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Abstract:

Recently, as an efficient data transmission method, underwater wireless optical communication has become one of the
key research topics in the fields of military communication and underwater surveillance. Modulation technology and
technology in the transmission process play a key role in the UWOC system, which directly affects the performance,
accuracy and safety of the system. The advanced modulation techniques from Intensity Modulation (IM), Pulse
Modulation, Quadrature Amplitude Modulation (QAM), and Quadrature Phase Shift Keying (QPSK) to the combination
of multiple modulation techniques, as well as the development process of modulation technology in optical encryption,
are summarized in this paper. In terms of data transmission technology, the technological progress process from
simplex to full-duplex communication is summarized. Finally, a reference solution is proposed to solve the challenges
in realizing the underwater communication goals of long-distance, high-speed, low-bit error rate, and large-capacity
underwater communication at the same time, and future development is prospected.
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1. Introduction

With the development of the times, the development and
utilization of marine resources have attracted more and
more researchers’ attention, and underwater wireless
communication is one of the focus topics that can’t be
bypassed. Underwater wireless communication includes
underwater acoustic communication, underwater radio
frequency communication and underwater optical com-
munication. Underwater acoustic communication has high
delay and low bandwidth, and the transmission distance
and rate of underwater radio frequency communication
are limited [1]. Underwater wireless optical communica-
tion (UWOC) is a communication technology that uses
optical signals to transmit wireless data in the underwater
environment. This technology enables the wireless trans-
mission of data by using an optical transmitter to send
optical signals into the water, and the receiver receives
and decodes these optical signals without a physical ca-
ble connection. In recent years, UWOC has gained great
attention in academia and business circles due to its ad-
vantages of sufficient bandwidth, high reliability, high
transmission rate and low delay, which makes up for the

shortcomings of acoustic wave and RF communication
[2]. However, due to the effects of underwater turbulence,
light dispersion, and absorption, the UWOC channel ex-
periences extreme degradation, leading to challenges in
its development process [2]. With the introduction and
comprehensive application of phase modulation, signal
processing, beam steering and other technologies, the
design of underwater wireless optical communication has
been gradually improved, and the difficulties have been
improved. In this paper, the development process of mod-
ulation technology and key technologies in the process
of data transmission in underwater wireless optical com-
munication are reviewed. At the same time, this paper re-
flects the research progress of UWOC in improving noise
immunity, expanding bandwidth, expanding information
capacity, and improving transmission rate and security. On
this basis, the future development direction and trend of
these two important links in underwater wireless optical
communication are also prospected.

2. Development of Modulation Tech-
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nology

In the early days, modulation technology can be divided
into modulation of light source and modulation in signal
processing. The modulation of the light source mainly
adopts Direct Detection/Intensity Modulation (DD/IM)
technology, which transmits data by directly modulating
the intensity of the light source, changing the driving
current of the light source with the message signal to be
sent or an external modulator, and directly detecting the
light intensity change through the photoelectric detector
at the receiving end. This technology transceiver has low
cost and low implementation complexity [3], can meet the
needs of high-speed data transmission, so is commonly
used in submersibles and underwater monitoring systems.
However, the anti-noise performance is poor, and the
communication distance is limited, so the adaptability is
poor, and it is difficult to maintain stable communication
performance in various complex environments.

Simple Pulse Width Modulation (PWM) and Pulse Code
Modulation (PCM) techniques are used in the signal pro-
cessing process. Due to underwater factors such as strong
scattering and absorption, these methods have limited
transmission distances and data rates.

Pulse Position Modulation (PPM) technology is the most
critical in pulse modulation technology, and it is the initial
development stage of modulation technology. PPM is rel-
atively simple to achieve by changing the position of the
pulse over a fixed time interval to transmit information,
making it suitable for low-complexity and low-cost ap-
plications. This technique improves energy efficiency and
immunity through time-interval coding, pulse-to-noise dif-
ferentiation, error detection and correction, but the receiv-
er requires accurate clock synchronization and is prone to
high bit error rates in multipath propagation environments
[4].

In order to further improve noise immunity and data
transmission rates, Phase Modulation (PM) and coher-
ent detection techniques are also being applied. Phase
Modulation transmits information by changing the phase
of light. Coherent detection uses a coherent receiver to
detect phase information. The introduction of these two
technologies can support complex modulation methods
such as Quadrature Amplitude Modulation (QAM) and
Quadrature Phase Shift Keying (QPSK). The amplitude
and phase information of each symbol are modulated
separately to two orthogonal carrier signals, and the two

