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Abstract—Real-time, dynamic, and visual monitoring of 

underwater scenes would become an important research topic 

with the development of underwater wireless optical 

communication (UWOC), autonomous underwater vehicle, and 

video fusion technologies. To this end, we developed a UWOC-

based 2K real-time digital video surveillance prototype named 

AquaF-seer. Using a light-emitting diode and an avalanche 

photodetector based diffused line-of-sight UWOC system, real-

time video transmission with a high resolution of 1920 × 1080 

pixels is achieved over various channels, i.e., 1.5-m free space 

channel, pure water channel, pure water channel with 1.53-mL/s 

bubble-induced turbulence, pure water channel with 42.40-mL/s 

bubble-induced turbulence, simulated pure sea water channel, and 

coastal ocean water channel. Moreover, 46-m and 5-m video 

monitoring are implemented in free space and an outdoor diving 

pool. It indicates the reliability of the prototype, which is the first 

step to realize underwater visual monitoring in future human-

robot interaction applications. 

 
Index Terms—Real-time digital video surveillance, underwater 

visual monitoring, human-robot interaction applications. 

I. INTRODUCTION 

THERE are three important steps to realize the 

underwater Internet of Things (UIoT). The first step is 

to implement real-time, dynamic, continuous, 

comprehensive, and intelligent perception of the underwater 

environments. In the past few decades, underwater sensor 

networks consisting of various instruments, such as 

conductivity, temperature, and depth sensors, biological 

sensors, and current meters, have enabled large-scale, long-

term, continuous, and in-situ oceanographic data collection [1]. 

It has made great contributions to marine environmental 

monitoring, resource exploitation, environmental pollution 

assessment, and disaster prediction. In the future, the demand 

for real-time or near-real-time multimedia acquisition will 

increase dramatically with the rise of novel underwater 

applications based on human-robot interaction, such as subsea 

oil and pipeline inspection, submarine volcanism and 
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hydrothermal vent studies, fisheries/coral reef monitoring, 

seafloor mapping, tactical surveillance, and underwater rescue 

[2]. The second step in realizing the UIoT is to transmit a large 

amount of underwater data in real-time. In the past few decades, 

submarine observation networks based on fiber optic cables, as 

the most reliable underwater wired communication modality, 

have realized massive submarine data transmission [3]. 

However, it is difficult to change its geometry and also 

expensive to maintain. Underwater acoustic communication-

based underwater wireless sensor networks were introduced to 

implement three-dimensional ocean monitoring. It is an 

effective complementary technique of submarine wired 

networks. Its transmission distance can reach up to several tens 

of kilometers [4]. However, as acoustic communication suffers 

from limited bandwidth, high latency, and high bit-error-rate, 

the state-of-the-art underwater acoustic communication 

techniques can only support low-resolution multimedia 

streaming in the order of a few tens of kbit/s, even though 

highly effective video compression and coding techniques were 

employed [5]. As mobile platforms, such as autonomous 

underwater vehicles (AUVs), remotely-operated vehicles 

(ROVs), and underwater gliders, have opened a new pathway 

for the construction of mobile ocean networks, ROVs equipped 

with underwater cameras have become the key enabling 

instruments for high-quality video monitoring [6]. They are 

usually tethered to an onshore station or supporting ships via 

cables for power supply and real-time and high-speed 

communication. However, tethering significantly constrains the 

maneuverability and working range of the ROVs. In recent 

years, with the advancement of semiconductor and digital 

signal processing technologies, underwater wireless optical 

communication (UWOC) technology with high bandwidth and 

low latency has made tremendous progress in terms of data 

rates (up to ~Gbit/s) and transmission distances (up to hundreds 

of meters) [7-9]. It proved to be a promising technology in 

overcoming the limitations of conventional underwater acoustic 

communication for high-resolution multimedia streaming in the 
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order of Mbit/s across short transmission ranges (less than ~100 

m) [10-21]. The third step in realizing the UIoT is to process 

the massive underwater data intelligently. In the past, due to the 

lack of technical means and low investment, the acquisition of 

marine data was mostly in the cycle of years or months, and 

thus, the amount of data was small. In recent years, with the 

continuous development of information technology and 

detection equipment, the data acquisition period is gradually 

shortened, and the amount of data increased exponentially from 

gigabyte, trillionbyte, and eventually to petabyte. In the future, 

big data, cloud computing, artificial intelligence, and virtual 

reality will become the core technologies to realize the 

intelligent processing of massive data [22]. 

