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Ocean observation system that involves multiple underwater vehicles and seafloor nodes plays an important role in better learning the ocean, where underwater wireless communication is mandatory for massive data interaction. Optical communication that has wide bandwidth and comprehensive working distance is the preferred method compared to acoustic and other methods. However, the presence of directionality makes the optical method difficult to use especially when the transceiver is equipped on a motive vehicle. In this study, an underwater free-space optical communication method of transmitting information is proposed. Characteristics of underwater optical transmission, as well as the photoelectric signal processing and modulation and demodulation algorithms, are studied and modeled. New approach for realizing underwater free-space optical communication is proposed and simulated. A prototype including a free-space optical transmitter and a receiver is developed; tests in different scenarios were carried out, and the results were observed: (1) by using the minimum number of LEDs, the effect of uniform lighting in space is achieved, and the transmitter coverage reaches 160°. (2) When the power of the transmitter is 10 W and the communication rate is 1 Mbps, the maximum communication distance reaches 13 m.
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Introduction

The ocean is rich in resources. The exploration, development, and utilization of the ocean are of great significance to the future development of mankind. Seabed observation platforms can provide diversified, comprehensive, and instantaneous marine information (Sherlock et al., 2014; Liu et al., 2019). The platforms are laid at the bottom of the ocean. Collecting marine information through a variety of underwater sensors mounted on the platforms can help researchers instantaneously obtain physical and chemical marine data, as well as earthquake and tsunami data and other relevant information, which is very helpful for scientific observations.

After obtaining the corresponding observation information, a seabed observation system must send the information back to an observation station on the shore. The most convenient information transmission method is to use submarine cable communication. However, submarine cable communication has distance limitations and is not suitable for seabed observation systems located in the deep sea or far away from the shore. In these cases, information transmission must be conducted using mobile platforms, such as autonomous underwater vehicles (AUVs) (Yoon et al., 2012; Su et al., 2019). The information interaction between a mobile platform and a fixed platform is very important. During the information interaction process, a mobile platform AUV can not only replace the communication cable and remove the communication distance limitation, but can also conduct two-way communication with multiple fixed platforms. After obtaining data, an AUV will sail to the sea surface and then send the information back to a coastal observation station via a satellite (Zhang et al., 2020a). The core problem with this information handling mode is achieving stable communication between an AUV and a seabed base station. Underwater communication modes can be divided into contact communication and non-contact communication groups. Traditional contact communication needs a connection technology based on direct coupling or electromagnetic coupling. This relies on high-precision physical positioning of the underwater vehicle (Zhang et al., 2020a; N’Doye et al., 2021). Non-contact communication has lower requirements than contact communication for AUV positioning accuracy and control and can achieve one-to-one, one-to-many, and many-to-many information transmissions. Therefore, the goal of this study was to design a general and stable underwater contactless communication system.

Underwater non-contact communication methods primarily include acoustic communication (Cao et al., 2018; Han et al., 2019b), radio frequency (RF) communication (Che et al., 2010), and optical communication (Sahoo et al., 2019; Zhu et al., 2020). Acoustic communication uses sound waves as the information transmission medium. Seabed observations have high-security requirements, so underwater acoustic communication cannot be used because underwater acoustic information can be easily stolen. RF communication uses high-frequency electromagnetic waves as the communication medium. RF communication has shorter communication distances and higher power requirements than optical communication. Therefore, underwater optical communication was chosen in this study to achieve non-contact communication, as shown in Figure 1.




Figure 1 | Schematic diagram of the seabed communication of AUV.



Since the beginning of the twenty-first century, the development of photoelectric technology and communication technology has promoted progress in underwater optical communication technology. Optical communication may use Gbps or even Tbps bandwidths (Zhang et al., 2020b). However, most underwater optical communication devices use concentrated light beams for communication. AquaOptical II is an underwater point-to-point optical communication device (Doniec and Rus, 2010). At a distance of 21 m, the two ends could conduct stable two-way communication at a rate of 5 Mbps. The disadvantage of this equipment is that it can only conduct point-to-point communication. It can only be applied to underwater information handling media that can conduct accurate position control, so its use scenarios are limited.

