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Abstract—Automatic subsea operations using real-time 

underwater optical wireless sensor networks are mooted as a new 

paradigm of underwater Internet of Things in this paper. To this 

end, we develop an underwater optical wireless sensor network 

prototype called AquaE-net, which consists of an optical hub and 

two sensor nodes with temperature, salinity, conductivity, and pH 

sensing capabilities. Clock synchronization is realized in AquaE-

net, which paves the way for future underwater positioning and 

navigation. Moreover, real-time and bi-directional network 

communication with 100% packet success rates has been realized 

by AquaE-net in free space and turbid water in the harbor of the 

Red Sea at King Abdullah University of Science and Technology. 

This is the first step toward future effective marine environmental 

monitoring and marine resources exploration. 

 
Index Terms—Automatic subsea operations, marine 

environmental monitoring, underwater optical wireless sensor 

networks, underwater Internet of Things. 

I. INTRODUCTION 

ANKIND has made great efforts in exploring and 

utilizing marine space in the past few years, such as 

the development of marine oil, gas, and fishery 

resources. This has brought great economic benefits to human 

beings and has inflicted critical environmental issues to the 

oceans [1]. For example, undersea oil pipeline leakage has 

aggravated environmental pollution and deteriorated ecological 

environment; overfishing of coastal fishery resources has 

caused serious damage to marine resources. Besides, global 

climate change characterized by ocean acidification, warming, 

oxygen depletion, rising sea levels, and weather extremes has 

significantly affected marine ecosystems and increased the 

frequency and severity of marine disasters [2]. Therefore, it is 

of immediate urgency to develop new sensing and 

communication methodologies in order to monitor the marine 

environment in real-time, which is essential to facilitate policy 

making related to ocean management.  

    Conventional satellite remote sensing methods with a 

relatively poor spatial resolution cannot meet the increasing 
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precision requirements of underwater environmental 

monitoring [3]. The monitoring methods based on ships and 

divers are also expensive from the standpoint of finances, 

logistics, and time [3]. Driven by new technologies, such as 

undersea fiber-optic cables, underwater vehicles, and modern 

sensors, ocean network-based monitoring methods have made 

significant breakthroughs. Stationary platforms, such as benthic 

landers, oceanographic moorings, and cabled ocean 

observatories, have played an important role in implementing 

all-weather, long-term, continuous, large-scale, 

comprehensive, and in-situ observation [4]. However, their 

geometry is difficult to change, and the maintenance cost is 

high. In recent years, mobile platforms, such as remotely-

operated vehicles (ROVs), autonomous underwater vehicles 

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

for oceanic networks with large spatial scales [5].  

In this paper, we propose automatic subsea operations using 

real-time underwater optical wireless sensor networks, as 

shown in Fig. 1. Automatic subsea operations relying on a range 

of unmanned and energy-autonomous equipment, such as solar-

powered satellites, unmanned aerial vehicles (UAVs), 

unmanned surface vehicles (USVs), AUVs, and oceanographic 

moorings, will lead to the emergence of a new paradigm of 

underwater Internet of Things (UIoT) in the future. It can 

replace manpower to implement marine environmental 

monitoring and marine resources exploration, thereby reducing 

cost and risk while significantly improving resolution, 

efficiency, and repeatability. For example, a large number of 

moorings (including various instruments, such as conductivity, 

temperature, and depth sensors, biological sensors, and current 

meters) can be deployed in coral reefs to provide all-weather, 

long-term, continuous, large-scale, comprehensive, and in-situ 

monitoring. Then, AUVs can be carried by USVs to collect data 

from the moorings and then transmit it to the shore base station 

through the AUVs-surface buoys/USVs-UAVs/satellite-shore 

base station link. This could be one of the most effective ways 

to study the effects of climate change on coral reefs in the 
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future. Likewise, automatic subsea operations would also play 

an important role in future subsea oil and gas pipeline 

monitoring, resource exploration, and volcanic hydrothermal 

sampling in the open sea. 