Therefore, real-time, dynamic, and visual monitoring of 

underwater scenes is supposed to be one of the important 

research topics for future human-robot interaction applications. 

Figure 1 shows the illustration of real-time, dynamic, and visual 

monitoring of underwater scenes by using a cluster of AUVs, 

UWOC technology, and video fusion technology. Multiple 

video acquisition devices mounted on a cluster of AUVs are 

used to capture videos of a scene, which can overcome the 

limitations of a single camera, such as incomplete perspectives 

and unclear positions. High-speed UWOC is used for in-

network video streaming exchange between AUVs in real-time. 

Then, the collected videos are transmitted to the onshore base 

station through the AUV-buoy-satellite-onshore base station 

communication link. Using video fusion, which is a branch of 

virtual reality technology, a virtual scene can be generated by 

fusing the videos with the related virtual scene. Based on the 

real-time, dynamic, and visual monitoring of underwater 

scenes, a real-time control, accurate management, and critical 

scientific decision can be realized in the futuristic applications 

of human-robot interaction. 

To achieve this goal, we develop an optical wireless 

communication-based 2K real-time video surveillance system 

called AquaF-seer in this paper. The main parameters of 

AquaF-seer and some prior underwater optical multimedia 

transmission systems [11-21] are listed in Table I. We can see 

that a series of field trials on underwater optical multimedia 

transmission have been conducted from 2005 to 2010 [11-14]. 

However, these prior works did not provide detailed 

information, such as water quality and video quality. Since 

2013, researchers began to focus on quantitative studies of 

underwater optical video transmission on laboratory testbeds 

[15-21]. Blue/green laser diodes [12, 16-18, 20], light-emitting 

diodes (LEDs) [11, 20], and LED arrays [112, 15, 21] were 

usually used as light sources and high-sensitivity avalanche 

photodetectors (APDs) [15, 17, 18, 21] were usually used as the 

receiver. It is worth noting that using high-bandwidth laser 

diodes and laboratory equipment and spectrally-efficient 

quadrature phase shift keying (QPSK) and quadrature 

amplitude modulation (QAM) orthogonal frequency-division 

multiplexing (OFDM) modulation schemes, 15-Mbit/s and 30-

Mbit/s data rates have been achieved in Ref. [18] to support 

high-resolution (4096 × 1762 pixels) video transmission over 

simulated seawater with different turbidities. In contrast, to 

alleviate the underwater link alignment issues, we use one 

single LED with a large divergence angle as the light source in 

this work. To promote the development of the underwater 

optical video monitoring system, we develop a real-time digital 

video surveillance prototype using a field-programmable gate 

 
Fig. 1. Illustration of real-time, dynamic, and visual monitoring of underwater scenes by using a cluster of AUVs, UWOC 

technology and video fusion technology. 



This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JPHOT.2022.3147844, IEEE
Photonics Journal

> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 

 

3

arrays (FPGAs). To reduce the complexity and cost of FPGA TABLE I  

SUMMARIZATION OF PRIOR WORK AND THIS WORK ON UNDERWATER OPTICAL MULTIMEDIA TRANSMISSION 

 Year Light 

Source 

Output 

Optical 

Power 

Detec

tor 

Modulat

ion 

Scheme 

Throu

ghput 

Range Underwater 

Channel 

Quality Hardw

are 

Ref. 

