on the received signals. 

Based on that, we introduce the turbulence into the water channel. As it can be seen, the 

received signals experience deep signal fading in the presence of turbulence. Figure 7 shows the 

beam images of the 520-nm laser beam after passing through the water tank. As shown in Fig. 

7(a), there is no beam distortion when the water channel is uniform without any turbulence. 

However, when the laser beam propagates through a water channel with the 

temperature/salinity gradient along the beam path, the received beam shapes are significantly 

distorted as shown in Fig. 7(b) and Fig. 7(c). Therefore, both temperature and salinity-induced 

optical turbulences degrade the received beam shape and thus introducing channel uncertainty 

in the wireless link. 

 

Figure 8. The scintillation index of red, green and blue laser beams propagating in an underwater 
channel as a function of (a) temperature gradient level and (b) salinity gradient level. 

The beam shape degradation has been quantified by calculating the scintillation index for the 

turbulent channels. Figure 8 summarized the measured scintillation index of the channel under 

different gradients strength for all of the three transmission wavelengths. As can be observed 
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from the results, for both temperature and salinity gradient-induced turbulence, the scintillation 

index increases with increasing gradients. Furthermore, longer wavelength shows a better 

resilience to the turbulence-induced fluctuation. This could be explained by the coherence 

length, which is proportional to the laser wavelength, and lasers with shorter wavelengths are 

less-effectively circumvent the degradation of turbulence [86],[87]. This is going to be dependent 

on the size scale of the variance in index of refraction versus the light wavelength. The closer of 

the wavelength to the scale of variance the greater the scintillation. It should be noted that 

although temperature and salinity gradients created in this study are higher than that which 

typically occurs in the nature [95], the results shown with a weak turbulence regime have a 

scintillation index less than 0.1.  

 

Figure 9. Schematic of the experiment setup for the BER measurement. 

In order to study the communication performance in the presence of such weak turbulence, a 

non-return-to-zero (NRZ)-OOK modulated 1-Gbit/s communication system based on the setup 

for the scintillation index measurement was conducted, as shown in Fig. 9. Average BER, taken 

as the evaluation parameter for the communication performance, is measured for the case of a 

green laser. At the transmitter side, a 210-1 pseudorandom binary sequence (PBRS) data stream 

was generated by a pattern generator (Agilent N4903B J-BERT). At the receiver side, a focus lens 
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and an avalanche photodetector (Thorlabs APD 210) are used to detect the signal. An adjustable 

neutral density filter is placed between the focusing lens and APD for controlling the receiving 

power to be in the linear region of the photodetector. Finally, this signal was sent back to the 

BER tester for bit-error analysis. The averaged BER was measured over 1-minute duration. 

 

Figure 10. Accumulated BER or ratio (the numbers indicate the order of magnitude for the 
temperature gradients of 0 °C·cm-1, 0.07 °C·cm-1, 0.1 °C·cm-1.  

Figure 10 shows the accumulated BER over 40s minutes for different turbulence strengths, 

ranging from temperature gradient of 0 °C·cm-1, 0.07 °C·cm-1, to 0.1 °C·cm-1. When the 

temperature gradient of the water channel is 0 °C·cm-1, the wireless communication link is error-

free. With increasing temperature gradient, the BER increases from between 10-8 and 10-6 at a 

temperature gradient of 0.07 °C·cm-1, to between 10-6 and 10-4 for a temperature gradient of 0.1  

°C·cm-1. This means that even the weak turbulence leads to huge communication error. The 

results suggest that optical turbulence could degrade the communication performance severely 

by introducing link misalignment and serious beam distortion in LOS links, therefore, novel 

configurations are required to ensure the robustness of UWOC links in the presence of oceanic 

turbulence. 
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2.2 The performance of NLOS UWOC links in the presence of weak oceanic turbulence 
 

As concluded in section 2.1, a complementary UWOC configuration to the conventional LOS 

UWOC is required for the applications in turbulent underwater channels, with the ability to 

mitigate the signal fading brought from the misalignment caused by oceanic turbulence. In this 

section, we studied the performance of NLOS UWOC links in the presence of oceanic turbulence 

[96]. The results showed that the received signals experienced negligible signal fading in the weak 

turbulence induced by the temperature-gradient. Furthermore, in the regime of moderate 

turbulence induced by bubbles (0.1˂𝜎𝐼
2˂0.7), the received signals in a NLOS link experienced a 

power enhancement, which is contrary to the performance of a LOS link [96].  

 

Figure 11. The photo of the setups for studying the performance of NLOS links in the presence of 
(a) bubbles-induced moderate turbulence, and (b) temperature gradient–induced weak turbulence. 

Figure 11 shows the experimental setup. For the transmitter, a UV laser with a center emission 

wavelength at 377 nm (Thorlabs L375P70MLD) was utilized. A photomultiplier tube (PMT, 

Hamamatsu R955) with a high sensitivity of 7x105 A/W at 377 nm was used as the receiver in this 
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study. As can be observed form Fig. 11(a), for the bubbles-induced turbulence, the system 

employs a horizontal NLOS configuration, where the laser beam was launched into the water 

channel through the front wall of the water tank.  However, due to the fact of that the cold water 

has a higher density than the warm water, to make a stable temperature gradient in the channel, 

a vertical configuration was employed for the temperature gradient-induced turbulence study, 

wherein the UV laser and PMT are placed below the water tank, while the transmitted laser beam 

was launched into the water channel from the bottom wall of the tank. The water tank has a 

dimension of 45 cm (length) × 30 cm (width) × 30 cm (height) and it was filled with an emulated 

Harbor II water, which is the most turbid water in the classifications of Jerlov water [97]. The 

water turbidity is emulated by adding precise amount of scattering agent (Maalox®) into the 

water in an orderly fashion based on theoretical studies and experimental validations [98]–[102]. 

The glass wall of the water tank has a transmittance for the laser beam of ~94%. 

To ensure the signal received by the PMT are purely from the water scattering links without 

being affected by environmental light, we adopted several methods to exclude the effect of 

reflection from the water tank walls, water surface, as well as the effect of light guiding from the 

glass walls. Firstly, a separation board was placed between the transmitter and receiver to 

prevent any direct scattering or reflection by the air. The system was operated in a dark room to 

avoid any background noise. Secondly, except for the open slit for the beam incident and the 

collection window for the receiver, the inner sides of the water tank were fully covered by black 

coating absorbers with a measured direct reflectivity of 0.0024%. Moreover, a beam dump made 

by black silicon was placed at end of the beam to sink all the incoming photons. Furthermore, the 

water-air interface refection has been characterized with a reflection of 2.3%. Therefore, to 
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minimize the reflection from the water-air interface, another piece of black coating absorber was 

placed on the water surface. Additionally, the water tank glass guiding effect has also been 

characterized, which shows a mere 0.2% contribution to the received power. By doing so, all the 

possible contributions to the received power have been excluded and only the water scattering 

links are active. 

 

Figure 12. The histograms for the generated bubbles with bubble size of (a) small, (b) medium, (c) 
large, (d) X-large. The insets in the figures are the photos of the bubbles.  

Figure 12 shows the bubbles we generated in this study. The bubbles were generated by a 1/4-

inch copper pipe with a 1-mm hole diameter that was directly connected to the nitrogen system. 