To achieve uniform optical coverage over the whole space, free-space optical communication (FSOC) technology was developed (Abrahamsen et al., 2021; Alexander et al., 2021; Zafar and Khalid, 2021). LED light is uniform and is not costly, so it is often used in FSOC (Huang et al., 2019; Abrahamsen et al., 2021). The Woods Hole Institute (Farr et al., 2006; Pontbriand et al., 2008; Pontbriand et al., 2016) has made outstanding research achievements in long-distance underwater optical communication. Their long-distance optical communication products use six 470 nm blue LEDs at the light-emitting end to form an evenly distributed light field. At the light-receiving end, a hemispherical photomultiplier tube (PMT) is used for optical signal acquisition. A sea trial of communication between a deep-sea seabed optical communication node and an AUV was performed for the products, and full duplex communication for distances of 0–125 m and rates of 5–20 Mbps was achieved at a depth of 2,400 m.

Some commercial products also exist, such as Sonardyne’s BlueComm modems and Aquatec’s AQUA modems. Studies regarding these products have achieved good communication results, but they rarely discuss how to design the spatial arrangements of the light-emitting devices. In fact, the structural designs of the emitters are also very important because they determine the distribution effects of the light in space. If the emitting end emits light unevenly, it can no longer conduct stable and efficient communication in space. To make the transmitter emit light evenly, a spherical transmitter with a 360° light emission range was designed (Baiden et al., 2009; Baiden and Bissiri, 2011). The light-emitting devices used were LEDs. Communication at a distance of 11 m and with a speed of 20 Mbps was achieved in a laboratory. A lake trial was completed for communication at a speed of 10 Mbps. Additionally, a new LED packaging structure was proposed (Han et al., 2019a). The light emitted by the LED with the improved structure was nearly evenly distributed in the space, a result which laid a solid foundation for optical communication in the entire space. The optical communication experiment was conducted with seven LEDs as optical transmitters. It was found that the bit error rate was very low in the range of 160°, which meets the needs of all space communication. There is still much room for improvement in FSOC light utilization and distribution uniformity, which depend on the optimization of transmitter structure. Optimizing the transmitter structure can also further improve the communication distance.

During this study, the following primary work was completed:

	A luminous model for underwater LEDs was developed and a transmitter structural design approach is proposed.

	A set of transmitter models with hemispherical coverage, high light utilization, and uniform luminescence was designed, and its luminous effect was verified.

	Through the modulation and demodulation of the photoelectric signal, a set of free-space optical communication equipment suitable for underwater use was manufactured. Experiments indicated that the communication of this system is stable and reliable.



The paper structure is described next. The approaches and corresponding simulation results are described in Sections 2–4. The experimental results are presented in Section 5. Finally, the conclusions drawn during the study are given in Section 6.



Underwater light diffusion model

The blue–green visible light band is located in the minimum attenuation window of the underwater visible light absorption spectrum. Therefore, the light in this band (wavelength between 400 and 480 nm) can be used for communication in seawater. To achieve the effect of full coverage and uniform luminescence at the transmitter, a new underwater LED blue–green light diffusion model was developed.


Underwater transmission characteristics of blue–green light

As is shown in Figure 2A, when a beam of light hits a particle underwater, three effects may occur. First, part of the light is absorbed by the particle, resulting in attenuation. Second, part of the light is scattered by the particle, which changes the transmission direction. Third, part of the light is emitted in the original direction. Through this analysis, the influences of particles on light can be approximately divided into absorption and scattering effects. These two effects weaken the light and attenuate its energy.




Figure 2 | Physical model of (A) light colliding with an underwater particle, (B) photon emission, (C) LED spatial layout coordinate system.



If the energy of the incident light is represented by Ø0, the light energy absorbed by the seawater is Øa, the light energy scattered by the seawater is Øb, and the transmitted light energy is Øt, their relationship can be expressed by Eq. (1):

	(1)

To evaluate the effect of seawater on light, some parameters must be defined. a is defined as the absorption coefficient of seawater with respect to light, and it is primarily related to various particles in seawater. b is defined as the scattering coefficient of seawater with respect to light. Scattering causes irregular light transmission, leading to a pulse broadening effect and improving the bit error rate of the communication. c is defined as the extinction coefficient of seawater with respect to light.

	(2)

These three coefficients are generally used to evaluate the total impact of seawater on optical transmission. The composition of seawater is complex, and the seawater quality in different sea areas is different. To facilitate the research, it is necessary to clearly define and classify different types of seawater quality.

