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To improve the bit error rate (BER) of underwater wireless laser communication and
increase communication speed, a duplex underwater wireless laser communication
system is designed. The system uses both blue and green lasers to transmit signals
simultaneously, and adopts an improved modulation and demodulation algorithm
to achieve separate modulation of the two sets of signals. A duplex underwater
wireless laser communication system builds based on 440 and 550 nm lasers. On
the basis of analyzing the absorption and scattering characteristics of seawater in
laser communication, the influence of turbulence on communication efficiency is
discussed. Improved the traditional duplex modulation algorithm and conducted
communication testing at a depth of 2.0m underwater. The experimental results
show that when the communication distance increases from 5 to 50m, the BER of
the unoptimized duplex mode increases from 2.34 × 10−7 to 3.5 × 10−5. After
adopting the optimization algorithm, the BER increases from 2.81 × 10−7 to 1.18 ×
10−6, and the signal attenuation has been significantly suppressed. The duplex
communication structure and algorithm can effectively reduce the impact of
communication distance on bit BER.
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1 Introduction

The ocean contains abundant biological and mineral resources, and about 70% of the
Earth’s surface is covered by the ocean. The development and utilization of marine resources
is a trend. The application of information and communication technology to ocean
development and utilization is inevitable. Studying underwater communication for the
ocean is one of the important directions for future development. Underwater wireless laser
communication technology is a communication technology with important application
value. Underwater wireless optical communication (UWOC) is an emerging communication
technology [1]. It usually uses the blue green light band (450–570 nm) as an information
carrier to achieve information transmission underwater [2]. Due to the characteristics of
large bandwidth, high speed, and high security, UWOC has become a substitute
communication technology for traditional underwater acoustic communication [3].

In 1960, Gilbert et al. [4] experimentally tested the low attenuation of blue-green light in
water. In 1963, Duntley [5] tested the attenuation characteristics of light in various water bodies,
verifying that the 450–550 nm blue-green band was a weak attenuation band in seawater,
providing important design ideas for UWOC. In 1976, Karp et al. [6] used lasers to achieve
bidirectional communication between satellites and underwater submarines, and designed
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corresponding communication models [7]. In 1991, Puschell J. J. [8]
used duplex communication between aircraft and underwater
submarines, and the laser used in the experiment was a blue green
laser. In 1992, Snow et al. [9] completed underwater wireless laser
communication of 5 m at a communication rate of 50Mbps. In 2008,
Hanson et al. [10] used the Monte Carlo method to analyze the optical
communication characteristics of different water bodies. It achieves
1 Gbps/m underwater communication, and its 532 nm laser operates in
an externally modulated mode. In 2012, John F. Muth et al. [11]
designed an underwater wireless laser communication systemwith dual
end transceiver. In 2017, Ho C. M. [12] achieved 10 Gbps transmission
rate over a length of 10 m using a 405 nm blue laser and a
16 Quadrature-Amplitude-Modulation Orthogonal-Frequency-
Division- Multiplexing modulation module. In 2019, Hong et al.
[13] implemented 18.09 Gbps/m underwater optical communications
using Discrete Multi Tone (DMT)modulation and shaping algorithms.
In 2019, Wang J. [17] achieved indoor underwater optical
communication of 100 m/500Mbps with a transmission power of
only 7.25 mW. Chi Nan et al. [14] utilized hardware equalization to
achieve underwater transmission at a rate of 3.075 Gbps. Zhou Y [15]
achieved 15.7 Gbps underwater visible light communication using GaN
based LEDs and 64 Quadrature Amplitude Modulation technology. In
2019, Wang et al. [16] achieved underwater optical communication of
100 m/500Mbps using a 520 nm laser and Non-Return-Zero On-Off-
Keyed modulation in tap water.

In summary, underwater communication systems are developing
towards multi wavelength, long-distance, and high-speed directions. In
order to further improve the efficiency and stability of underwater
wireless laser communication systems, we design a duplex laser
communication system. By placing narrowband filters in front of the
receiving window at different wavelengths, the signal-to-noise ratio of the
sensing module is improved, thereby suppressing mutual interference.