In addition, a submersible fountain pump (Halobao B103) was placed in front of the air pipe to 
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break up and produce bubbles in four different sizes by changing the air flow rate: small, medium, 

large, and x-large [103]. The population and size of the four different types of bubble was 

quantified by capturing the images with a digital camera (Nikon D5500). The images where then 

processed by a software “ImageJ” for determining the bubble size histograms. The calculated 

averaged bubble areas are 5.2, 13.5, 52, and 80 mm2 for small, medium, large and X-large bubbles.  

 

Figure 13. The optical signal through bubbly water with (a) no bubbles (b) small bubbles with 

𝜎𝐼
2=0.1027; (c) medium bubbles with 𝜎𝐼

2=0.1569; (d) large bubbles with 𝜎𝐼
2=0.3591; and (e) x-large 

bubbles with 𝜎𝐼
2=0.5195. 
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Figure 13 shows the received signals for the NLOS UWOC link in the presence of bubbles with 

different bubbles sizes. As can be observed, instead of experiencing the signal fading, which is 

the performance of conventional LOS UWOC links in a the turbulent channel, the received signals 

for the NLOS links experience signal power enhancement. With the increasing of the bubble size, 

the signal power enhancement gets further improved. The relationship of the normalized 

received power (NRP) and scintillation and the bubble size are summarized in Fig. 14. The NRP 

was calculated based on the received power when there is no bubbles, with a unit of dB. As can 

be observed from Fig. 14, the bubbles created scattering with strengths in the class of moderate 

(0.1˂ 𝜎𝐼
2 ˂0.7). With increasing size of bubbles, the scintillation index increases. However, 

different from LOS UWOC, with the increasing scintillation, the NRP increases without 

experiencing signal fading. This could be explained by the fact of that the received power in a 

NLOS link depends on the scattering processes, increasing the bubble sizes improved the 

possibilities for the photons to be scattered. 
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Figure 14. A plot of the scintillation index and normalized received power against the mean bubble 
area. 
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A further experiment was done to study the performance of a NLOS UWOC link in the presence 

of weak turbulence (𝜎𝐼
2˂0.1). The weak turbulence was induced by temperature gradient. The 

setup was described above. The mean temperature gradient was set as 25 oC, which was the 

same with that for the LOS link, as described in section 2.1. The temperature gradient was varied 

from 0-0.4 oC·cm-1, whose range is much higher than the case for the LOS UWOC study. However, 

as shown in Fig. 15, the temperature gradients, even the largest gradient 0.4 oC·cm-1, cause 

negligible degradation to the received signals. Therefore, as shown in Fig. 15(b), in the presence 

of temperature gradients, the received power does not experience scintillation, and the NRP is 

kept as 0 since there is no power degradation nor enhancement. 

 

Figure 15. The received optical signal through the temperature difference corresponding to 0 oC·cm-1, 0.2 
oC·cm-1, and 0.4 oC·cm-1; (b) a plot of the scintillation index and normalised received power against the 
mean bubble area. 

Based on those findings, it can be concluded that the NLOS UWOC links are capable of 

mitigating the degradation effect brought from weak turbulence induced by temperature 

gradient, and they could be even benefited from the moderate turbulence by the scattering 

enhancement. Therefore, NLOS UWOC links, are envisaged to complement the conventional LOS 
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UWOC links, playing a vital role for the communication in turbulent, harsh underwater 

environments.  

3. NLOS UWOC Communication 
 

As demonstrated in Chapter 2, NLOS UWOC links shows more resilience to the degradation 

from oceanic turbulence and thus are promising for UWOC links to be deployed in real oceanic 

environments. In this chapter, the configurations of NLOS UWOC are studied to be optimized and 

utilized for real communication and even field-deployment. Section 3.1 describes the effort of 

optimizing a NLOS UWOC link, in terms of link structure, water turbidity, and beam wavelength.  

Based on that, in section 3.2, the first-of-its-kind NLOS UWOC link was demonstrated with a data 

rate of 70 Mbit/s in a total alignment-free structure. Then, an in-diving pool deployment was 

implemented and described in section 3.3. With that, a comprehensive study of NLOS UWOC was 

conducted.  

3.1 Study of the optimization of NLOS UWOC systems 
 

In our quest to demonstrate high-performance NLOS UWOC systems, it is required to have a 

thorough investigation on the optimization of NLOS UWOC systems. In this study, path loss (PL), 

which is defined as the total channel signal attenuation, was employed as the figure-of-merit to 

study the optimization of NLOS communication systems [104]. The path loss can be calculated 

[90]: 

                                                                
10=10 log ( )t
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P
PL

P


                                                                 (2) 
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where PL is the path loss (dB), 𝑃𝑡 represents the transmitted power, which is 50 mW. 𝑃𝑟 is the 

received power. Generally, a high path loss means a low received signal power and thus a low 

signal-to-noise ratio (SNR).  PL is a comprehensive parameter, which takes into account the effect 

of all the elements in a UWOC system, including the system geometry, water channel turbidity, 

transmission power, and the transmission wavelength. Therefore, by studying the effect of such 

factors on PL, it laid the foundation on how to build a high-performance NLOS UWOC system.  

3.1.1 Effect of system geometries 

The experimental setup is the same with the setup for the study of the effect of bubbles on the 

NLOS UWOC systems, except for the receiver, as shown in in Fig. 16. The receiver used in this 

study is a power meter (Newport 2936-C) with a photodetector (Newport 818-UV/DB), whose 

sensing wavelength range is 200-1000 nm. All the required methods to mitigate the effect from 

the reflection of the water tank walls, water-air interface, and the possible tank glass light 

guiding, are described in section 2.2. 𝛷𝑇x is the beam divergence angle, which changes with the 

water turbidity. The beam initially was not divergent.  𝛷𝑅x is the field-of-view (FOV) of the 

detector, which is 100° for the detector in our study. 𝜑𝑇x and 𝜑𝑅x represents the azimuth angle 

for the transmitter and receiver, which can be changed using rotation stages. In addition, the 

transmitter and receiver are in a coplanar configuration placement. The transmission power is 

fixed for all the measurements except for the study of path loss versus transmission power. Table 

4 shows the emulated different types of water in this study, based on the methods described in 

section 2.2. The parameters of c, V, C in the table represent the attenuation coefficient, volume 

of Maalox added in the water and the Maalox concentration of the Maalox, respectively. Each 

Maalox mixture was sufficiently stirred to obtain a uniform concentration. Note that though the 
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water attenuation coefficients including that for the tap water slightly change in different 

geographic locations [105]–[107], the variation is negligible [99], [108].  

Figure 17 shows the received power and PL versus the azimuthal angle of the transmitter and 

the receiver. The baseline distance between the transmitter and receiver is fix at D = 35 cm in 

this case. As can be observed in Fig. 17(a), with the smaller azimuthal angles of both transmitter 

and receiver, larger received power is detected. This can be explained that when the azimuthal 

angles of the transmitter and the receiver are smaller, the intersection between the transmission 

beam and the FOV of the receiver are larger, thus more photons are scattered into the FOV of 

the receiver. The path loss versus the azimuthal angle of the transmitter and the receiver is 

summarized as shown in Fig. 17(b). The horizontal axis shows the decreased azimuthal angle of 

the transmitter, the vertical axis shows the azimuthal angle of the receiver, decreasing from the 

bottom to the top. From this figure, it can be seen that larger azimuthal angle of the transmitter 

and receiver cause higher path loss, while smaller azimuthal angle causes smaller path loss. The 

highest PL of 73.55 dB occurs when both of the azimuthal angles of the transmitter and receiver 

are 90°, i.e. parallel pointing direction, while the lowest path loss is 61.70 dB in the case of of 𝜑𝑇x 

and 𝜑𝑅x are 50°. The contour plot should be symmetrical on the basis of the same field-of-view 

of the transmitter and receiver. However, since the beam in the study is collimated while the 

receiver has a large FOV of greater than 100 degrees, the decreasing of the azimuthal angle of 

the receiver thus causes a greater effect on the path loss, and therefore, introduce the 

asymmetry. 
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(a)                                                                          (b) 

Figure 16. Experimental setup: (a) block diagram indicating various parameters, and (b) an image 
of the setup. 

