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In order to achieve underwater wireless dynamic optical communication, a laser
communication system is proposed based on Pulse Position Modulation (PPM). In
order to achieve underwater laser communication accurately, the mathematical
model of underwater laser communication was constructed with small angle
analysis. The pulse position modulation demodulation algorithm is designed, and
the workflow of modulation and demodulation is given in the transmit module and
the receive module. In the experiment, Lumileds-470 nm light source was
selected for data communication for testing at a communication rate of
15 Mbp/s. In the servo control process, the square wave signal used for
stepping motor drive had a stable amplitude output and a stable time width. It
can well simulate the testing process of underwater dynamic scanning. In the
experiment, laser light spots were obtained under different attenuation states, and
the characteristics of the light spot distribution were analyzed. The numerical
reconstruction of the light spot energy was completed in MATLAB. Three types of
light attenuators, 1.0%, 0.1%, and 0.01%, were used to simulate different light
attenuations underwater. The test results show that the system error rate is better
than 107 when attenuation chip is 1.0%. When attenuation chip is 0.1%, the error
rate of the system is reduced to 10™*. When attenuation chip is 0.01%, a valid signal
cannot be obtained by the system. The feasibility of the system is verified.
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1 Introduction

Underwater wireless communication technology is widely used in resource exploration
[1], abnormal sea state monitoring [2], sensor monitoring [3], underwater imaging [4],
underwater robots [5], and airspace integration [6]. It is important advantages for blue or
green laser, such as good penetration ability, strong anti-interference, large communication
depth, and high transmission rate in seawater. It has become a research hotspot.

The characteristics of underwater laser communication include: a) high transmission
rate. Due to the use of high-frequency information transmission, the transmission rate can
reach Mbit/s, far due to traditional acoustic equipment. b) Large information capacity. The
blue light of laser communication is about 620 THz, which can support the construction of
large capacity link systems. It has the underwater transmission requirements of image signals
and multi-channel video signals, and its high bit rate is generally around the GHz level. c)
Strong anti-interference. The laser transmission process is not affected by electromagnetic
interference. It is not significantly affected by seawater temperature, concentration, etc. d)
High safety and density. Light wave has strong directionality and small beam divergence
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angle. If the communication signal is truncated, the receiving end
will lose the signal, which is easy to be detected in a timely manner,
so its security and confidentiality are very good. e) The system
structure is compact. Underwater laser communication systems
have a compact structure and low power, making them more
concealable.

Duntley [7] found that lasers with a wavelength range of
470-525 nm can effectively reduce the light wave absorption of
seawater. Shimura S [8] had experimentally verified that the visible
light band has a low loss window, and its propagation loss was only
1% of that of other light waves. This discovery will have greatly
advanced for the underwater laser communication research. Tivey
et al. [9] developed an underwater wireless communication system.
It still had the ability to transmit data underwater. The system
achieves effective communication of signals within a range of 5 m.
Huang A P et al. [10] designed an optical communication system
with acoustic systems. This system used low-power receivers and it
could achieve underwater data transmission of 10-20 Mbit/s within
100 m. Campagnaro F et al. [11] used a 405 nm wavelength laser to
conduct communication tests in 4.8 m long clear water, when the
communication rate is 1.45 Gbit/s, the bit error rate is only 9.1 x
107" Fu et al. [12] studied the impact of communication aperture on
the bit error rate of underwater wireless optical communication
systems under medium intensity turbulence. Han et al. [13] used
electro-optical crystal modulation to generate communication
signals, and completed the extinction characteristics of
underwater communication systems on modulated signals by
Monte Carlo method. Based on the analysis of transmission link
span and laser divergence angle, Vali et al. [14] analyzed and
discussed the effects of system aperture and field of view on
underwater communication under turbulent conditions.