modulated carrier signals are superimposed to form the
final QAM signal. QAM transmits more data by varying
the amplitude and phase of light, providing more transmit-
ted data bits within the same bandwidth. QPSK transmits
data by changing the phase of the carrier signal, with each
symbol representing two bits of information, using four
different phases, typically 45°, 135°, 225°, and 315°, rep-
resenting the four binary combinations of 00, 10, 11, and
01, respectively. Compared with QAM technology, QPSK
has lower system design complexity and higher spectral
efficiency, which is more suitable for optical communica-
tion, but has the disadvantage of lower data transmission
rate. Both technologies are susceptible to underwater
multi-path effects, resulting in increased bit error rates [5].
With the advancement of technology, Orthogonal Frequen-
cy Division Multiplexing (OFDM) technology has been
gradually introduced into underwater optical communica-
tion systems. OFDM is an efficient multi-carrier modula-
tion technique that divides the data stream into multiple
parallel sub-carriers, which are orthogonal to each other,
and each sub-carrier transmits data independently at a
lower symbol rate. As a result, OFDM is able to transmit
more data within the same bandwidth with higher spectral
efficiency. By dividing the data into multiple sub-carriers
for transmission, the OFDM technology makes the sym-
bol period of each sub-carrier longer, thereby reducing the
impact of multi-path interference and greatly reducing the
bit error rate. This technology is suitable for a variety of
high-bandwidth, high-speed communication systems, but
there are challenges such as implementation complexity
and synchronization requirements. In UWOC systems,
QAM, QPSK and other technologies are often combined
with OFDM as advanced modulation technologies that can
give full play to the advantages of the two technologies
[5]. Advanced modulation techniques can further improve
data rates, spectral efficiency, and modulation flexibility
for a wide range of applications for the transmission of
image, video, and sensor data underwater. In 2019, Hong
et al. used 256QAM-OFDM technology based on proba-
bilistic shaping for the first time in an underwater wireless
optical communication system to achieve 35m underwater
link communication, with a net data transmission rate of
12.64Ghit/s, and compared with the widely used bit pow-
er loading scheme, the capacity of this experiment was
increased by 27.8% [6]. Figure 1 shows the Quadrature
Amplitude Modulation--Orthogonal Frequency Division
Multiplexing technique [3].
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With the improvement of people’s demand for communi-
cation confidentiality, the technology of optical modula-
tion to scramble optical signals has emerged, which has
improved the security and confidentiality of underwater
optical communication. The core idea of optical scram-
bling technology is to transform or mask the signal on
the basis of the existing modulation technology during
the transmission of optical signals, so as to increase the
difficulty of decoding by interceptors. In 2022, Deng et
al. proposed a UWOC encryption scheme based on Layer
3 chaotic encryption and chaotic Discrete Fourier Trans-
form (DFT) precoding of Orthogonal Frequency Division
Multiplexing (OFDM) modulation. Through multiple data
encryption, the solution creates a large encryption space,
effectively resists brute-force attacks, and successfully
transmits 3Ghit/s encrypted OFDM signals in a 7-meter
waterway [7].

In recent years, space modulation and MIMO technologies
have begun to be applied in underwater optical communi-
cations as cutting-edge research. Spatial modulation uses
the spatial dimension to transmit data, while MIMO tech-

nology designs multiple transmitters and receivers in a
system, both of which can greatly improve channel capac-
ity and reliability [8]. In MIMO technology, each signal is
affected by channel fading separately and independently
of each other, so that the probability that all signals are
fading at the same time is much lower than the probability
that a single signal is fading significantly [9]. The concept
of massive MIMO has been introduced into 5G mobile
communication. This significantly enhances the system’s
spectral efficiency and power efficiency based on modu-
lation techniques like QAM and QPSK, making it one of
the most active research directions in the field of mobile
communications [9].

3. Development of Key Technologies in
the Process of Data Transmission

In underwater wireless optical communication, the devel-
opment of the key technology from simplex to full-duplex
is an important symbol of the progress of communication
technology, which improves the communication efficiency
and real-time performance.
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Fig. 2 Simplex-Duplex schematic

In the early days of the introduction of communication
technology, simplex communication was adopted. The
communication principle is shown in Figure 2(a). Simplex
communication uses a single beam for data transmission.
There is no feedback mechanism between the receiver and
the sender. The communication efficiency is low, and the
bandwidth is insufficient. So the system needs to be opti-
mized urgently.

With the increasing demand for the use of finite spectrum
resources in wireless communications, half-duplex com-
munication (HD) has replaced simplex communication
technology. HD transmits data bidirectionally but not
simultaneously on the same channel, switching between
sending and receiving, and using timing or control sig-
nals to manage the direction of communication. This is
shown in Figure 2(b). HD is often used in walkie-talkies.
Researchers have developed a variety of half-duplex
UWOC systems. Due to the characteristics of half-duplex,
although those systems can be deployed in a variety of
communication environments and have strong adaptabil-
ity, these communication systems cannot improve the
throughput gain, power efficiency and data rate [10], and
cannot meet higher requirements. As a result, researchers
turned to full-duplex underwater wireless optical commu-
nication systems.