Table 4. Calculated Maalox amounts for simulating four different types of water. 

Water Type c (m-1) V (μL) C (g/m3) 

Clear sea water 0.151 70 0.3 

Coastal water 0.398 183 0.7 

Harbor I water 1.1 507 2 

Harbor II water 2.19 1009 3.9 

 

(a)                                                                      (b) 

Figure 17. (a) Received power and (b) Contour plot of path loss versus azimuth angles using 375-nm 
laser diode in clear water at a baseline distance of D = 35 cm. 
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Figure 18. Received power and path loss for 375-nm laser when propagating in clear water with a 
NLOS configuration at baseline distance D = {35, 32.5, 30, 27.5, 25, 22.5} cm under extreme case of 
𝜑𝑇𝑥= 90°, 𝜑𝑅𝑥= 90°. 

 

Besides the azimuth angles, the baseline distance D also affects the path loss and the received 

power by changing the intersection area and the total water attenuation. Figure 18 shows the 

results for the study of PL versus D. Different PL were measured for a series of D = {35, 32.5, 30, 

27.5, 25, 22.5} cm, wherein the azimuth angles for both of the transmitter and receiver are set 

as 90° for an extreme cases study.  As can be observed in Fig. 18, the received power has an 

incensement of 37.8 nW or a corresponding reduction in path loss of 12.6 dB when the baseline 

distance was decreased from 35 cm to 22.5 cm. A slope efficiency of 1.26 dB·cm-1 occurs in the 

linear regime of the curve, serving as a useful reference to predict a transmission distance for 

such communications in a future deployment. 
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3.1.2 Effect of transmission wavelength 

 

(a)                                                                      (b) 

Figure 19. The received power for the NLOS UWOC link using (a) the 405 nm laser and (b) the 375 
nm laser. 

To investigate the effect of transmission wavelength on the PL, Similar study was conducted by 

using another wavelength, which is violet, 405 nm, typically utilized for conventional LOS UWOC 

systems in the “transparent window”.  The transmission power for the violet laser is the same 

with that for the UV laser, 50 mW. As can be observed from Fig. 19, the highest received power 

using 405 nm for this study is around 10 nW as shown in the left figure, while the highest path 

loss is 83.85 dB. Whereas with the 375 nm laser, the largest received power is round 35 nW and 

the highest path loss is only 73.55 dB. Therefore, we conclude that the shorter wavelength offers 

lower path loss in a NLOS UWOC link, and thus is preferred for the implementation of a NLOS 

UWOC link. This can be explained by the fact that shorter wavelength is more strongly scattered, 

which could  be qualitatively described by the Rayleigh scattering equation [109]: 

                                                                    
4

1
I

                                                                                         (3) 
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Based on that, from the perspective of high SNR induced by high received power, wavelength 

of 375-nm is more suitable for short range NLOS UWOC communications.  

3.1.3 Effect of water turbidity 

 

      (a)                                                                            (b) 

Figure 20. Received power and path loss for 375-nm laser in four types of water with a baseline 
distance of D = 35 cm. (b) photos of beam divergence and scattering under different water turbidity: 
(i) clear sea water; (ii) coastal water; (iii) harbor I; (iv) harbor II. 

 

Besides the studies above, the path loss for NLOS UWOC links in different water types were 

also studied. Four types of ocean water, namely clear sea water, coastal water, harbor I water, 

and harbor II water, were emulated by adding different amount of the scattering agent, Maalox, 

into the clear water. As can be seen in the Fig. 20 (a), the horizontal axis is the different water 

types, the turbidity increases from the left to the right. The vertical axis shows the received power 

and the right axis shows the path loss. It can be observed that higher water turbidity offers larger 

received power and thus lower path loss in a NLOS UWOC link. This is interesting since it is 

contrary to the typical scenario of LOS UWOC, where higher water turbidity gives larger path loss. 

This phenomenon could be explained by the fact of that the increased scattering is with the 
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increasing turbidity, as shown in Fig. 20(b). When the beam propagating through the water 

channel, the more turbid water type diverges the beam more significantly. Therefore, Harbor II 

water scattering the beam more obviously. This finding is important since it offers a novel 

solution to the conventional LOS UWOC links for the communication in very turbid water.  

3.1.4 Conclusions 

In conclusion, by measuring the path loss under different link structures, with different 

transmission wavelengths and in different water channels, a comprehensive study for the 

optimization of NLOS UWOC links has been conducted. In general, shorter wavelengths, smaller 

azimuthal angles, and more turbid water channels, are envisaged to enhance the performance 

of NLOS UWOC links by reducing the path loss and thus improving the SNR of the system. This 

study paved the way for building a NLOS UWOC system for the purpose of high-performance data 

transmission. 

3.2 Laboratory demonstration of the first-of-its-kind NLOS UWOC link 
 

With the knowledge of the optimization of NLOS UWOC links by reducing the path loss, as 

described in section 3.1, NLOS UWOC links featuring high-performance data transmission are 

feasible. In this chapter, the first-of-its-kind NLOS UWOC has been demonstrated with fully 

relieved requirements on PAT [110]. In this study, a data rate of 85 Mbit/s over 30-cm 

transmission distance is achieved using NRZ-OOK in an emulated harbor II water. Moreover, a 

data rate of 72 Mbit/s is still obtained when the communication link totally loses its alignment. A 

longer transmission distance up to 40 m is also predicted mathematically.  This demonstration is 

believed to open a new research paradigm in realizing robust, high-performance wireless 

communication in harsh underwater environments, complementing the LOS counterpart. Figure 
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21 shows the light signals propagate in a fashion dominated by the LOS to the diffuse-LOS, and 

NLOS structure, due to the diverse application purposes and underwater environments. 

 

Figure 21. Schematic of UWOC links for underwater internet and broadcasting. 

 

 

Figure 22. Schematic of the experimental setup for UV laser-based NLOS UWOC. 