Jerlov classified sea areas according to the spectral transmission coefficient of light per meter of sea water. Scientists then classified Jerlov’s water types in more detail (Cochenour et al., 2008). In this study, as is shown in Table 1, three types of water bodies and related parameters are cited, which provides support for the optical modeling described next.


Table 1 | Characteristic parameters of different types of seawater.





LED photon-free motion model

LEDs were chosen as the light source at the transmitting end for this study. The primary advantages of LED light are simple circuitry, long service life, low heat production, reliable performance, and large light-emitting range. These characteristics ensure that the light can work stably underwater for a long time, and that there are low requirements for the positioning of the receiving end.

The motion of photons generated by the LEDs was modeled based on the Monte Carlo method (Song et al., 2013). Taking the motion of a single photon as the research object, through the analysis and statistics for the motions of a large number of photons, a macroscopic light distribution result was obtained.


(1) Photon emission direction

The probabilities of photon emission in each direction are not equal. As is shown in Figure 2B, the initial photon motion direction, OA, is generated by a probability equation. The probability equation was modeled to randomly generate the initial motion conditions of the photons.

The Lambert radiation formula is a theoretical formula used to describe the relationship between the LED luminous intensity and the emission angle. According to the Lambert radiation formula, the LED radiation model can be expressed by Eq. (3):

	(3)

where α represents the LED emission angle, φ(α) is the unit angle relative light intensity, and m0 is a coefficient related to the half power angle of the LED light. Eq. (3) meets both Eqs. (4) and (5):

	(4)

	(5)

In Eq. (5), α1/2 is the half power angle. The most common LED half power angles are 30° and 60°. Section 2.3 focuses on the simulation of these two types of LEDs.

To describe the random emission directions of the photons, an equal probability random number, ϵ∈[0, 1] , was constructed:

	(6)

Eq. (7) was obtained by combining Eqs. (4) and (6):

	(7)

By constructing the random number, the required random emission angle can be generated. α0 represents the angle between the exit direction and the z-axis, and α0∈[0, π/2] . To obtain the initial photon emission direction, the included angle with the y-axis is also required. Similarly, the angle with the y-axis (αy) is also a random value, and αy has equal probability in [−π, π]. Another random number, , was also constructed.

	(8)

αy∈[−π, π] . If the photon emission velocity is U0, the initial photon emission direction is expressed by Eq. (9):

	(9)



(2) Free motion distance and energy

The free motion distance of the photons refers to the distance the photons travel before colliding with particles, and it is calculated using Eq. (10):

	(10)

In Eq. (10), τ represents a random number evenly distributed between 0 and 1, and c is the extinction coefficient of seawater with respect to light, which was introduced in Section 2.1. After scattering or absorption, the photon energy decays:

	(11)

where eout and ein represent the energy before and after particle collisions, respectively, and a is the light absorption coefficient.



(3) Scattering

As shown in Figure 2B, light scattered in water changes the direction of photon motion and forms a scattering angle (β). The H–G phase function was used in this study for the scattering analysis, and its expression is given in Eq. (12):

	(12)

In Eq. (12), g =< cosβ >, which is not only the scattering asymmetry factor, but also the average value of the cosine of the scattering angle. When g = −1, all the light is backscattered. g = 0 indicates isotropic light scattering. When g = 1, all the light is forward-scattered. According to Eq. (12), the random function for the scattering angle is given by Eq. (13):

	(13)

where μ is a random number evenly distributed between 0 and 1. σ represents the scattering pitch angle, which is a random value:

	(14)

If (Ux, Uy, Uz) is the photon motion vector before the last collision and (Ux1, Uy1, Uz1) is the photon motion vector after that, when Uz ≥ 0.999, Eq. (15) applies:

	(15)

Otherwise, Eq. (16) is used for calculations:

	(16)

The equations presented above comprise the underwater light diffusion model developed during this study.




LED luminous simulation

To test this model, the luminescence of two common LEDs was simulated: LEDs with a half power angle of 30° and LEDs with a half power angle of 60°. The asymmetry coefficient, g, was taken as 0.924, and the results are shown in Figure 3.




Figure 3 | Luminous effects of single LEDs with half power angles of (A) 30° and (B) 60°.