1 2005 LED - Photo

diode 

- 10 

Mbit/s 

12.192 

m 

- - - [11] 

2 2005 50 to 

100  

blue 

LEDs 

12 mW 

 

PMT OOK 2-10 

Mbit/s 

- Seawater Studio 

quality 

- [12] 

Laser 
diode 

200–500 
mW 

3 2007 - - - - 1.5 

Mbit/s 

10 m Lake - - [13] 

4 2013 18 

LEDs 

- APD Luby 

Transfor

m 

- 40 m Clear water Up to 

1288 × 

964 

pixels 

FPGA [15]  

 

5 2014 488-nm 

laser 

50 mW PMT Phase 

alternate 

line 

format 

- 4.5 m Simulated 

seawater with 

visibility 

varied from 

1m to 4.5m 

- Instru

ments 

[16]  

 

6 2017 520-nm 

laser 

diode 

15 mW APD PSK and 

QAM  

- 5 m Simulated 

clear water, 

coastal water, 
harbor I water, 

and harbor II 

water 

320 × 

240 

pixels 

Instru

ments 

[17]  

 

7 2018 520-nm 

laser 

diode 

15 mW APD QPSK 

OFDM 

15 

Mbit/s 

Up to 

4.5 m 

Tap water and 

simulated 

clear water 

and harbor II 

water 

4096 × 

1762 

pixels 

Instru

ments 

[18]  

 

16-QAM 

and 64-

QAM 

OFDM 

30 

Mbit/s 

8 2020 520-nm 

LED 

- Si 

photo

diode 

OOK - 1 m Pure water - Raspbe

rry Pi 

[20]  

 

520-nm 

laser 

diode 

0.3 W 2.11 

Mbit/s 

9 2020 Six 

445-nm 
LEDs 

60 W APD 2 

frequenc
y-shift 

keying 

1 

Mbit/s 

10 m Tap water - FPGA [21]  

10 2021 458-nm 

LED 

3 W APD OOK 2.5 

Mbit/s 

1.5 m Pure water, 

pure water 

with bubbles, 

and simulated 

clear water 

and costal 

water 

1920 × 

1080 

pixels 

FPGA This 

work 

5 m Outdoor 
diving pool 

water 
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implementation. We employ the simplest on-off keying (OOK) 

modulation scheme with a data rate of 2.5 Mbit/s. Compared 

with Ref. [12] using 50-100 LEDs, Ref. [15] using 18 LEDs, 

Ref. [21] using 6 LEDs, and Ref. [11] and Ref. [20] using one 

single LED, we achieve the highest resolution of 1920 × 1080 

pixels (2K) using one single LED, FPGAs, and OOK 

modulation scheme. Furthermore, we studied the influence of 

various underwater channels on the single LED-based diffuse 

line-of-sight (DLOS) underwater video communication system 

for the first time. It shows excellent communication 

performance and robustness in a 1.5-m free space channel, pure 

water channel, pure water channel with 1.53-mL/s bubble-

induced turbulence, pure water channel with 42.40-mL/s 

bubble-induced turbulence, simulated pure sea water with an 

attenuation coefficient of 0.043 m-1, and coastal ocean water 

with an attenuation coefficient of 0.298 m-1. Moreover, the 

longest transmission distance in free space is up to 46 m. To 

verify the availability and reliability of the system, field trials 

are conducted in outdoor diving pool water. This is the first step 

toward real-time, dynamic, and visual monitoring of 

underwater scenes in the futuristic applications of human-robot 

interaction. 

II. EXPERIMENTAL SETUP 

Figures 2(a)-2(d) show the experimental setup, transmitter 

circuit, receiver circuit, and schematic diagram of the diffused 

line-of-sight UWOC-based 2K real-time digital video 

surveillance system. At the transmitter (Tx) side, Monitor 1 was 

used to display videos. The video stream was first collected by 

an eight-megapixel surveillance camera (Hikvision, DS-

2CD3T86FWDV2-I3S) in real-time. Then, the video stream 

was processed through a transmitter circuit including video 

encoding (H.256) and OOK modulation with a data rate of 2.5 

Mbit/s. After digital-to-analog conversion (D/A), the OOK 

signals were superimposed onto a 3-W blue LED through an 

LED driver. Lenses were used in front of the LED to collimate 

the light beam. After transmitting through a 1.5-m water tank, 

the OOK signals were first detected by an APD (Thorlabs, 

APD430A2/M) at the receiver (Rx) side. Then, an operational 

amplifier (OP-AMP) and a low-pass filter (LPF) were used to 

amplify the received OOK signals and remove the noise, 

respectively, which is beneficial to improve the signal-to-noise 

ratio. After analog-to-digital conversion (A/D), the received 

OOK signals were demodulated and decoded through a receiver 

circuit in real-time. Finally, the received videos were displayed 

on Monitor 2. An oscilloscope (OSC) was used to collect the 

received data, and thus we can plot the eye diagrams offline. 