Figure 22 shows the setup for the NRZ-OOK based NLOS UWOC. The setup consists of an ME 

522A bit-error-rate tester for the data stream generation and error detection, an 86100C digital 

communications analyzer for the eye diagrams analysis, a UV laser diode (Nichia NDU4116, over  
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400 MHz bandwidth measured) as the transmitter, and a PMT (Hamamatsu R955, 37 MHz 

bandwidth measured) as the receiver. At the transmitter side, the data stream generated is with 

a pattern of pseudorandom binary sequence (PRBS) 210-1. The spectrum and the optical power–

current–voltage (L-I-V) curve for the diode laser can be found in the Fig. 23. As can be observed, 

the laser has a peak wavelength of 377 nm, with a few side modes presented. The peak 

wavelength in the UV range makes it suitable for constructing a NLOS UWOC link, while the side 

modes may introduce nonlinear noise to the signal modulation. The laser has a turn on voltage 

of ~3V with a maximum operation voltage of 6 V. To obtain a large SNR by fully utilizing the 

dynamic range of the laser diode, the amplitude for the ac signals are set as 3V. For the channel, 

the transmitter and receiver has a NLOS configuration placement. To utilize the scattering of the 

whole water column, and to imitate the real ocean without any artificial boundaries, the 

transmitter has an azimuthal angle of 45° (Tx = 45o) so that the beam can propagate from the 

right bottom corner to the top left corner of the water tank. Limited by the water tank size, the 

azimuthal angle of the receiver is regulated according to the received power and the neutral-

density filter (NDF) in front of it, and in this study, this angle is 23° (Rx = 23o). The water channel 

is an emulated highly turbid Harbor II water. At the receiver side, before the PMT, a condenser 

lens with a large aperture of 75mm was employed for collecting the received signal as well as 

aperture averaging, so as to reduce the intersymbol-interference (ISI) induced by the effect of 

multipath scattering [111]. Since the collected light beams were from multiple directions, an 

adjustable iris was also utilized before the PMT for controlling the incoming light with an 

optimized diameter of 0.8 cm. Before the received light was final detected by the PMT, a NDF 

with an optimal optical density of 2 was used for controlling the incoming light intensity within 
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the linear range of the PMT sensitivity. After that, the received signal was amplified by a 

transimpedance amplifier (TIA, Hamamatsu C6438-01) for final analysis. The separation distance 

between the laser and the PMT was 30 cm. Note that all the required methods to mitigate the 

effect from the reflection of the water tank walls, water-air interface, and the possible tank glass 

light guiding, are applied.  

(a)                                                                       (b) 

Figure 23. (a) Normalized lasing spectrum of the UV laser diode. A peak wavelength of 377 nm and 
other lower-intensity modes exist at an operating current of 65.5 mA. (b) Optical power–current–
voltage (L-I-V) plots for the UV laser diode. The turn-on voltage is 3.08 V and the threshold current 
is 50 mA. 

 

                                 (a)                                                                               (b) 

Figure 24. (a)The response curve of the PMT regarding to the bias current to the laser diode. (b) 
The optimized bias current by measuring the BER under different bias currents.  
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Figure 24(a) shows the PMT responsivity corresponding to the bias current of the laser diode. 

A linear response region appears in the range of 40-90 mA, which suggests a suitable bias current 

of 65.5 mA. A further measurement on the obtained system BER versus the bias current at a data 

rate of 50 Mbit/s proves the setting of the bias current, wherein a lowest BER occurs at the bias 

current of 65.5 mA, as shown in Fig. 24(b). 

Based on the settings of the transmitter and receiver as well as the channel, the frequency 

response of the link was measured as shown in Fig. 25 (a). A -3-dB bandwidth for the whole 

system of 31 MHz was shown. As both of the bandwidths of the laser diode and the PMT are 

larger than 31 MHz, the system bandwidth was limited by the channel.  Figure 25(b) shows the 

measured BER versus the data rates sent in the system. As can be observed from this figure, a 

highest data rate of 85 Mbit/s with a BER closing to the forward error correction (FEC) limit, which 

is 3.8 x 10-3. Figure 25(c) shows the eye diagrams collected for each data rates. It is obviously the 

eye openings get smaller with the increasing of the data rates.  

 

                                  (a)                                                                           (b) 
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                                                                         (c) 

Figure 25. (a) The measured bandwidth of the system. (b) Measured BERs vs. data rates. (c) The 
collected eye diagrams for each data rates.  

For determining the maximum path loss to keep an effective data rate, a study was conducted 

measuring the BER performance as a function of path loss for certain data rates, namely 50 

Mbit/s and 70 Mbit/s. The various path loss was created by adding different NDF in front of the 

PMT. As shown in Fig. 26, the maximum path loss for maintaining a data rate with a BER below 

the FEC limit at 70 Mbit/s and 50 Mbit/s are 66.5 dB dB, and 69.5 dB, respectively. With these 

path loss values, according to [90], NLOS UWOC links with transmission distances larger than 40-

m can be envisaged. 
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Figure 26. The measured BER v.s path loss for the data rates of 50 Mbits/ and 70 Mbit/s, respectively. 

  

 

Figure 27. Measure BERs vs. data rates when the link totally loses its alignment. 

To prove the fact of that the requirements on the PAT of a NLOS UWOC link could be fully 

released, a further experiment was conducted with both of the azimuthal angles of the 

transmitter and the receiver are at as 90o. The value of the NDF was reduced to set the received 

power still in the linear region of the PMT response curve. Figure 27 shows the achieved data 

rates, indicating a highest data rate of 72 Mbit/s in this geometry. This result proves a total 
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alignment-free UWOC link, which has an important impact on the real deployment of UWOC in 

the complex, harsh underwater environment, where the alignment is extremely difficult to 

maintain.  

3.3 In-diving pool field-deployment of the NLOS UWOC link 
 

With the laboratory demonstration of the first-of-its-kind NLOS UWOC, as described in section 

3.2, it is appealing to investigate the practicality of such a NLOS UWOC link in outdoor underwater 

environments. In this section, a NLOS UWOC link with fully alignment-free was built and tested 

in a diving pool. Using NRZ-OOK, a data rate of 48 Mbit/s was achieved over a 1.5-m separation 

distance between the transmitter and the receiver, a further data rate of 20 Mbit/s was also 

achieved with a separation distance of 2.5 m. 

Figure 28 shows the photo of the field trial. In this study, the transmitter is a high power blue 

laser (Osram PLTB450B/TO56) with a center wavelength of 450 nm and a peak emission optical 

power of 1.6 W.  The motivation for the utilization of the blue laser is from the dual functionality 

of high power and relatively short wavelength, which are envisaged to realize a NLOS UWOC with 

a relatively long transmission distance. The laser was operated at an operation current of 0.18 A 

with an emission optical power of 50 mW. The receiver used in this study is the same with that 

described in the section of 3.2, which is PMT R955. The PMT was operated at 15 V with a voltage 

of 2 V for its high voltage-controller. The transmission signal is NRZ-OOK with a PRBS pattern of 

210-1, modulated by a waveform generator (ME 522A transmitter). Both of the transmitter and 

receiver are sealed into water-proof capsules. There is one transparent acrylic window with a 

diameter of 8’’ for each of the capsule for sending and receiving the UV light. The signal and 

power for the laser were injected through a 5-m coaxial RF-cable and a 5-m power cable, 
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respectively. The signal output from the PMT was sent into a BER analyzer (ME 522A receiver) via 

a 5 m coaxial RF-cable. The power for the PMT was injected through a 5-m power cable. There 

was a NDF with OD2 in front of the PMT. The laser and PMT pointed in parallel directions with a 

full NLOS geometry. At the end of the laser beam after propagating 10 m in the water, a black-

silicon based beam dump (described in section 2.2) was placed for absorbing all the incoming 

light and thus minimize the reflection effect from the pool wall. The pool water has an 

attenuation coefficient of 0.37 m-1 at 450-nm, which is equivalent to the Jerlov coastal water [97].   

 

                                                (a)                                                            (b) 

Figure 28. (a) The photo of the pool field trial of the NLOS UWOC. (b) The photographs of the 
transmitter and receiver. 
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Figure 29. BERs vs. data rates for the NLOS UWOC pool deployment for different separation distances. 