A full-duplex UWOC system consists of two transceiver
terminals, each consisting of a transmitter, receiver, and a
main processing unit (MUP) using a field-programmable
gate array (FPGA), as shown in Figure 2(c) [11]. Full-du-
plex communication greatly improves communication
efficiency and real-time performance [12]. Matching
multiple modulation methods in full-duplex communi-
cation systems tries to counteract environmental factors
such as underwater multi-path effects and turbulence.
Additionally, it addresses internal challenges such as
high power, high cost, and the short lifespan of optical

transceivers. Improved power efficiency, increased com-
munication range, faster data transfer speeds, and low
power consumption are the objectives. These objectives
have become the focus of today’s research [10]. However,
full-duplex communication cannot completely replace
the half-duplex communication system at present, and
half-duplex communication still retains its value and ap-
plication in some specific fields such as underwater and
military.

4. Conclusion

Modulation and data transmission direction improvement
technologies in underwater wireless optical communica-
tions play a key role in improving system performance
and coping with complex underwater environments. In
this paper, the research progress and key points of mod-
ulation technology are summarized, and the progress of
data transmission technology from simplex to full-duplex
is sorted out and prospected. On the basis of current re-
search, improving the performance of underwater wireless
optical communication can be further tackled from the
following three directions.

Researchers can change the status quo of most single
modulation techniques today, and design complex ad-
vanced modulation modes according to changes in the
underwater environment. In different positions or stages
of underwater communication, the advantages of differ-
ent modulation technologies can be brought into play
according to different requirements such as long-distance
transmission, high accuracy, and large communication ca-
pacity. On the basis of satisfying various communication
needs, the modulation parameters are dynamically adjust-
ed according to the underwater channel conditions and the
adaptive modulation capability of the system system is
improved, which can make the wireless optical commu-
nication system more intelligent and flexible. In addition,
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the development of integrated photonics provides new
possibilities for optical scrambling technology, which fur-
ther develops transmission security and reliability.

In future research, with the deep integration of modulation
technology and other key technologies, the UWOC system
will be able to better adapt to the complex and changeable
underwater environment and meet the diverse application
needs.

References

[1] Liang Jingyuan, Wang Xingxing, Li Zheng, et al. Research
and Progress of Key Technologies in Underwater Wireless
Optical Communication. Digital Ocean & Underwater Attack &
Defense, 2023, 6(2): 215-240.

[2] Sajmath P. K., Ravi R. V., Majeed K. K. A. Underwater
Wireless Optical Communication Systems: A Survey. 2020
7th International Conference on Smart Structures and Systems
(ICSSS), Chennai, India, 2020: 1-7.

[3] Zeng Fengjiao, Yang Kangjian, Yan Xu, Zhao Mengmeng,
Yang Ping, Wen Lianghua. Research Progress on Underwater
Laser Communication System. Advances in Laser and
Optoelectronics, 2021, (03): 23-34.

[4] Kodama Takashi, Sanusi Muhammad Abdul Basit A., Kobori
Fumihiro, et al. A Comprehensive Analysis of Time-Domain
Hybrid PAM for Data Rate and Distance Adaptive UWOC
Systems. IEEE Access, 2021, 9: 57064-57074.

[5] Hema R., Sudha S., Aarthi K. Performance Study of
MIMO-Based DCO-OFDM in Underwater Wireless Optical
Communication System. Journal of Marine Science and

Technology, 2021, 26: 97-107.

[6] Hong Xiangjun, Fei Chao, Zhang Guangwei, et al.
Probabilistically Shaped 256-QAM-OFDM Transmission in
Underwater Wireless Optical Communication System. 2019
Optical Fiber Communications Conference and Exhibition
(OFC), March 3-7, 2019, San Diego, California, USA. New
York: IEEE, 2019: 18618779.

[7] Deng Huan, Du Zihao, Xiong Jianmin, Yang Xingqi, Hua
Yan, Xu Jing. Enhancing the Security of OFDM-UWOC
Systems with Three-Layer Chaos Encryption and Chaos DFT
Precoding. Chinese Optics Letters, 2022, 20: 110601.

[8] Agrawal Monika, Pandey Priya. Implementation of MIMO
Concept for Underwater Visible Light Communication System.
Optical and Quantum Electronics, 2021.

[9] Li Jinjia. Ph.D. in Underwater Wireless Optical
Communication System and Its Single-Photon MIMO
Detection Theory (Dissertation, Nanjing University of Posts and
Telecommunications), 2022.

[10] Khan Imran Ullah, Igbal Bilal, Songzou Li, et al. Full-
Duplex Underwater Optical Communication Systems: A Review.
2021 International Bhurban Conference on Applied Sciences and
Technologies (IBCAST), Islamabad, Pakistan, 2021: 886-893.
[11] Qi Zigian, Wang Linning, Liu Pengzhan, Bai Mingming, Yu
Gao, Wang Yongjin. Full-Duplex Underwater Wireless Blu-ray
Communication. Optics Express, 2023, 31: 9330-9338.

[12] Khan Imran Ullah, Igbal Bilal, Songzou Li, et al. Full-
Duplex Underwater Optical Communication Systems: A Review.
2021 International Bhurban Conference on Applied Science and
Technology (IBCAST), Islamabad, Pakistan, 2021: 886-893.