In summary, this paper studies an underwater laser
communication system based on PPM (Pulse Position
Modulation [15]) modulation. The system uses a servo

mechanism to align the optical path at both ends of the laser
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data simulates underwater

communication by using an attenuator.

complete communication, and

2 Underwater laser communication
system design

In this paper, a blue laser communication experimental system
based on PPM modulation and demodulation is constructed. The
overall structure of the system is shown in Figure 1.

The entire laser communication system consists of a transmitter
and a receiver. The transmitter is mainly composed of a data
transmission module, a PPM modulator, and a laser. The data
transmission module is used to input the data to be transmitted
and transmit it to the PPM modulator through USB interface. The
PPM modulator converts the modulated data into an output signal
and drives the laser to emit light through the laser interface. A laser
beam emits a signal in the form of a carrier wave. The laser adopts a
tunable semiconductor blue laser with a central wavelength of
470 nm and a maximum communication rate of 15 Mbps. In the
experiment, in order to simulate the optical attenuation effect from
10 to 20 m underwater, variable optical attenuators were added to
the communication path, achieving 30%, 50%, and 80% optical
attenuation, respectively. In actual experiments, the distance
between the two laser communication modules after using the
attenuator will be set to be 2-4 m.

The receiving module is mainly composed of a receiving optical
path, a PPM demodulator, and a data receiving terminal. After the
certain attenuation, the laser pulse containing modulation
information is transmitted to the receiving optical path. After
photoelectric conversion is completed by the APD (Avalanche
Photodetector [16]) detector, it is sent to the PPM demodulation
module. The demodulated data can be displayed on the LCD panel
of the PPM demodulator. Data can also be transferred to a computer
through a USB port to complete operations such as storing and

communication, then uses PPM modulation technology to  recording.
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FIGURE 1

Receiving and transmitting module of underwater laser communication system.
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3 Small angle analysis mathematical
model

Small angle analysis is a typical method for studying underwater
laser propagation [17]. During communication, the laser transmitter
and receiver can achieve good position alignment through a servo
mechanism, so their transmission divergence angle is small. The
mathematical model is constructed from the particle nature of light,
and the scattering process between photons and suspended particles
is described using a small angle approximation method, which is
more consistent with the actual test situation.

The laser beam is transmitted in water along the z-axis, and the
light source coordinates are set to the origin (0, 0, 0). During
transmission, seawater molecules and impurity molecules can
cause laser light to scatter, assuming this scattering angle is 0 ;.

The movement displacement L per unit time is

dL_[(dx\" (dy\" (dz\"]} O
dt |\dt dt dt
X, V, z represents the numerical value on the corresponding
coordinate axis, and t represents time. According to the
scattering theory, assume that the single scattering rate is w, the
unilateral scattering angle is 6, and the optical thickness is 7.
There are
dL d(r)
Z o1+ 22
dz [ | dz

271
] Z, r = Vwr6? 2)

Then r is the photon scattering projection angle.
Due to the small value of r, the above formula can be simplified
and approximated as follows:
8 9
=—22[(1+—w162)%—1] 3)
27wt 4
According to the principle of optical communication [18], it is

possible to calculate the time delay of the small angle analysis
method as follows:

tm:Z—n{ > 2[<1+2w102>%—1]—1} )
¢ (10wt 4

Where c is the speed of light and # is the refractive index of the

water transmitting medium [19]. Therefore, the optical power at the
receiving end of the system can be expressed as

P.(1) = Eéexp(—é) )

Then E; is the energy value of the received light. In
communication systems, the width of laser pulses affects time
domain broadening. After the laser pulse passes through the
water, since only the pulse broadening is considered, the shock
response of the initial time domain waveform p (t) can be assumed
to be P, (t). After the transmission distance z of the initial pulse p (t),
the broadened waveform can be expressed as

I(t) = p(t) ® Pc(2) (6)

I(t) represents the energy value that varies with time t. From this
energy value, the energy distribution of the communication laser
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spot at the receiving end can be calculated, thereby completing the
inversion of communication efficiency.