 

 

Figure 30. (a) The eye diagrams for separation distance of 1.5 m with data rates of 10 Mbit/s, 30 
Mbit/s, and 50 Mbit/s. (b) the eye diagrams for the separation distance of 2.5 m with data rates of 
10 Mbit/s, 20 Mbit/s, and 30 Mbit/s. 

Figure 29 shows the achieved data rates versus the BERs. As it can be seen, for the separation 

distance of 1.5 m, a maximum data rate of 48 Mbit/s was achieved with a BER of 2.6x10-3, which 

is below the FEC limit. Meanwhile, a maximum data rate of 20 Mbit/s can also be achieved when 

the separation distance was 2.5 m. With increasing data rate, the BER also increases. Figure 30 
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shows the corresponding eye diagrams for the data rates under different separation distance. 

Compared with the eyes collected for the separation distance of 1.5 m, those for 2.5 m are 

affected more by the noise. This could be explained by the decreased ISI and enhanced received 

power with a decreased separation distance. Nevertheless, we demonstrated the practicality of 

NLOS UWOC links, for the first time, in an outdoor underwater environment. A longer-haul NLOS 

UWOC link was envisaged with the development of advance modulation schemes, devices, and 

channel studies.  

3.4 Conclusions 
 
This chapter described a comprehensive investigation on the NLOS UWOC, including the 

structure optimization, and the first-of-its-kind laboratory demonstration of the data 

transmission using a NLOS configurations. Finally, an in-diving pool field trial further proved the 

practicality of such a NLOS UWOC link. Based on these studies, it could be concluded that the 

scattering-based NLOS UWOC could be utilized for real data transfer, with greatly released 

conventional requirements on the PAT. Therefore, this novel UWOC modality are promising to 

complement the current LOS UWOC links, especially when the alignment is difficult to be 

achieved, such in a real oceanic channel.   

4. NLOS Optical Wireless Communication Breaks Through the Water-Air 

Interface 

As demonstrated in chapter 3, NLOS UWOC links show robust, high-performance 

communication in harsh environments, with greatly released requirements on the alignment. In 

fact, beyond enhancing the performance of the wireless communication below the water surface, 
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NLOS links are supposed to outperform for the communication across the water-air interface, 

wherein more challenging channels present.  

The concept of the Internet of Underwater Things (IoUT) was proposed in 2012, which is 

defined as a worldwide network of smart interconnected underwater objects [112]. To be able 

to analyze and benefit from the data collected from the IoUT, it is important to establish a link 

for communication across the water-air interface. Figure 31 shows the illustration for the 

communication across the water-air interface. However, direct data transmission across the 

water-air interface is a longstanding challenge with wireless communication. Conventional 

acoustic waves used for underwater wireless communication [113] will mostly reflect off the 

water surface without ever penetrating through, and that is why the diver cannot hear the sound 

made by the people onshore. On the other side, radio frequency (RF), which is the conventional 

technology for terrestrial wireless communication, evanesce shortly in the water because of the 

high attenuation [17].   

 

Figure 31. The illustration of signaling activities across the water-air interface. 
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Today’s state-of-the-art workarounds towards this issue rely on water surface assets, which 

can be autonomous underwater vehicles (AUVs) or partially submerged relays [114]. These 

surface assets communicate with the underwater platforms through acoustic waves and relay 

the signals to the airborne platforms through RF. Though this modality provides a solution for 

such communication, it makes the exploration process tedious and time-consuming. Besides, the 

exposed surface assets also reduce secure performance, which is vital for military applications. 

Recent work from MIT Media Laboratory demonstrated an integrated acoustic-RF system, TARF, 

without the utility of a surface relay [115]. TARF exploits the principle of that using a radar above 

the water surface to detect and decode the surface displacement caused by the underwater 

acoustic signal. A data rate of 400 bit/s over a link distance of 1.3 m underwater/0.3 m air was 

achieved in this system. This novel methodology enables underwater sensors directly 

communicate with airborne nodes, while still being limited by the short transmission range and 

strict requirements on alignment. In other words, the airborne detector needs to finely scan the 

water surface in order to locate the underwater transmitter. 

Optical beam, owing to the ability to penetrate through the water-air interface with much less 

attenuation than that of RF in the water, is an alternative data carrier for communication links 

across the water-air interface. Moreover, optical communication links have the advantages of 

high modulation bandwidth, low power consumption, and low latency  [116]. In 2003, a Monte-

Carlo and discrete-ordinate simulation-based theoretical study investigated the across water-air 

interface optical communication channel, including the effect of water-air interface on the 

channel [117]. In 2016, an experimental study demonstrated a 635-nm laser-based 

communication link across the water-air interface, with a data rate of less than 110 kbit/s and a 
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transmission distance less than 1 m [118]. In 2017, a downlink of optical wireless communication 

across the water-air interface with a line-of-sight (LOS) configuration was demonstrated [119]. 

Under a strict alignment, a high data rate of 5.5 Gbit/s with a transmission distance of 5 m air/21 

m underwater was achieved in calm, clear tap water.  

However, due to the severe misalignment caused by the surface waves, conventional LOS 

optical communication links, which requires strict alignment, are not suitable to be deployed in 

real applications. For improving the low probability of intercept (LPI) and detection (LPD), as well 

as anti-jamming ability (AJ), novel system configurations are required [60]. Therefore, a robust 

solution for the communication across the water-air interface in uncontrolled oceanic 

environments is required. Since the NLOS links show high performance in harsh underwater 

channels by easing the requirements on the alignment, it is supposed to be applied into the 

communication across the water-air interface with a better performance, as well. 

This chapter describes the effort of building NLOS-based communication links across the water-

air interface, and the excellent communication performance in the presence of harsh channels. 

To be more specific, in section 4.1, a laboratory demonstration of tens of megabits per second 

diffuse-line-of-sight (diffuse-LOS) communication link across the wavy water-air interface with 

large coverage is demonstrated [120]. Based on that, an in-Red Sea canal field in-situ test has 

been conducted, with results showing strong robustness of the system, as described in section 

4.2. In section 4.3, a further in-diving pool drone-aided real-application deployment has been 

carried on. The trial results indicate link stability, which alleviates the issues brought about by the 

misalignment and mobility in harsh environments, paving the way towards real applications.  
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4.1 Laboratory demonstrations for the communication across the water-air interface 
 

Figure 32 shows the photo of the experiment setup and the block diagram of the OFDM 

modulation schemes. For the experiment setup, at the transmitter side, a 350-nm UV LED (LG 

Innotek LEUA35W70RL00) is placed below the water tank, sending the beam upwards. The beam 

has a divergence angle of 25o adjusted by a pair of plano-convex lenses. The water tank is made 

of ultraviolet acrylic, having a transmittance percentage of ~33% at the wavelength of 350 nm. 

The water tank has a dimension of 35 × 35 × 35 cm, and is filled with the emulated clearest 

seawater with an attenuation coefficient of 0.151 m-1 at 350 nm [104]. The water has a depth of 

30 cm. A wave generator is installed in the water tank, slightly below the water surface, for 

generating wavy water surfaces. An avalanche photodetector (APD) (Thorlabs APD430A2/M) is 

mounted on a 3-D translation stage with a height of 60 cm above the water surface.  