In pure sea water, the theoretical results of the two LEDs are approximately consistent with the actual results, but there are also some differences. The reason for the differences is that the absorption of light by the water makes the intensity in the transmission direction (an angle of 180°) lower than the theoretical value. Light scattering also makes the light intensity extend to both sides. Comparing the transmission results of single LEDs in different water qualities indicates that a worse water quality leads to a greater difference between the actual and theoretical light intensity distributions and more obvious absorption and scattering effects. Overall, the simulation results for the single LEDs are consistent with the theoretical predictions.




LED array layout

The placement of the LEDs in the space was designed to achieve the effect of uniform light coverage in the space. Figure 2C shows the coordinate system of the light-emitting end. It is assumed that the LEDs are distributed on a sphere with radius r, and that the luminous direction is consistent with the normal direction. N LEDs emit K photons in total, and some photons reach the sphere at a distance L from the center. The spatial luminous effect of each LED can be described by two directions, φ and θ, in spherical coordinates. The influences of the two factors on the light intensity distribution do not interfere with each other, so they were studied separately.


φ direction

First, the change in light intensity caused by the arrangement of LEDs in the φ direction was studied. For the convenience of design, N was set as a number that can be divided by 360, that is, N = 1, 2, 3, 4, 5, 6, 8, 9, 10, 12, 15, …. If V1 is the emitting direction of the LED numbered 1 and Vi is the emitting direction of the LED numbered i, then i∈[1, N]  and Eq. (17) applies:

	(17)

In Eq. (17), Ri1 represents the rotation matrix around the z-axis:

	(18)

	(19)

The distribution of photons in the φ direction reaching the sphere is measured. There are two indicators to evaluate the effect of spatially distributed light: the minimum photon number in space and the luminous uniformity.


(1) Minimum photon number

The range of φ is [0°, 360°] and is divided into 360 intervals, where each interval is 1°. The total number, mi, of photons reaching this interval is calculated and its minimum value is found. This minimum value is defined as Mi:

	(20)

Mi can show the influence of the number of LEDs on the minimum photon number when the LEDs are evenly arranged.



(2) Luminous uniformity

The standard deviation of the number of photons reaching these intervals is defined as the luminous uniformity, ρi:

	(21)

In Eq. (21),   represents the average value of the photons and n = 360.

To obtain the best design scheme for the transmitter LED array, the luminescence of the LED array in the φ direction was analyzed using the mathematical model described above. When the total number of photons is the same, different numbers of LED groups are evenly distributed along the circumference in the φ direction. The photon distributions in space are compared. As shown in Figure 4, with increases in the number of LED groups, the light intensity fluctuations become smaller and the luminous uniformity improves.




Figure 4 | Photon distributions in the φ direction of the LED array with half power angles of (A) 30° and (B) 60°.



Then, the minimum photon number and the standard deviation along the circumferential direction are used to compare the luminous uniformity, as shown in Figure 5. For different water qualities, when the half power angle is 30° and six or more groups of LEDs are distributed along the circumference, the minimum photon number and the standard deviation remain nearly unchanged, indicating that the light distribution is uniform.




Figure 5 | Minimum number of photons in the φ direction for LED arrays with half power angles of (A) 30° and (B) 60°. Standard deviation of the photon number in the φ direction for LED arrays with half power angles of (C) 30° and (D) 60°.



Similarly, when the half power angle is 60° and three or more groups of LEDs are distributed along the circumference, the light distribution is uniform. Comparing the luminous effects of the two LEDs indicates that the LEDs with a half power angle of 60° achieve a more uniform luminous effect with a smaller quantity of LEDs. Therefore, four groups of LEDs with a half power angle of 60° were used for the next analysis.




θ direction

The analysis methods for the θ and φ directions are the same. Since the AUV will have depth control when sinking, it will not be at a large angle with the base station. Therefore, it is sufficient for the LED to cover an angle of 160° in the θ direction. The included angle between the LED and the z-axis is represented by γ. Since the photons in the area below the hemisphere are useless, the light effective utilization, ω, was used to quantify the useful light.

	(22)

	(23)

In Eq. (23), n0 represents the number of photons emitted and n1 is the number of photons in the upper hemisphere. When the number of LEDs is odd, to ensure light symmetry, the direction of one LED is vertically upward. When the number of LEDs is even, the LEDs are symmetrically distributed around the z-axis.

The luminescence in the θ direction was then simulated and analyzed. As shown in Figure 6, when γ∈ (60°, 65°) , the photon standard deviation is small and the minimum photon density is large. A smaller included angle leads to a greater effective light utilization rate. Considering these three factors comprehensively, γ = 60° was taken as the design criterion.