4 PPM demodulation algorithm

The PPM communication pulse sequence is composed of
several frames, each frame being divided into protection
segments and information segments. When a pulse is
included in the K time slots of the communication period,
the pulse width is set to AT. One frame period is equivalent
to one optical pulse period, which is also the repetition
frequency of the laser.

The protection segment is related to the characteristics of the
laser and is the minimum time interval for the laser to reach the
threshold condition again. Use J light pulse lengths JAT represents.
K determines the number of bits k of modulated information, which

can be expressed as:

k =log, K (7)

In PPM modulation, the transmitted information corresponds
to the position of the laser pulse one by one. The analysis of the pulse
position can calculate the transmitted data value, which belongs to a
phase modulation.

PPM modulation transmits information using a laser pulse from
K time slots in the information segment. In a system, a frame period
is the period of a light pulse, i.e., (K + J)AT. When the energy of a
single laser pulse is high, the average power over the entire cycle is
very small, reducing the need for average power in signal
transmission. In terms of transmission rate, PPM modulation
achieves log2M bit data transmission, and its speed can be
expressed as

Vy =1 K (8)
= log,——
b= 0% (K AT

To further improve speed, you can increase the information time
slot or reduce the protection time slot. However, this increase and
decrease is not arbitrary, and is limited by the characteristics of the
laser.

4.1 Transmission module

The laser emission module with a microprocessor as its core
achieves timing output through a high-speed timer. Controllable
output at a certain port is achieved by controlling the timer amount.
Specific process: First, the timer operates in a high-speed timing
state, and counts with the minimum resolution time slot. Then,
when the algorithm controls the time corresponding to the
modulated information data, a pulse is generated, and the rising
edge of the pulse is its modulation information. Next, a similar rising
edge is generated through the PPM conversion module to control
this narrow pulse and complete the PPM modulation output.
Finally, the output signal can be connected to the modulation
interface of the laser to control the laser to emit a modulated
optical pulse sequence.

frontiersin.org


https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2023.1195052

Dong et al. 10.3389/fphy.2023.1195052

Receiving module Debug target | | Receiving module _

' \ Eﬂ

]

‘ A
Lee—— 4 Modulation module Computer = Demodulation module |
|
FIGURE 2

Laser communication experimental system.

4.2 Receiving module

The PPM demodulator, as the core device of the reception section,
converts the received pulses containing modulation information into
slot positions and demodulates the information. Firstly, it is
implemented using the comparison and capture module of high-
speed timers. As long as the received signal meets the trigger
conditions after processing, it can accurately capture the pulse jump
edge and achieve accurate timing. Secondly, a high-speed clock is used
for timing decisions, and the positions of each pulse are recorded in the
form of time counts. Finally, the modulation information is obtained
through the corresponding demodulation algorithm.

5 Experiments
5.1 Experimental system

The main structure of the system includes a transmitting light
module and a receiving light module. In the receiving module, the
computer controls the modulation module to complete the uploading
and modulation of data. In the receiving module, the computer controls
the demodulation module to complete data download and
demodulation. Lumileds-470 nm type light source is selected as the
emission laser. At a communication rate of 15 Mbps, a single LED has a
luminous power of about 200 mW and a divergence angle of 120". The
output power of the entire LED array is above 1 W, which can meet the
system requirements. In the receiving module, the APD detector
selected by Hamamatsu Company is C12702-12. The processing
part uses ALINX’s AN108 A/D module and FPGA development
board to work together. The system is shown in Figure 2.

Before the experimental test, first use a test target to calibrate the
position of the receiving module and the transmitting module, and then
add attenuation pads to the communication link to complete the
simulation of underwater communication attenuation. The emitting
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laser spot is collected by the receiving end after passing through the
medium. The original spot signal is restored through demodulation
processing. Processing system is used to calculate the energy loss of the
light spot, thereby analyzing the communication efficiency of the system.