 

Figure 32. Photo of experimental setup across water-air interface for diffuse-LOS communications, 
and the OFDM modulation processes. 
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For the signal modulation, two schemes are adopted in this study, NRZ-OOK and OFDM. For 

OOK, the signal generator and the receiver are done by ME 522A, as described in section 3.1. For 

OFDM, the signal processing are described as shown in the right part of Fig. 32. The signal is 

generated using MATLAB offline and uploaded to an arbitrary wave generator (AWG, Tektronix 

AWG 70002A) for the digital-to-analog (D/A) conversion. The sampling rate of the AWG is set to 

250 MSamples/s. The amplitude of the AWG output is clipped within 0.5 Vpp. After that, the signal 

is amplified by a power amplifier (ZHL-6A-S+) with a bandwidth of 2.5 kHz–500 MHz to modulate 

the UV LED. At the receiver end, before collected by a real-time oscilloscope (RTO, Tektronix DPO 

72004C), the AC signal from APD was amplified and filtered by an amplifier (ZHL-6A-S+) and a 98-

MHz low-pass filter (Mini Circuits BLP-100+), respectively. After that, the signal is sent to a laptop 

for the offline analysis using MATLAB. The specific parameters used for the OFDM modulation 

could be found in Table 5. The amplitudes of the OOK signal and OFDM signals are the same.  

Table 5. Main parameters of the OFDM 

Parameters Values 

Sampling rate of AWG (Msample/s) 250 

Sampling rate of MSO (Msample/s) 1250 
OFDM symbols (including four training symbols for channel 

equalization and two extra training symbols for time 
synchronization) 

180 

Inverse fast Fourier transform size 1024 

Cyclic prefix 10 

Quadrature amplitude modulation (QAM) size 4 or 8 

Number of subcarriers for the gap near DC 2 

Number of subcarriers 
Varied according to the required 

data rates 

 

Figure 33(a) shows the beam shape of the UV LED, obtained by a beam profiler (Ophir-Spiricon 

SP620U). The beam has a circle shape with a diameter of 0.4 mm. The light intensity of the beam 
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has a Gaussian distribution both on the horizontal and vertical directions. Since the beam is 

propagating a uniform channel, this distribution is expected to be retained along every direction. 

Therefore, in this study, for simplicity, all the measurements are conducted along one direction 

(named the X-direction) and then extended in all directions.  

 

                             (a)                                                                              (b) 

Figure 33. (a)  Beam shape and power distribution of the LED source as recorded using Ophir-
Spiricon beam profiler. (b). Optical power distribution after the beam propagating through the 
water and the air. 

Figure 33(b) shows the optical power distribution after the beam propagating through the 

water and the air (60 cm above the water surface), which forms the illumination coverage area. 

As it can be observed, a measured power of 66 μW occurred at the aligned position, which then 

decreases by almost half when off-aligned by 5 cm (X-position = 5 cm). The total illumination 

coverage of 1963 cm2 is observed.  

Figure. 34 shows the measured small-signal frequency response of the whole system at the 

aligned position. As it indicates, the system has a -3-dB bandwidth of 16 MHz and a -10-dB 

bandwidth of 43 MHz.  
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Figure 34. Small-signal frequency response of the water-air channel. Dashed line indicates -3 dB/-
10 dB bandwidth, which is approximately 16 MHz and 43 MHz, respectively. 

 

                 (a)                                   (b)                                     (c)                                 (d) 

 

                                (e)                                                                (f) 

Figure 35. (a)–(d) Eye diagrams at aligned position for data rates achieved by NRZ-OOK of 23 Mbit/s, 
33 Mbit/s, 43 Mbit/s, and 53 Mbit/s, respectively. (e) BERs vs. data rates at different positions using 
NRZ-OOK. (h) Effective NRZ-OOK communication coverage.   
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The maximum data rate and effective coverage were first studied based on NRZ-OOK. As shown 

in Fig. 35 (a)-35(d), at the aligned position, the eyes for the data rates from 23 Mbit/s-53 Mbit/s 

are open, while they get smaller with the increasing of the data rates. The corresponding BERs 

were measured and shown in Fig. 35(e). For the communication at the aligned position, a 

maximum data rate of 55 Mbit/s was achieved with a BER of 3.8x10-3. Similarly, a maximum data 

rate of 43 Mbit/s and 11 Mbit/s was achieved when the detection position was off-aligned by 2.5 

cm and 5 cm, respectively. Further misalignment lead to a BER above the FEC limit, thus cause a 

communication blind area, as shown in Fig. 35(f). Therefore, the effective communication 

coverage for the system using the scheme of NRZ-OOK can be calculated as 78.5 cm2. In summary, 

For NRZ-OOK, the system shows a maximum data rate of 55 Mbit/s at the aligned position and 

an effective coverage of 78.5 cm2. This result proves a communication system across the water-

air interface with better tolerance to the misalignment, owning a capability to transmit a 

moderate-speed data stream in the meanwhile.  

In order to investigate the possibility of increasing the data rates achieved in this system, a 

high-spectral efficiency modulation scheme of quadrature amplitude modulation (QAM)-OFDM 

was employed. With plentiful optimization, the highest data rate using OFDM was achieved with 

8-QAM-OFDM at the aligned position. Fig. 36(a) shows the waveform of the 8-QAM-OFDM signal. 

The space part in the waveform corresponds to two training symbols for timing synchronization. 

Figure 36(b) is the corresponding spectrum. A gross bandwidth of 41.5 MHz corresponding to a 

gross data rate of 124.5 Mbit/s was observed. After excluding the effect of CP, FEC (7%), and 

training symbols, a net data rate of 111.4 Mbit/s is achieved. The corresponding constellation 

can be found in Fig. 36(c). Therefore, compared with the maximum data rate of 55 Mbit/s 



63 
 

achieved using OOK, it can be concluded that QAM-OFDM modulation could be utilized in such 

across-water-air interface and enlarge the achievable data rate significantly.  

 

Figure 36. (a) The waveform of captured 8-QAM-OFDM signal in time domain, (b) the corresponding 
electrical spectrum of 8-QAM-OFDM with an occupied signal bandwidth of 41.5 MHz, and (c) the 
constellation for the 114.5 Mbit/s 8-QAM-OFDM signal. 

Beyond the enhanced data rate using OFDM, it is also interesting to investigate the effect of 

OFDM on the effective communication coverage. Figure 37 shows the measured BERs against the 

data rates at different positions using OFDM with different QAM size. As can be observed from 

Fig. 37(a), for 8-QAM, alignment is required to ensure an effective communication link. However, 

for 4-QAM, a data rate of 30.2 Mbit/s was still achieved with a misalignment of 2.5 cm. In 

addition, a highest net data rate of 91.4 Mbit/s is achieved by 4-QAM-OFDM at the aligned 
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position. With that, an effective coverage of 19.63 cm2 for the QAM-OFDM modulated system 

was plotted, as shown in Fig. 37(b).  

Compared to the communication performance of NRZ-OOK, under the calm water, QAM-

OFDM is able to provide much higher data rate at the aligned position. However, due to the low 

SNR required by OOK, a large communication coverage was effective for the OOK. Therefore, it 

can be concluded that by alternating the modulating schemes, different communication purpose 

either of achieving large coverage or establishing a high data rate link can be realized.  

 

                              (a)                                                                          (b) 

Figure 37. (a) BERs vs. data rate at different positions using OFDM when APD scans from aligned 
position to off-center position. (b) Effective OFDM communication area.   