III. EXPERIMENTAL RESULTS IN THE WATER TANK 

The peak wavelength of the LED was measured, which was around 

 
Fig. 2. (a) Experimental setup, (b) transmitter circuit, (c) receiver circuit, and (d) schematic diagram of the UWOC-based 2K 

real-time digital video surveillance system. 
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458 nm, as shown in Figure 3(a). Light spots with an area of 19.63 

cm2 (diameter: 5 cm) could be observed at a distance of 1.5 m, 

which was much larger than that of the APD (diameter: 0.2 mm). 

Therefore, the LED-based diffused line-of-sight communication 

system can have immunity to misalignment. As the power 

distribution of the LED conforms to the Gaussian distribution as 

shown in Figure 3(b), the irradiance distribution at the receiving 

plane over the transmission distance of 1.5 m was achieved by 

measuring power density along the x-axis and then extending the 

beam in all angles as shown in Figure 3(c) assuming circular 

symmetry. 

 
Fig. 3. (a) Optical spectrum of the LED, (b) beam shape and 

power distribution of the LED, (c) irradiance distribution at the 

receiving plane over the transmission distance of 1.5 m. 

After LED characterization, we studied color distortion at the 

transmitter side using a Philips PM5544 test card. Figure 4(a) is the 

original Philips PM5544 test card (named Image_Tx 0).  Figure 

4(b) shows the captured image of the Philips PM5544 test card 

displayed on Monitor 1 using the surveillance camera (named 

Image_Tx 1). Due to the slight changes of indoor lighting in the 

experiment, the surveillance camera sometimes automatically 

activates its warm light compensatory function. Figure 4(c) shows 

the captured image of the Philips PM5544 test card displayed on 

Monitor 1 using the surveillance camera with automatic warm light 

compensatory function (named Image_Tx 2). To study their color 

differences, 12 colors (the red dotted box in Figure 4(a)) were 

extracted from Image_Tx 0, Image_Tx 1, and Image_Tx 2, 

respectively, as shown in Figures 5(a)-5(c). It is worth noting that 

since the display screen of Monitor 1 was reflective of indoor 

fluorescent lamps, we avoided extracting the relevant parts affected 

by the fluorescent lamps (the yellow dotted box in Figure 4(b)) 

when extracting the first six colors. After the mean red-green-blue 

values of each color were obtained, they were converted into LAB 

color space values. Then, △E2000 was used for color-difference 

calculation [23]. Figure 6 shows the color differences of Image_Tx 

1 vs. Image_Tx 0 and Image_Tx 2 vs. Image_Tx 0. They ranged 

from 2.2 to 22 and from 1.9 to 8.7, respectively, which were caused 

by the interference from ambient light and the parameter settings 

of Monitor 1 and the surveillance camera. Moreover, the color 

differences of Image_Tx 1 vs. Image_Tx 0 were much larger than 

those of Image_Tx 2 vs. Image_Tx 0. It indicates that the automatic 

warm light compensatory function of the surveillance camera can 

significantly improve the color differences.  

 
Fig. 4. (a) Original Philips PM5544 test card (Image_Tx 0), (b) 

captured image of the Philips PM5544 test card displayed on 

Monitor 1 using the surveillance camera (Image_Tx 1), and (c) 

captured image of the Philips PM5544 test card displayed on 

Monitor1 using the surveillance camera with automatic warm light 

compensatory function (Image_Tx 2). 

 
Fig. 5. Twelve colors extracted from: (a) Image_Tx 0, (b) 

Image_Tx 1, and (c) Image_Tx 2. 



This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JPHOT.2022.3147844, IEEE
Photonics Journal

> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 

 

6

 
Fig. 6. Color differences of Image_Tx 1 vs. Image_Tx 0 and 

Image_Tx 2 vs. Image_Tx 0. 