2 System design

The Duplex underwater wireless laser communication system is
shown in Figure 1. The system includes two parts: reception and

transmission. The Transmission module includes Personal Computer
(PC), modulation system, communication data database, modulation
power supply, blue laser (at 440 nm), green laser (at 550 nm), and lens
group. The Receiving module includes buncher, Administrative
Distance (AD), Avalanche Photo Diode (APD), demodulator, PC,
and display unit. The system modulates communication signals on
both green and blue lasers simultaneously, and the receiving end
obtains a duplex communication signal.

Multiple forms of encoding and modulation can be performed
on the original source electrical signals. The system performs pre
equalization processing on underwater fading channels. It drives the
light source to emit a modulation signal. The photodetector in the
receiving end receives the corresponding optical signal. After signal
amplification, filtering, and other processing, the system can
complete the collection and analysis of dual wavelength signals.
Due to the fact that in real underwater application scenarios, the
receiving and transmitting ends may be dynamic and cannot always
maintain a good optimal state, which seriously affects the
communication performance of the system. Therefore, the
receiving end can design acquisition, pointing, and tracking
modules, namely, APT modules, with the aim of maintaining the
optical link alignment between the receiving and transmitting ends
as much as possible. Corresponding optical components such as
lenses and filters, it can be configured at both ends of the light source
and detector to further optimize and improve the transmission
performance of the beam.

3 Seawater characteristics analysis

3.1 Absorption and scattering

The underwater communication environment is complex, but it
can be mainly divided into two categories: dissolved organic matter
and suspended particles. The optical properties of these components
are mainly manifested as absorption and scattering properties,
corresponding to absorption coefficient and scattering coefficient.
Therefore, attention coefficient can be expressed as:

FIGURE 1
Duplex underwater wireless laser communication system.
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c λ( ) � α λ( ) + β λ( ) (1)
Among them, α(λ) represents the absorption coefficient, and

β(λ) represents the scattering coefficient, both in units of m−1. The
two parameters exhibit different absorption and scattering effects
on different water bodies. When light waves propagate in water,
absorption refers to the conversion of photon energy into thermal
or biological energy of substances in the water and their
disappearance. Scattering refers to the phenomenon where
photons interact with substances in seawater, causing the
direction of photon transmission to randomly change without
loss of energy. Therefore, scattering changes the energy
distribution of the light field.

Seawater refers to water without any impurities, mainly
composed of a mixture of dissolved salt and pure water.
Therefore, the absorption effect mainly comes from water
molecules and dissolved salts, including NaCl, MgCl2, CaCl2,
etc. The absorption characteristics of pure seawater and pure
water are very similar, with the lowest coefficient of absorption
approximately in the 400–500 nm wavelength range, namely,
the blue-green light band, while the absorption coefficients of
other wavelengths are relatively high. This characteristic
basically determines that blue-green light is the main
wavelength band for underwater wireless optical
communication.

Assuming the length of water passing through is l, the incident
light power is Pi, the absorbed light power is Pα, and the scattering
angle θ corresponds to the scattered light power Pθ. The absorption
coefficient and scattering coefficient are:

α λ( ) � lim
l→0

Pα λ( )
Pi λ( )l, β λ( ) � lim

l→0

Ps λ( )
Pi λ( )l (2)

When the water environment for communication is known, the
testing of absorption coefficient and scattering coefficient can be
completed through calibration methods.

The scattering phenomenon is the result of the water molecules
combined action and suspended particles in seawater on light, and
is also related to factors such as temperature, pressure, and salinity.
To the complex size and distribution of different particles, it is
difficult to find a unified scattering model. If the scattering effect
generated by particle size is analyzed, it can be divided into
Rayleigh scattering and Mie scattering. Rayleigh scattering is a
common scattering phenomenon, and it refers to the scattering of
incident light by particles with a diameter much smaller than the
wavelength of light (less than one tenth of the wavelength), and the
intensity of the scattered light is inversely proportional to the
fourth power of the wavelength of light, that is, the shorter the
wavelength, the stronger the scattering effect. The scattering of
seawater mainly comes from Mie-Scattering, and it refers to the
scattering phenomenon that occurs when the diameter of particles
is equivalent to the radiation wavelength. The scattering intensity
of Mie scattering is proportional to the square of frequency, and
Forward scatter is stronger than backward scattering, with obvious
directionality, while Rayleigh scattering is almost symmetrically
distributed. Mie-Scattering can be simply understood as a random
collision between photons and suspended particles that change the
direction of transmission, and typically involves multiple
collisions.