Besides the performance comparison under the calm water, it is meaningful to investigate the 

difference between different modulation schemes under a wavy water environment, since it is 

more close to the natural water channel. Two stable standing waves with different amplitudes 

are made by the wave generator for emulating the waves with different intensity. We then 

investigated the channel characteristics in the presence of surface waves, as shown in Fig. 38. 
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The amplitudes for the two waves are 5mm, and 15 mm, respectively. The intensity of the waves 

are quantitatively characterized using scintillation index 𝜎𝐼
2.  

 

Figure 38. Two waves generated in study with wave heights of (a) 5 mm and (b) 15 mm. 

 

Figure 39. Collected intensity of received signal during period of 100 s under (a) weak wave and (b) 
strong wave. Histogram of normalized received intensity indicating scintillation index for (c) weak 
wave and (d) strong wave.   

As shown in Figs. 39(a) and 39(b), it is obvious that larger waves cause deeper signal fading. 

Figure 39(c) and 39(d) shows the obtained histogram of the received signal power under the two 

waves, and the scintillation indices are 0.0114 and 0.6670, respectively. A Gaussian distribution 

is found to be more suitable to fit the histogram for the weak waves, while log-normal for the 
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strong waves. This is similar to LOS, wherein weak turbulences are modelled with Gaussain 

distributions, while the severe turbulences are modelled with log-normal distributions [69].  

 

Figure 40. Recorded 8-QAM-OFDM signals with fluctuation of amplitude in the presence of surface 
waves for: (a) small-signal amplitude, (b) medium-signal amplitude, and (c) large-signal amplitude. 
Mean BER of each subcarrier for signals with different amplitudes for 8-QAM-OFDM: BER of (d) 
3.532 × 10-3 for small-signal amplitude, (e) 1.643 × 10-3 for medium-signal amplitude, and (f) 4.788 
× 10-4 for large-signal amplitude. 

Figure 40 shows the communication performance when sending an 8-QAM-OFDM with a net 

data rate of 91.77 Mbit/s (140 subcarriers) over this channel in the presence of the weak waves. 

As can be observed from Fig. 40(a)-40(c), the amplitude of the received modulated signal 

fluctuates from small to large in the presence of waves. Three signals are recorded with different 

amplitudes for every case, namely, the smallest-signal amplitude (SSA), the medium-signal 

amplitude (MSA), and the largest-signal amplitude (LSA). As shown in Fig. 40(d)-40(f), the signals 
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with SSA have a largest BER and the signals with LSA have the lowest BER, this is due to the higher 

SNR presented for a larger signal amplitude. Therefore, an effective communication is considered 

when the signals with the SSA also provide a BER below the FEC limit.  

Figure 41 shows the overall performance of the three modulation schemes under the weak 

waves. Fig. 41(a) and 41(b) summarized the BERs vs. data rates using 8-QAM-OFDM and 4-QAM-

OFDM under weak waves, respectively. Fig. 41(c) shows the measured BERs vs. data rates using 

OOK under the weak waves. As can be seen, the highest data rate for 8-QAM-OFDM, 4-QAM-

OFDM, and NRZ-OOK under the weak weaves is 91.77 Mbit/s, 78.66 Mbit/s, and 52 Mbit/s, 

respectively. Therefore, it can be concluded that the higher-order OFDM still outperforms in the 

presence of such weak waves. 

 

Figure 41. Measured BERs vs. data rates for: (a) 4-QAM-OFDM and (b) 8-QAM-OFDM. (c) NRZ-OOK 
in the presence of weak waves. Insets are eye diagrams for data rates of: (i) 53 Mbit/s, (ii) 50 Mbit/s, 
and (iii) 45 Mbit/s. 



68 
 

Similar results are also obtained for the strong waves, and summarized in Fig. 42. It is noted 

that compared to the performance in the case of calm water, higher-order QAM-OFDM keeps 

outperform than the low-order QAM-OFDM and the OOK. However, this outperformance 

disappears in the presence of strong waves. The maximum data rate of 39.3 Mbit/s achieved with 

8-QAM-OFDM is less that the highest data rate of 43.7 Mbit/s using 4-QAM-OFDM. This 

phenomenon could be explained by the fact of insufficient SNR is provided in a channel with such 

strong waves, thus  4-QAM-OFDM modulated signals which does not require so much SNR will 

perform better. In the meanwhile, it should be noted that in the presence of the strong waves, 

OOK cannot provide an effective communication link, even with a low data rate. This is due to 

the high ISI brought from the strong waves, to which the OOK is vulnerable since there is no guard 

band in OOK modulation schemes.  

 

Figure 42. Summary of the highest data rates achieved for three modulation schemes under calm 
water, water with weak waves, and water with strong waves. 

In summary, this study investigated the performance of the diffuse-LOS link for the 

communication across the water-air interface. Different modulation schemes are compared 

under different water environments in terms of three key performance matrices: data rates, 
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robustness, and communication coverage area. The conclusion is such UV-based diffuse-LOS links 

are effective for building high-performance, alignment-eased communication links across the 

water-air interface. Different modulation schemes should be alternated for achieving different 

communication purposes according to different oceanic environments. Though the results are 

impressive in this laboratory demonstrations, the practicality of such links should be examined in 

real field deployment. 

4.2 In-ocean in-situ field test 
 

As described in section 4.1, the practicality of the demonstrated communication links across 

the water-air interface should be tested in various field trials. This section describes the modified 

system based on the knowledge from section 4.1, and the utility tested in a Red-Sea canal.  

In this study, for achieving a longer distance with a higher data rate at the same time, a laser 

was utilized to replace the UV LED used in section 4.1. Due to the lack of the availability of the 

high power UV diode laser in the market, a 1.6-W, 450-nm blue laser with a near wavelength to 

the UV band was utilized, the blue laser was modified from a white light laser (SaNoor 

Technologies, SNWL-3A ) using a 500-nm short-pass filter. An in-lab free-space pre-test was 

conducted to understand the capability of the designed system. Figure 43 shows the schematics 

of the system. The laser was modulated by the 4-QAM-OFDM signals, generated from the AWG. 

The laser was biased with a driving current of 0.57 A, emitted a circular beam with divergence 

angle of 2.9 degrees. The transmission distance between the laser and the photodetector is 10 

m. The photodetector is APD430A2/M, mounted on a slide rail for scanning the signal coverage. 

A DC block for DC filtering was placed before the signals was sent to MSO for analysis.  
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Figure 43. Experimental setup of the laser and APD-based wide coverage 10-m diffuse-LOS 
communication system. 
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Figure 44. (a) BERs vs. gross data rates using 4-QAM OFDM at the aligned position with a 
transmission distance of 10-m. The insets (i) (ii) (iii) are the constellations for the gross data rate of 
500, 700, and 900 Mbit/s, respectively.  (b) BERs vs. misalignment for different gross data rates (10, 
50, 100, 300, 500, 700, 900 Mbit/s) with a transmission distance of 10-m using 4-QAM OFDM. 