Figure 6 | (A) Minimum photon number and standard deviation, (B) effective utilization of light in the θ direction of the LED array with a half power angle of 60°.





Transmitter luminous simulation

Combined with the analyses in the φ and θ directions, the structural design of the transmitter was completed. The design consists of four groups of LEDs with a half power angle of 60° that are evenly distributed along the φ direction, with an included angle between these LEDs and the z-axis of 60°.

The transmitter model was imported into the optical simulation software Trace Pro for testing. As shown in Figure 7, the light is evenly distributed in the φ directions, and the coverage angle of the light in the θ direction increased to 83°. This model ensures uniform light distribution over a large range, which shows that the design is reasonable.




Figure 7 | Luminous effect of (A) the transmitter and (B) the transmitter in the φ direction and (C) in the θ direction.






Photoelectric signal processing

Avalanche diodes can detect weak light with a high response frequency. An avalanche diode was chosen as the receiving device when designing the system. To achieve stable communication, photoelectric signal processing is needed at the receiving end.


Noise filtering

The photocurrent of an avalanche diode must be amplified and shaped by an operational amplifier circuit. This process requires a high bias voltage and generates a large amount of noise, so it must be denoised before output.

Blue light band communication with a wavelength of approximately 400–480 nm was used. According to this characteristic, the blue light filter can be used to filter out most of the light with wavelengths not in this band. In this work, two different types of interference must also be eliminated: various noise interferences generated in the circuit and ambient light interference. In this work, a second-order Butterworth low-pass filter was used to filter the circuit noise. This filter has a good suppression effect on high-frequency signals and can be used to filter out high-frequency noise. A finite length unit impulse response digital filter (FIR) was used to filter the ambient light interference. The FIR filter ensures arbitrary amplitude frequency characteristics and strict linear phase frequency characteristics simultaneously, which can effectively filter out low-frequency sinusoidal ambient noise.



Improved 16-PPM algorithm

To avoid the interference of the environment and reduce the bit error rate, it is necessary to modulate and demodulate the optical signal. Pulse modulation is generally used for long-distance underwater optical communication, that is, optical pulses are used to transmit optical information. The pulse position modulation (PPM) method has the lowest bit error rate for long-distance underwater optical communication. Considering the transmission efficiency, the 16-PPM method was finally selected for information transmission.

The traditional PPM method has some defects. Owing to the limited production process and the influence of temperature, there are irregular errors in the clock frequency of the hardware system at the transmitter and receiver. This problem leads to continuous changes in the clock phase between the receiver and the transmitter, resulting in some misjudgments. For example, when the rising edge of a pulse reaches the receiving end, the clock at the receiving end is in the low state and the information cannot be effectively collected. Instead, it must wait until the high state of the next clock, so the arrival time is misjudged.

The solution to this problem is described next. The time between receiving the rising edge of one pulse and receiving the rising edge of the next pulse is measured. This time interval is used to accurately judge the distance between two adjacent pulses, so as to ensure the accuracy of demodulation. As is shown in Figure 8, two additional measures are also taken to increase the stability of communication.




Figure 8 | Schematic diagram of the improved 16-PPM method.




(1) Increase the initial reference pulse

The length of the reference pulse is set to twice that of an ordinary pulse to indicate the beginning of communication. This is done to avoid misjudging the reference pulse due to short-term interference and to achieve frame synchronization.



(2) Add a protection slot

A blank time slot is placed after each pulse to prevent the front and rear pulses from interfering with each other. Although this change takes up time, it improves the communication stability.





Experimental results


Prototype

A system prototype was manufactured according to the method described above. The prototype was divided into two primary parts, a transmitter and a receiver, as shown in Figure 9. The transmitter used LEDs with a half power angle of 60° as the light-emitting device. Four groups of LEDs were evenly distributed along the circumference with an inclination of 60°. Avalanche diodes were used as signal receiving devices. An FPGA processing board was used for photoelectric signal modulation and demodulation, information caching, and processing. The devices were located in a mechanical pressure housing with a glass observation window that was sealed with an O-ring and a rubber gasket. We test the application reliability of the prototype through a heat dissipation simulation and pressure response experiment.




Figure 9 | Prototype: receiver on the left and transmitter on the right.