Then, we studied the effect of various channels on the color 

distortion and optical wireless communication performance in 

transmitting pictures. Figures 7(a)-7(f) show the recovered images 

of the Philips PM5544 test card displayed on Monitor 2 after 

transmitting through the 1.5-m water tank without water (named 

Image_w/o water), with pure water (Image_w/ water), with pure 

water and bubbles with a flow rate of 1.53 mL/s-induced 

turbulence (Image_Turbulence 1, see Figure 8(a)), with pure water 

and bubbles with a flow rate of 42.40 mL/s-induced turbulence 

(Image_Turbulence 2, see Figure 8(b)), with pure sea water 

(Image_Pure Sea), and with coastal ocean water (Image_Coastal 

Ocean). It is worth noting that pure sea water with an attenuation 

coefficient of 0.043 m-1 was simulated by adding 26 µL of Maalox 

and coastal ocean water with an attenuation coefficient of 0.298 m-

1 was simulated by adding 179 µL of Maalox. Figures 9(a)-9(f) 

show the extracted 12 colors from Figures 7(a)-7(f). The color 

differences of Image_w/o water vs. Image_Tx 1, 

Image_Turbulence 1 vs. Image_Tx 1, and Image_Turbulence 2 vs. 

Image_Tx 1 ranged from 1.2 to 12.2, from 1.4 to 11, and from 1.6 

to 10.9, respectively, as shown in Figure 10(a). The color 

differences of Image_w/ water vs. Image_Tx 2, Image_Pure Sea 

vs. Image_Tx 2, and Image_Coastal Ocean vs. Image_Tx 2 ranged 

from 3.1 to 6.8, from 2.6 to 7.8, and from 2.5 to 8.1, respectively, 

as shown in Figure 10(b). These color differences were attributed 

to the video compression in the transmitter circuit. Moreover, it can 

be seen from Figure 10 that turbulence and turbidity have little 

effect on the color distortion of pictures. Figures 11(a) and 11(b) 

are the images of the transmitted signals and received signals 

displayed on the organic LED (OLED) screens of the transmitter 

circuit and receiver circuit, respectively. The BER of Image_w/o 

water was 0 as shown at the bottom right corner of the OLED 

screen (Er: 0) in Figure 11(b). The eye diagrams of Image_w/o 

water, Image_w/ water, Image_Turbulence 1, Image_Turbulence 

2, Image_Pure Sea, and Image_Coastal Ocean are shown in Figure 

12 with error free. It indicates that turbulence and turbidity have 

little effect on the optical wireless communication performance of 

the diffused line-of-sight system in transmitting pictures.  

 
Fig. 7. Recovered image of the Philips PM5544 test card displayed 

on Monitor 2 after transmitting through the 1.5-m water tank (a) 

without water (Image_w/o water), (b) with pure water (Image_w/ 

water), (c) with pure water and bubbles with a flow rate of 1.53 

mL/s-induced turbulence (Image_Turbulence 1), (d) with pure 

water and bubbles with a flow rate of 42.40 mL/s-induced 

turbulence (Image_Turbulence 2), (e) with pure sea water 

(Image_Pure Sea), and (f) with coastal ocean water 

(Image_Coastal Ocean). 

 
Fig. 8. (a) 1.5-m water tank with pure water and bubbles with: (a) 

a flow rate of 1.53 mL/s-induced turbulence and (b) a flow rate of 

42.40 mL/s-induced turbulence. 

 
Fig. 9. Twelve colors extracted from: (a) Image_w/o water, (b) 

Image_w/ water, (c) Image_Turbulence 1, (d) Image_Turbulence 

2, (e) Image_Pure Sea, and (f) Image_Coastal Ocean. 
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(a) 

 

(b) 

Fig. 10. Color differences of: (a) Image_w/o water vs. Image_Tx 

1, Image_Turbulence 1 vs. Image_Tx 1, and Image_Turbulence 2 

vs. Image_Tx 1 and (b) Image_w/ water vs. Image_Tx 2, 

Image_Pure Sea vs. Image_Tx 2, and Image_Coastal Ocean vs. 