As shown in Fig. 44(a), a maximum data rate of 900 Mbit/s with a BER below the FEC BER limit 

was obtained using 4-QAM-OFDM. The insets (i), (ii), (iii) show the constellations for the gross 

data rates of 500, 700, and 900 Mbit/s, respectively. It can be observed that more convergent 

constellations occur at lower data rates. With the knowledge of the data capacity of the 4-QAM-
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OFDM modulated system, we measured the coverage. The APD moved from the aligned position 

to off-aligned positions with steps of 2.5 cm via the slide rail. The BERs at different positions are 

measured as the reference for determining the coverage of the system at specific data rates. As 

observed in Fig. 44(b), for gross data rates above 700Mbit/s, alignment is essentially required to 

ensure the BERs are less than the FEC limit, whereas for gross data rates lower than 700 Mbit/s 

the system began to show tolerance to misalignment. Besides, with the decrease of data rates, 

the coverage increases. For a gross data rate of 10 Mbit/s, a misalignment of 25-cm was still 

acceptable with a corresponding BER of 3.05×10-3. Due to the circular symmetry of the power 

distribution of the beam, a coverage of ~1963 cm2 can thus be calculated for the data rate. 

Based on the link designed above, we successfully deployed this setup in the Red-Sea Canal, 

which is shown in the Fig. 45(a). As it can be observed clearly, the turbidity for the water in the 

harbor is much higher than that in the open ocean. This turbidity is measured with an average 

value of 0.8 m-1, which is quite high, approximately to the Jerlov Harbor Water Type I, and this 

actually shorten the transmission distance greatly. The setup is with a pre-aligned configuration, 

the photodetector is placed above the water surface 1-m, and the laser is placed underwater 

with a depth of 1.5 m, as shown in the Fig. 45(b) and Fig. 45(c). Therefore, the total transmission 

distance is 2.5 m. The data rate sent in this link is 100 Mbit/s. Figure 45(d) shows the situation 

when we measuring the water qualities This method was previously used for the measurement 

of inherent optical properties (IOPs) in the Red Sea [121]. In this study, a 50-minute measurement 

on both communication performance and water quality at a wavelength of 450 nm is recorded. 
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Figure 45. (a) The satellite photo of the testing location (b) the field apparatus for across water-air 
interface communication in a turbid canal. The photodetector is mounted on a slide rail, with a 
height of 1 m above the water-surface, (c) the photo of the laser capsule is immersed into the canal 
water, with a depth of 1.5 m, (d) real-time water quality measurement. 

Figure 46 shows the communication performance against the water attenuation coefficients. 

Due to the waves and water quality variations, the received signals fluctuate from a small 
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amplitude to a medium amplitude and large amplitude. A period of 50-minutes communication 

performance had been collected. For the signals with the smallest signal amplitude, SSA, we 

found that 50% outage happens, while for the signals with medium signal amplitude and the 

largest signal amplitude, the BERs are always below the FEC limit. Considering SSA signals occurs 

as frequently as the others, an effective data rate of 83.3 Mbit/s is achieved in such harsh oceanic 

environments.   

Collectively, this in-ocean performance was achieved in a real ocean canal environment, where 

the high turbidity and fast current speed, as well as the waves, created a huge challenge for 

communication across the water-air interface. Specifically, an error-free link with a gross data 

rate of 100 Mbit/s was realized through collecting and decoding the signals with LSA. These 

obtained results show that diffuse-LOS optical wireless links can be an alternative technology for 

direct communication across the water-air interface. 
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Figure 46. The communication performance against the water attenuation coefficient of the 100 
Mbit/s 4-QAM OFDM signal for the time duration of 50 minutes in the canal. The BERs for the signal 
with SSA, MSA, and LSA at different time are recorded. The transmission distance for this link is 1.5 
m underwater/1 m in the air. 
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4.3 In-diving pool drone-aided real-application trial 
 

Beyond the pre-aligned deployment, we also investigated the performance of the designed link 

in the presence of mobility. As shown in the Fig. 47(a), we transferred the setup into a diving 

pool, where the environments are more controlled. The attenuation coefficient of 0.37 m-1 

parameters suggests that the diving pool water at this testing spot is in the class of Jerlov coastal 

water [25]. The blue laser is sinking at the bottom of the diving pool, sending a 50-Mbit/s 4-QAM-

OFDM signal upwards. The photodetector is mounted on a drone, flying over the water surface 

and picking up the signal. The underwater depth is 2.3 m, while the distance in the air is 3.5 m.  
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Figure 47. (a) A photo of the drone-aided pool deployment apparatus, (b) the receiver APD430A2/M 
was mounted on a drone, (c) the transmitter laser was mounted in a capsule.   
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Figure 47 shows the photo of the actual deployment. The drone in this study is DJI MATRICE 

100, with a maximum takeoff weight of 3600 g. Therefore, a compact and power-saving 

photodetector is required. Besides, the hovering vertical and horizontal accuracy with the global 

positioning system (GPS) is 0.5 m and 2.5 m, respectively [122]. And this offers very coarse 

positioning. The drone was piloted by the operator in the Position Mode [123]. Furthermore, the 

drone has a short hover time of 17 minutes, so an easy signal pickup is necessary. Figure 48(a) 

shows the spectrum of the received signal.  Figure 48(b) shows the constellation of the received 

signal, indicating a BER of 3.598×10-3. With that, we demonstrated a compact, power-saving, and 

structure-assisted alignment-free communication link across the water-air interface.  

10 MHz
1

0
 d

B
BER: 3.598×10-3

(a) (b)  

Figure 48. (a) The spectrum of the captured 4-QAM-OFDM signal by the drone with a transmission 
distance of 2.3-m underwater/3.5-m air, (b) the constellation map of the captured 4-QAM-OFDM 
signal by the drone with a transmission distance of 2.3 m underwater/3.5 m in the air, showing a 
BER of 3.598×10-3. 

In conclusion, a high-speed system for direct communication across the water-air interface has 

been demonstrated featuring with relieved alignment requirements and user mobility 

compatibilities. The system shows a 10-m free-space diffuse-LOS optical wireless communication 

link, with a large coverage area of ~1963 cm2 at a gross data rate of 10 Mbit/s. A high data rate 
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of 850 Mbit/s was demonstrated at an aligned position in the system. The utility of this system 

was proven by a series of field trials. A deployment in a Red Sea canal tested the real-time 

communication performance against the water properties for a period of 50 minutes, showing 

strong robustness of the system in a harsh underwater environment. Furthermore, a drone-aided 

in-diving pool trial demonstrated a 44-Mbit/s direct communication link over a transmission 

distance of 2.3 m underwater/3.5 m in air, free of structure-assisted alignment.  

5.  Conclusions 

Underwater wireless optical communication has attracted increasing interest for data transfer 

in various underwater activities. Conventional green-blue light-based LOS UWOC links are apt to 

experience deep signal fading in harsh oceanic environment, one of which is the oceanic 

turbulence. Owing to the high scattering properties, UV-based UWOC links are enabled to be 

realized with the configuration of NLOS. With relieved requirements on PAT, NLOS UWOC 

outperforms LOS UWOC in terms of reliability in the presence of optical turbulence. Path loss of 

NLOS UWOC, a laboratory NLOS UWOC demonstration, and the direct communication across the 

wavy water-air surface using UV light has been investigated. The practicality of these novel 

communication links has been further demonstrated by various field deployments. We believe 

that our first-of-its-kind demonstration will open a new research paradigm complementing the 

LOS counterpart, especially in realizing stable and high-speed wireless communication in 

challenging water environments. By complementing the current underwater communication 

modality, NLOS UWOC holds promise for realizing a globally connected IoUT 
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