5.2 Servo control

Servo control modules are installed in the transmitting and
receiving parts respectively, which are used to adjust the laser and
detector by step scanning, thereby achieving effective alignment of
communication angles. The servo control module is shown in
Figure 3A, and its control response signal is shown in Figure 3B.

The system drives the stepper motor through a servo control
module to achieve adjustable control of the position and angle of
the optical module, achieving alignment of the irradiation position and
posture during communication. By Figure 3B, the maximum signal
value is 0.75 V, and the minimum signal value is 0.14 V in Ch1 channel.
This is a control command issued by the control module that completes
stepping control through a square wave level signal. After adjustment by
the servo module, the corresponding command signal is displayed on
the Ch2 channel. The maximum value of the signal in Ch2 channel is
241V, and the minimum value is 1.23 V. After amplifying the step
signal, the amplitude has significantly increased, and the time interval
has not changed. This control module can effectively control the
scanning system through a stepper motor. In the servo system, a
stepper motor is used to complete the scanning of the
communication module, simulating the characteristics of underwater

dynamic communication.

5.3 Receiving spot energy test

In underwater laser communication, the spot energy of the
communication laser is an important indicator to judge the
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Laser spot acquisition and energy distribution reconstruction. (A) Grayscale image from APD. (B) Energy Reconstruction by MATLAB

communication quality. The attenuation and turbulent disturbance of
water on the laser spot can significantly affect the energy distribution
characteristics of the laser spot. Therefore, it is necessary to measure the
energy of laser spots with energy attenuation and turbulence
disturbances. In the experiment, 50% attenuation plates were used to
simulate the attenuation effect of seawater medium on laser light. The
energy of the actual test laser spot obtained by the APD detector is
shown in Figure 4A. The energy distribution is reconstructed using
MATLAB software, as shown in Figure 4B.

As shown in Figure 4A, over a communication distance of 10 m,
when 1.0% attenuation chip was used, the laser spot still undergoes
significant deformation. When 0.1% attenuation chip was used, the
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energy peak decreases significantly and the signal-to-noise ratio
decreases. When 0.01% attenuation chip was used, the laser
communication receiver cannot obtain a valid signal. The deformation
of the laser spot tends to be elliptical, and the analysis shows that its
deviation angle is caused by alignment deviation between the receiving
module and the transmitting module. This situation will exist in actual
laser communication. On this basis, the energy distribution of the light
spot is simulated and reconstructed, and the reconstruction results are
shown in Figure 4B. The energy map shows that the energy distribution of
the light spot is elliptical, consistent with the actual test results. The
intensity of energy meets the energy requirements of laser
communication, which can achieve effective information transmission.
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As the pass rate of the attenuator decreases, the input power
decreases. The laser spot energy becomes weaker, and the packet
loss of communication data gradually increases. Under the condition
of using 1.0% attenuator, the test results show that the error rate of the
system is better than 10~°. Under the condition of using 0.1% attenuator,
the test results show that the error rate of the system is better than 10~
It can be seen that when the energy attenuation exceeds an order of
magnitude, the bit error rate significantly increases. With a 0.01%
attenuator, the effective signal is submerged in noise.

6 Conclusion

An underwater laser communication system was proposed based
on PPM modulation. The system is mainly composed of a transmitting
module and a receiving module. The system applies PPM modulation
and demodulation technology to the transmitting module and the
receiving module. The control of step scanning in the servo module was
tested and analyzed in the experiment, for verifying the stability of clock
matching. In the spot energy analysis test, the laser spot intensity at
different attenuation states was obtained. The system communication
error rate under different laser spot energy intensities was tested and
studied. The feasibility of this system has been verified, and it has certain
application prospects in the field of underwater laser communication.

Data availability statement
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the article/supplementary material, further inquiries can be directed
to the corresponding authors.
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