Image_Tx 2. 

 
Fig. 11. (a) Transmitted signals of the Philips PM5544 test card 

displayed on the OLED screen of the transmitter circuit and (b) 

received signals of the Philips PM5544 test card displayed on the 

OLED screen of the receiver circuit over the 1.5-m water tank 

without water. 

 
Fig. 12. Eye diagrams of: (a) Image_w/o water, (b) Image_w/ 

water, (c) Image_Turbulence 1, (d) Image_Turbulence 2, (e) 

Image_Pure Sea, and (f) Image_Coastal Ocean. 

After that, we studied video quality at the transmitter side using 

a two-minute, fifteen-second video named Life in the KAUST 

Community(https://www.youtube.com/watch?v=qW3iq9JFvHA)

. Figure 13(a) is one frame of the original video (named Video_Tx 

0).  Figure 13(b) shows the captured image of the frame displayed 

on Monitor 1 using the surveillance camera (named Video_Tx 1). 

There were color differences between Figures 13(a) and 13(b), 

which were caused by the interference from ambient light and the 

parameter settings of Monitor 1 and the surveillance camera.  

 

Fig. 13. (a) One frame of the original video named Life in the 

KAUST Community (Video_Tx 0) and (b) captured image of the 

frame displayed on Monitor 1 using the surveillance camera 

(Video_Tx 1), 

The effect of various channels on the video quality and optical 

wireless communication performance in transmitting videos was 

also studied. Figures 14(a)-14(f) show the recovered images of the 

frame displayed on Monitor 2 after transmitting through the 1.5-m 

water tank without water (Video_w/o water), with water 

(Video_w/ water), with pure water and bubbles with a flow rate of 

1.53 mL/s-induced turbulence (Video_Turbulence 1), with pure 

water and bubbles with a flow rate of 42.40 mL/s-induced 

turbulence (Video_Turbulence 2, see Visualization 1), with pure 

sea water (Video_Pure Sea), and with coastal ocean water 

(Video_Coastal Ocean). The video can be transmitted smoothly 

over all the channels. However, there was a ~4-s transmission 

delay due to the signal processing in the transmitter and receiver 

circuits. Figures 15(a) and 15(b) are the images of the transmitted 

and received signals displayed on the OLED screens of the 

0 2 4 6 8 10 12

0

2

4

6

8

10

12

14

16

△
E

2
0

0
0

Color

 Image_w/o water vs. Image_Tx 1

 Image_Turbulence 1 vs. Image_Tx 1

 Image_Turbulence 2 vs. Image_Tx 1

0 2 4 6 8 10 12

1

2

3

4

5

6

7

8

9

10

△
E

2
0
0

0

Color

 Image_w/ water vs. Image_Tx 2

 Image_Pure Sea vs. Image_Tx 2

 Image_Coastal Ocean vs. Image_Tx 2



This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JPHOT.2022.3147844, IEEE
Photonics Journal

> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 

 

8

transmitter and receiver circuits, respectively. The BER of 

Video_w/o water was maintained at 0 as shown at the bottom right 

corner of the OLED screen (Er: 0) in Figure 15(b). The eye 

diagrams of Video_w/o water, Video_w/ water, 

Video_Turbulence 1, Video_Turbulence 2, Video_Pure Sea, and 

Video_Coastal Ocean are shown in Figure 16 with error free. We 

can see that the amplitude noise of level 1 in Video_Turbulence 2 

and Video_Coastal Ocean were significant, which was attributed 

to the turbulence and turbidity-induced channel noise. However, 

the wide beam from the LED effectively provided spatial diversity, 

which improved the immunity of the system to turbulence and 

turbidity-induced fading. When we further simulated turbid harbor 

water with an attenuation coefficient of 2.19 m-1 by adding 1316 

µL of Maalox, the system could not work due to the high 

attenuation coefficient of water, which resulted in low received 

signal power. 