3.2 Turbulent interference

There are similarities between water and the atmospheric
environment. Ocean turbulence in water is the chaotic movement of
water. Turbulence refers to the flow where the velocity and direction of
motion at any point in a water body change in an disordered manner,
and there is a strong mixing phenomenon between different layers of
fluid. The random changes in parameters such as temperature, salinity,
and pressure of water result in significant fluctuations in the refractive
index of the water body. The phase and intensity of underwater
transmitted optical signals will fluctuate randomly and cause beam
wanders, resulting in scintillation at the receiving end. Its phenomenon
will reduce the transmission performance of laser communication
systems. The turbulence intensity can be expressed as

Re � Lv/k (3)
Among them, L represents the characteristic length of water

flow, v represents the velocity of water flow, and k represents the
kinematic/eddy viscosity coefficient of water flow, expressed in m2/s.
When Re > 2700, the water exhibits a significant turbulence
phenomenon. The fading intensity caused by turbulence can be
expressed as the scintillation index, with

σ2
I l, L, λ( ) � E I2 l, L, λ( )[ ] − E2 I2 l, L, λ( )[ ]

E2 I2 l, L, λ( )[ ] (4)

Among them, I (l, L, λ) is the instantaneous intensity at the
position vector (l, L), l is the previous position coordinate (x, y), L is
the link distance, and E (I) represents the expected value.

In fluid mechanics, a dimensionless parameter characterizing
the relative importance of momentum exchange and heat exchange
in fluid flow. It indicates the relationship between the temperature
boundary layer and the flow boundary layer, reflecting the influence
of fluid physical properties on the convective heat transfer process,
which can be defined as:

Pl � k

χ
(5)

Among them, k represents the kinematic viscosity and χ
represents the diffusion rate, expressed in m2s−1. The range of
Prandtl numbers depends on the possibility of turbulence in the
given medium. Each wavenumber can appear within the inertial or
viscous range of its energy spectrum, or within the convective or
diffusive range of its scalar spectrum.

The underwater environment also varies with changes in vertical
depth, resulting in changes in optical properties. When the final
system is applied to communication in seawater, the top layer is called
the Euphoto zone, which is about 200 m deep in ocean water and can
generate a large amount of solar radiation, such as phytoplankton.
Therefore, the absorption coefficient of light in this area is relatively
high. The middle layer is called the weak light zone, where there is
insufficient sunlight, resulting in fewer algae and plants. The bottom
layer is called the opaque zone, where sunlight is extremely scarce. The
salinity, temperature, and other parameters of each layer vary, changes
in the refractive index of the medium. Therefore, separate link
modeling is required. This layering is meaningful for the weight
matching of absorption and scattering parameters in the modeling
process of underwater wireless laser communication.
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3.3 Improved duplex modulation algorithm

Based on the impact of underwater environment on laser
communication, the traditional laser modulation function is optimized
and improved. In single wavelength laser communication, the echo
waveform can be represented as

I t( ) � p t( ) ⊗ Pc t( ) (6)
Among them, p(t) is the initial time-domain waveform, and

Pc(t) is the impact response.
When using duplex communication, the hardware part uses

bandpass filters to filter the corresponding wavelengths. At the same
time, the processing algorithm performs differential calculations on
the two sets of echo data. When the time difference between the
emission laser of two wavelengths is Δ T, the phase difference is ΔÅ.
During duplex modulation, the correction parameters are

c � I1 t( )
I2 t + Δφ( )

(7)

By calculating the correction parameters, the amplitude ratio of
two echo intensities can be solved. Meanwhile, the time difference
between the two times is determined by the pre-set phase difference.
This can achieve feedback control of the modulation state and
suppress mutual crosstalk by correcting parameters.

4 Experiments

4.1 Experimental system

The system consists of a transmitter and a receiver. The emitting
laser adopts dual lasers with center wavelengths of 440 and 550 nm,
respectively. Each laser has a luminous power of approximately
200 mW. The detector adopts the APD detector of S8664-1010.
Choose FPGA as the data acquisition module to achieve high-speed

data acquisition. The modulator is used to modulate the signal of a
duplex laser. The system is shown in Figure 2.