A real-time and highly efficient communication means is a 

prerequisite for automated subsea operations. Radio frequency 

(RF) communication technology, which is widely used in 

terrestrial and satellite internet, is difficult to use underwater 

due to the high attenuation of RF waves in water [6]. Also, 

traditional underwater acoustic communication technology 

with low capacity, low data rate, and high latency cannot 

support a large number of underwater equipment to quickly 

establish communication links for real-time and highly efficient 

automatic subsea operations due to the limited bandwidth 

(~kHz) and low propagation speed (1500 m/s) of acoustic 

waves [7]. In contrast, underwater wireless optical 

communication (UWOC) technology is a promising candidate 

for real-time, high-speed (up to ~Gb/s), and short-distance (up 

to ~100 m) communication among swarms of underwater 

equipment thanks to its high bandwidth and low latency [8]. 

However, most of the prior work focused on the physical layer 

of point-to-point UWOC [8-12].  

In this work, we develop, to the best of our knowledge, the 

first underwater optical wireless sensor network prototype 

called AquaE-net, which consists of an optical hub and two 

sensor nodes. AquaE-net has four salient features. Firstly, as 

sensor nodes of underwater wireless sensor networks have very 

limited power and even have difficulty in battery charging or 

replacement, the AquaE-net is designed with low-power 

consumption, making it ready for energy-autonomous UIoT in 

the future. With low-power photoelectric components (e.g., a 

single 3-W light-emitting diode (LED) and a single photodiode 

(PD)), the communication distance between the optical hub and 

the sensor nodes can reach 1.1 m in free space. Secondly, the 

LED-based network provides reliable connection. Considering 

the communication distance and the link alignment issues, the 

divergence angle of the LEDs is designed to be 34 degrees with 

the help of lenses. A 0.6-m communication distance can be 

achieved when the deflection angle of the LED on a sensor node 

is 15 degrees, and the offset distance of the sensor node is 10 

cm from the well-aligned center location, respectively. Thirdly, 

to implement automatic subsea operations, AquaE-net has the 

capability of bi-directional communication. It is worth noting 

that the optical hub is designed to have four transceivers 

towards four directions, which can support bi-directional 

optical wireless communication with up to four sensor nodes at 

different time slots. Moreover, a software is developed and 

installed on a laptop connected to the optical hub through an 

Ethernet cable. Thus, one can remotely access the data uploaded 

by the sensor nodes in the optical hub and send instructions 

(e.g., sampling interval) or software upgrade files to the sensor 

nodes in real-time through the optical hub located on the shore. 

The sensor nodes can enable dual-communication through the 

optical hub, mimicking that of the mobile networks on land. 

Lastly, the optical hub has the function of clock 

synchronization, i.e., the time on the sensor nodes can be 

synchronized with the time on land through the optical hub. It 

is beneficial for the users to monitor underwater environment 

 
Fig. 1. Illustration of automatic subsea operations using real-time underwater optical wireless sensor networks for coral reef 

monitoring, subsea oil and gas pipeline monitoring, resource exploration and volcanic hydrothermal sampling. 
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in real-time and could pave the way for future underwater 

positioning and navigation. To study the communication 

performance of AquaE-net, field trials are conducted in the 

turbid water of the King Abdullah University of Science and 

Technology (KAUST) harbor by the Red Sea. One sensor node 

is placed 0.6 m away from the optical hub. The other one is 

mounted on an ROV to collect data at a designated place. The 

optical hub can reliably communicate with the sensor nodes, 

and the two sensor nodes can also communicate with each other 

successfully through the optical hub over a distance of 0.6 m. 

The packet success rate is 100%. This is the first step toward 

future real-time and highly efficient automatic subsea 

operations in UIoT. 

II. AQUAE-NET SYSTEM OVERVIEW 

The real-time and bi-directional underwater optical wireless 

sensor network consists of an optical hub and two sensor nodes.  

 
Fig. 2. (a) Schematic diagram of the optical hub, (b) top view 

of the optical hub, and (c) side view of the optical hub. 