 
Fig. 14. Recovered image of the frame displayed on Monitor 2 

after transmitting through the 1.5-m water tank (a)without water 

(Video_w/o water), (b) with water (Video_w/ water), (c) with pure 

water and bubbles with a flow rate of 1.53 mL/s-induced 

turbulence (Video_Turbulence 1), (d) with pure water and bubbles 

with a flow rate of 42.40 mL/s-induced turbulence 

(Video_Turbulence 2, see Visualization 1), (e) with pure sea water 

(Video_Pure Sea), and (f) with coastal ocean water 

(Video_Coastal Ocean). 

 
Fig. 15. (a) Transmitted signals of the video named Life in the 

KAUST Community displayed on the OLED screen of the 

transmitter circuit and (b) received signals of the video named Life 

in the KAUST Community displayed on the OLED screen of the 

receiver circuit over the 1.5-m water tank without water. 

 

Fig. 16. Eye diagrams of: (a) Video_w/o water, (b) Video_w/ 

water, (c) Video_Turbulence 1, (d) Video_Turbulence 2, (e) 

Video_Pure Sea, and (f) Video_Coastal Ocean. 

IV. FIELD TRIALS 

The experiments above have demonstrated that various 

channels will not affect the color differences, video quality, and 

optical wireless communication performance since the BER 

was maintained at 0. Therefore, we further studied the longest 

distance that the system can achieve in free space. Figure 17(a) 
shows the experimental scene in the free space. When the 

transmission distance increased by more than 46 m, the 

communication link could not be established. Therefore, the 

maximum achievable distance was 46 m. Figures 17(b) and 

17(c) show the captured image by the camera and the recovered 

image displayed on Monitor 2 after transmitting through a 46-

m free space channel. Figures 18(a) and 18(b) are the images of 

the transmitted and received signals displayed on the OLED 

screens of the transmitter and receiver circuit, respectively. The 

BER was always 0, as shown at the bottom right corner of the 

OLED screen (Er: 0) in Figure 18(b) when the video was 

transmitted, which shows excellent communication 
performance of the 2K real-time digital video surveillance 

system in long-distance transmission. 

To verify the reliability of AquaF-seer, we conducted a field 

trial in an outdoor diving pool. Figure 19 shows the 

experimental scene, transmitter side, and receiver side of the 2K 

real-time digital video surveillance system in the outdoor diving 

pool. Figure 20 shows the screenshot of the recovered video 

displayed on Monitor 2 after transmitting through a 5-m 

underwater channel in real-time. 

 
Fig. 17. (a) Experimental scene in free space, (b) captured 

image by the camera, and (c) recovered image displayed on the 

Monitor 2 after transmitting through 46-m free space. 
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Fig. 18. (a) Transmitted signals of the video named Life in the 

KAUST Community displayed on the OLED screens of the 
transmitter circuit and (b) received signals of the video named 

Life in the KAUST Community displayed on the OLED screens 

of the receiver circuit. 

 
Fig. 19. (a) Experimental scene, (b) transmitter side, and (c) 

receiver side of the 2K real-time digital video surveillance 

system in the outdoor diving pool.  

 
Fig. 20. Screenshot of the recovered video displayed on the 

Monitor 2 after transmitting through 5-m outdoor diving pool 

water. 

V. CONCLUSION 

In this work, a UWOC-based 2K real-time digital video 

surveillance prototype, named AquaF-seer, was developed 

using field-programmable gate arrays. The LED-based diffused 

line-of-sight video surveillance system shows good 

communication performance and robustness in various 

channels. Real-time video transmission with a high resolution 

of 1920 × 1080 pixels and error free was implemented over 1.5-

m free space, pure water channel, pure water channel with 1.53-

mL/s bubble-induced turbulence, pure water channel with 

42.40-mL/s bubble-induced turbulence, simulated pure sea 

water with an attenuation coefficient of 0.043 m-1, and coastal 

ocean water with an attenuation coefficient of 0.298 m-1. 
Moreover, to demonstrate the reliability of AquaF-seer, 46-m 

and 5-m video monitoring was implemented in free space and 

an outdoor diving pool, respectively. In the future, AquaF-seer 

will be upgraded and integrated with AUV clusters to 

implement real-time, dynamic, and visual monitoring of 

underwater scenes. 
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