During laser communication, servo control used to achieve
alignment between two modules. Due to the use of duplex
communication, it is necessary to first determine which laser to
communicate with during the alignment process, and then complete
the alignment of laser communication. The reception process adopts
time-sharing communication. There is a filter in front of the
corresponding receiving window that is used to suppress other
stray light.

4.2 Duplex signal sampling

Blue laser and green laser are used to emit laser signals
respectively, and then APD is used to obtain the two optical
signals. To distinguish the response results of laser signals, single
laser pulses of 1 and 3 μs were used, respectively. The test results are
shown in Figure 3.

The amplitude of the signal after filtering and amplification is
about 400 mV, and the operating frequency is 25 MHz. When using
duplex communication, it is first necessary to filter and denoise the
two laser signals. The original signal contains a lot of noise, and
using bandpass filtering can filter out high-frequency noise and low-
frequency noise separately. The laser signals of green and blue light
can be modulated using different pulse periods and phases, which
facilitates data separation during later processing. As shown in
Figure 3A, the input signal pulse width of the blue light signal
source is 1 us, and the signal pulse width of the receiving end is 3.3 µs
When modulating the amplitude strength of the input signal, the
carrier signal is used to generate the envelope of communication
data. It can be seen that the ripple noise of the blue response curve
has been significantly filtered out. The square wave shape is obvious
and can well reflect the peak and phase relationship of the input
signal. As shown in Figure 3B, the input signal pulse width of the

FIGURE 2
Duplex laser communication system.
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green light signal source is 3.0 µs, and the signal pulse width of the
receiving end is 5.4 µs. When modulating the amplitude strength of
the input signal, the carrier signal is used to generate the envelope of
communication data. The energy analysis of signals can calculate the
degree of energy drift during the modulation process. Comparing
the two sets of test signals, it can be seen that using the filtering
processing of this system can obtain better data waveform curves.

4.3 BER analysis of duplex communication

At a depth of 2.0 m, a duplex laser communication system
was tested using single pass and dual pass tests, respectively.
Direct communication and signal modulation communication
methods were used during dual pass operation. The test results
of BER with different communication distances are shown in
Figure 4.

As shown in Figure 4A, blue laser and green laser completed
a 2.0 m deep underwater wireless laser communication test

separately. When the communication distance increases from
5 to 50 m, the BER of blue laser increases from 1.54 × 10−7 to
9.57 × 10−4, and the BER of green laser increases from 1.03 ×
10−7 to 5.88 × 10−5. The communication efficiency of the two
monochromatic lasers is similar, and when the communication
distance is the same, the BER does not differ significantly. As
shown in Figure 4B, using duplex mode, compare whether to
choose the optimization algorithm in this article. When the
communication distance increases from 5 to 50 m, the bit error
rate of the unoptimized duplex mode increases from 1.63 × 10−7

to 9.24 × 10−5, which is basically similar to the communication
BER of monochromatic laser. After using the algorithm
optimization in this article, the bit error rate increased from
2.81 × 10−7 to 1.18 × 10−6. In contrast, after optimization, the
growth rate of the system’s bit error rate significantly
decreases, and the trend of bit error rate variation with
respect to distance weakens. It can be seen that using the
duplex modulation optimization design in this article has
good results.

FIGURE 3
Response waveform of duplex signal (A) blue laser response (B) green laser response.

FIGURE 4
Response waveform of duplex signal. (A) Bit error rate of single laser (B) before and after optimization of dual laser.
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5 Conclusion

A duplex underwater wireless laser communication system is
proposed. The system uses a 440 nm green laser and a 550 nm blue
laser to communicate together. On the basis of analyzing the
characteristics of seawater, a modulation and demodulation algorithm
for suppressing seawater interference is proposed. The experiments were
conducted on monochromatic laser communication and duplex
communication, respectively. After optimization, the growth rate of
the system’s bit error rate significantly decreases, and the trend of bit
error rate variation with respect to distance weakens. It can be seen that
using the duplexmodulation optimization design in this article has good
results. This design can slow down the increase in bit error rate and has
better application prospects in the field of underwater wireless laser
communication.
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