Fig. 2 shows the schematic diagram, top view, and side view 

of the optical hub (Length: 18 cm, Width: 18 cm, Height: 14 

cm). The optical hub is composed of a system-on-chip (SoC) 

circuit and four transceiver circuits. The SoC is XC7Z010-

1CLG400 from Xilinx, which integrates a field programmable 

gate array (FPGA) and a CortexTM-A9 MPCore. It has strong 

computing power and can enable fast modulation and 

demodulation. Four identical transceiver circuits are mounted 

facing four directions to achieve bi-directional optical wireless 

communication with sensor nodes. On the transmitter end, four 

drivers were used to superimpose on-off keying (OOK) signals 

with a data rate of 1.5 Mbit/s output from the SoC onto four 3-

W green LEDs (Cree XLamp XB-D) facing four different sides, 

respectively. Fig. 3(a) shows the drive circuit of the LED. 

Taking into consideration the achievable transmission distance 

and link alignment issues, four lenses were used in front of the 

LEDs to adjust the divergence angles of the LED beams. At the 

receiver, similar lenses were used in front of the PDs to focus 

the incoming light. After being detected by the PDs, the 

received OOK signals were amplified by an operational 

amplifier (OPA), and the noise was removed by a low-pass 

filter (LPF) to improve the signal-to-noise ratio. Fig. 3(b) shows 

part of the receiver circuit. 

 

(a) 

 

(b) 

Fig. 3. (a) Drive circuit of the LED and (b) part of the receiver 

circuit. 

Fig. 4 shows the schematic diagram, front view, and backside 

view of a sensor node (Length: 21 cm, Width: 20 cm, 

Thickness: 7 cm). The sensor node is composed of a transceiver 

circuit and a sensor hub. The transceiver circuit is identical to 

the one in the optical hub. Thus, bi-directional communication 

can be realized between the sensor nodes and the optical hub. 

Time division multiple access was used in AquaE-net to enable 

the two sensor nodes to transmit data at different time slots. In 

the sensor hub, there are a co-processor, an SD card, an organic 

LED (OLED) screen, a real-time clock (RTC) chip, a pH sensor 

(as shown in Fig. 4(d)), and an integrated temperature, salinity, 

and conductivity sensor (as shown in Fig. 4(d)). The sensor hub 

is connected to the transceiver circuit through a universal 
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asynchronous receiver/transmitter (UART) for data exchange. 

 
Fig. 4. (a) Schematic diagram of the sensor node, (b) front view 

of the sensor node, (c) backside view of the sensor node, and (d) 

a pH sensor (left) and an integrated temperature, salinity, 

conductivity sensor (right). 

The optical hub and two sensor nodes were powered by five 

18650B batteries each with a capacity of 3400 mAh, 

respectively, which can power them to work for around 5 hours 

continuously. In future designs, the required electrical power 

can be supplied by solar-powered USVs, AUVs, or other 

underwater equipment to implement fully energy-autonomous 

UIoT [6]. 

A software was developed and installed on a laptop to control 

and display the parameters collected by the optical hub through 

an Ethernet cable. We can also send commands to the two 

sensor nodes through the software. Fig. 5(a) shows the home 

page of the optical hub, where we can set the PC Internet 

protocol (IP), PC medium access control (MAC), transmission 

control protocol (TCP) port, user datagram protocol (UDP) 

port, log path, and service state (on/off). Fig. 5(b) shows the 

device identity (ID), device IP, last report time, and upload size. 

The sampling interval can be preset and then sent from the 

optical hub to the sensor nodes to control the sampling interval 

of the sensor nodes. Updated files can be uploaded and then sent 

from the optical hub to the sensor nodes for software upgrades. 

Clock synchronization can be achieved by sending time 

command. The device log presents the temperature, salinity, 

conductivity, and pH information collected at different time 

intervals by the sensor nodes. 

 

(a) 

 

(b) 

Fig. 5. (a) Home page of the optical hub and (b) control 

interface of the device. 

 
Fig. 6. (a) Communication protocol between the optical hub and 

the nodes and (b) communication protocol between the nodes 

and the sensors. 

We have designed two communication protocols for different 

devices. These protocols define the content of the packets, 

including the start mark, main data, checksum, and end mark. 

The two parties need to agree on the same packet format to send 

and receive packets. A packet starts with a start mark and ends 

with an end mark. The start mark and end mark of the packet 

are represented by hexadecimal data, as long as the two parties 

agree on the same value. The communication protocol between 

the optical hub and the nodes is shown in Fig. 6(a). The main 

data includes the IP address, destination address, data type, 

data, data size. The communication protocol between the nodes 
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and the sensors is shown in Fig. 6(b). The main data includes 

the sensor type, time, and sensor data. 

III. EXPERIMENT IN FREE SPACE 

We first measured the optical spectrum of the green LED. As 

shown in Fig. 7(a), the peak wavelength was 515.7 nm.  

 
Fig. 7. (a) Optical spectrum of the green LED, (b) beam shape 

and power distribution of the green LED, (c) illuminance 

distributions within an area of around 314 cm2 at a distance of 

0.26 m. 

We then measured the beam shape and power distribution of the 

green LED with a beam profiler. As shown in Fig. 7(b), the radius 

of the beam (r) is approximately 2.3 mm. As the power distribution 

conforms to the Gaussian distribution (see Fig. 7(b)), we measured 

the power density distributed along the x-axis and then extended 

the beam in all directions to obtain the irradiance distribution at the 

receiving plane, as shown in Fig. 7(c). The divergence angle of the 

LED with a lens was around 34 degrees. The light spot area is 

around 314 cm2 at the distance of 26 cm. Four LEDs with such 

large divergence angles facing four directions will be able to 

communicate with up to four sensor nodes at different time slots, 

as well as to alleviate the link alignment issues.  

 
Fig. 8. Schematic diagram of the communication performance 

tests. (a) Sensor Node 3 placed at different distances (D) from 

the optical hub, (b) Sensor Node 3 with different deflection 

angles (R) placed 0.6 m away from the optical hub, (c) Sensor 

Node 3 with different offset distances (F) placed 0.6 m away 

from the optical hub, and (d) Sensor Node 3 and Sensor Node 

2 communicate through the optical hub. 

We then studied the communication performance of the 

optical wireless sensor network in free space. Firstly, Sensor 

Node 3 was placed at different distances (D) from the optical 

hub, as shown in Fig. 8(a). When the distance between Sensor 

Node 3 and the optical hub increased from 0.6 m to 1 m and 1.1 

m, the packet success rates remained at 100% and the average 

delay values from the Sensor Node 3 to the optical hub were 

33.795 ms, 44.812 ms, and 35.643 ms, respectively, which were 

small enough and fluctuated over a small range as shown in Fig. 

9(a). It is worth noting that when the packet success rate was 

100%, the communication link was error free, which may be 

achieved after the error mitigation by Reed-Solomon codes. 

The communication link was not established when the distance 

between Sensor Node 3 and the optical hub continued to 

increase beyond 1.1 m. Because continuous packet loss 

exceeded a certain time we designed, the optical hub could not 

receive any reply from the sensor node and determined that the 
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sensor node was offline. Therefore, the maximum transmission 

distance in free space was 1.1 m. Then, we measured the 

maximum deflection angle (R) of Sensor Node 3 with a distance 

of 0.6 m away from the optical hub, as shown in Fig. 8(b). A 

maximum deflection angle of 15 degrees was achieved. When 

the deflection angle of Sensor Node 3 increased from 5 degrees 

to 10 degrees to 15 degrees, the packet success rates remained 

at 100%, and the average delay values from Sensor Node 3 to 

the optical hub were 35.683 ms, 33.230 ms, and 36.841 ms, 

respectively, as shown in Fig. 9(b). The communication link 

was not established when the deflection angle of Sensor Node 

3 continued to increase beyond 15 degrees. 

 
Fig. 9. Average delays from the Sensor Node 3 with different 

(a) transmission distances, (b) deflection angles, and (c) offset 

distances to the optical hub. 

The maximum offset distance of Sensor Node 3 at 0.6 m from 

the optical hub was also measured as shown in Fig. 8(c), with a 

10 cm offset from the well-aligned center location. When the 

offset distance (F) of Sensor Node 3 increased from 5 cm to 7 

cm to 10 cm, the packet success rates remained at 100%, and 

the average delay values from Sensor Node 3 to the optical hub 

were 34.859 ms, 35.780 ms, and 35.161 ms, respectively, as 

shown in Fig. 9(c). The communication link was not established 

when the offset distance of Sensor Node 3 continued to increase 

beyond 10 cm. Finally, we demonstrated that Sensor Node 3 

and Sensor Node 2 can transmit data to the optical hub at 

different time slots, as shown in Fig. 8(d) and Fig. 5(b). 

Moreover, Sensor Node 3 and Sensor Node 2 can communicate 

with each other through the optical hub over a transmission 

distance of 0.6 m. As shown in Fig. 5(b), Sensor Node 2 said 

“hello dev3” to Sensor Node 3, and Sensor Node 3 replied “I 

am going to collect data”. 

IV. FIELD TRIALS 

Fig. 10 shows the experimental scene of AquaE-net in the turbid 

water of the KAUST harbor by the Red Sea. The water type at 

the harbor was optically complex waters like coastal area where 

it is dominated by suspended particles such as sediments as 

shown in Fig. 10(b) and 10(c) [13]. In the field trial, Sensor 

Node 2 was placed 0.6 m away from the optical hub as shown 

in Fig. 10(a). Sensor Node 3 was mounted on an ROV to collect 

data at a designated place and time and then come back to the 

optical hub to upload information at a transmission distance of 

0.6 m. A laptop equipped with the developed software on the 

shore base station was connected to the optical hub through the 

Ethernet cable for remote control and real-time monitoring of 

water temperature, salinity, conductivity, and pH information. 

In future designs, the wired communication mode between the 

optical hub and the shore base station can be changed to an 

optical‒acoustic‒radio-frequency hybrid wireless 

communication mode based on systematic integration of buoys, 

AUVs, and UAVs units to support various underwater activities, 

e.g., coral reef monitoring, subsea oil pipeline inspection, and 

resource exploration in the open sea. 

The transmitted packets, missed packets, and packet success 

rate from Sensor Node 3 to the optical hub in the turbid water 

of the KAUST harbor by the Red Sea are 200, 0, and 100%, 

respectively. It demonstrated the robustness of AquaE-net. The 

average delays were 35.037 ms, which was similar to the pre-

deployment testing in free space. Fig. 11 shows the pH, 

temperature, salinity, and conductivity data collected by the two 

sensor nodes in the turbid water of the KAUST harbor by the 

Red Sea. AquaE-net shows great potential in future underwater 

mobile sensor networks for real-time underwater environmental 

monitoring and UIoT. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 11. (a) PH, (b) temperature, (c) salinity, and (d) 

conductivity data collected by the two sensor nodes in the turbid 

water of the KAUST harbor by the Red Sea. 

V. CONCLUSION 

In this work, a prototype named AquaE-net has been developed. 

An optical hub with four transceivers facing in four directions 

in AquaE-net can realize access of multiple sensor nodes at 

different time slots. An integrated temperature, salinity, and 

conductivity sensor and a pH sensor in the sensor nodes can be 

used for real-time underwater environment monitoring. Bi-

directional optical wireless communication between the optical 

hub and the sensor nodes helps in updating and upgrading, 

which paves the way for future automatic subsea operations. 

The clock synchronization will also play an important role in 

data analysis and future underwater positioning and navigation. 

To alleviate link alignment issues, LED light sources are 

designed with large divergence angles of 34 degrees, which can 

support the maximum communication distance between the 

sensor nodes and the optical hub up to 1.1 m in free space. 

Moreover, the deflection angle and offset distance can reach 15 

degrees and 10 cm from the well-aligned center location over a 

communication distance of 0.6 m, which shows the robustness 

of the LED-based underwater optical wireless sensor network. 

A 100% packet success rate obtained in the turbid water of 

KAUST harbor by the Red Sea showed that the AquaE-net has 

good communication performance in actual underwater 

 
Fig. 10. Experimental scene of AquaE-net in the turbid water of KAUST harbor by the Red Sea (see Visualization 1). 
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environments. Considering power consumption, data rate, 

transmission distance, and network and sensing function, the 

data rate and transmission distance we achieved in the Red Sea 

are reasonable compared with the commercial underwater 

optical modem BlueComm 100 developed by Sonardyne. In the 

future, we will further improve the data rate, transmission 

distance, availability, and reliability of the AquaE-net by using 

novel technologies or algorithms. Moreover, AquaE-net can be 

integrated with solar-powered USVs, AUVs, or other 

unmanned equipment to implement fully energy-autonomous 

UIoT.  
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