When an LED is emitting light, only 20%–30% of the energy is converted into light energy, and the rest is converted into heat energy. If the heat energy cannot be dispersed well, the temperature of the LED will rise rapidly. This will lead to a rapid decline in the luminous efficiency and will ultimately affect the communication effect. The maximum power of the system is 14 W; we simulate the heat dissipation of the transmitter, and the results are shown in Figure 10. When the system is turned on at full power, high temperatures are concentrated at the luminous LED (approximately 35°C). At this temperature, the LED operation will not be significantly affected. This proves that the design presented in this paper is feasible.




Figure 10 | Heat dissipation simulation: (A) simulation model, (B) heat dissipation diagram of the transmitter when the thermal power is 14 W.



To test the reliability of the equipment for deep-sea applications, we use the software ANSYS to conduct a withstand pressure analysis of the pressure housing. Because the housing is centrosymmetric, the simulation model can be simplified to a two-dimensional model as shown in Figure 11A. The housing is made of 6061-T6 aluminum alloy with a yield strength of 275 MPa. We add 30-MPa pressure to the outer surface of the housing in all directions, and the results are shown in Figure 11B. The simulation shows that there are stress concentration points at some corners that exceed the yield strength, so we add chamfers at the corners. As shown in Figure 11C, D, the pressure test is carried out on the prototype using a high-pressure experimental chamber. Since the target application depth of the prototype is 1500 m, the test pressure is set to 15 MPa. The prototype can withstand high pressure without water leakage and can be used in the deep sea normally.




Figure 11 | The pressure withstand experiment: (A) load model, (B) stress diagram of housing, (C) test in high-pressure experimental chamber, (D) pressure value.





Basic function test

As shown in Figure 12A, C, the basic function of the system was tested in the air. First, the light intensity of the transmitter was tested in all directions. A comparison between Figure 12B and Figure 7C shows that the measured light intensity curve was approximately the same as that from the simulation results. The difference is that the actual curve lies closer to the central axis than the curve from the simulation results. It was speculated that the reason for the difference is that the observation window outside the LED impacted the light distribution, causing the light to converge more toward the central axis. Then, the performance of the receiver was tested when receiving optical pulses of different frequencies. As shown in Figure 12D, the receiver successfully received optical pulses of different frequencies. Although the square wave signal was slightly distorted, the communication quality was not affected.




Figure 12 | (A) Transmitter test system. (B) Actual luminous effect of the transmitter. (C) Receiver test system. (D) Receiving effect of the receiver on 2.5-MHz and 5-MHz optical pulses. (E) Underwater experiment. (F) Diagram comparing the received optical pulse signal and the driving signal.





Underwater communication experiment

Experiments on the underwater communication effect of the optical communication system were conducted, as shown in Figure 12E. The reception of square wave signals in the optical communication system was tested. On this basis, the bit error rate of the communication between the transmitter and the receiver at different distances was measured.

First, a 3.5 m short-range communication experiment was performed. During the test, the instantaneous power of the transmitter was 10 W and the square wave frequency was 2.5 MHz. The shape of the received pulse is shown in Figure 12F. The received pulse was a relatively regular square wave. Owing to the small distance, it differed slightly from the waveform in the air, only the falling edge was relatively slow and had a certain lag phenomenon. The rising edges of the driven and received signals coincided, while the shapes of the falling edges were different. Therefore, it is feasible to use the rising edge as a benchmark.

The bit error rates for three different communication rates are shown in Table 2. The bit error rate of a certain communication distance is the maximum value of the bit error rate of three randomly sampled points when γ∈[−30°, 30°] . The data in this table demonstrate that the short-distance communication quality of the new equipment is very good.


Table 2 | Statistical table of communication bit error rates at a distance of 3.5 m.



Then, a long-distance communication experiment was conducted. The bit error rates for the long-distance communication are shown in Table 3 (NVI = no valid information). When the distance is greater than 12 m, the bit error rate begins to rise rapidly from 0. Demodulation cannot be performed at 15 m, a situation which applies to all three rates. Therefore, when the transmitter power is 10 W, the maximum underwater communication distance is 12–13 m. For larger distances, the bit error rate rises rapidly, and communication cannot continue.


Table 3 | Bit error rates for different distances and communication rates.



To explain this phenomenon, the optical pulse signal at a distance of 13 m was measured. Figure 13 shows that the received optical pulse is seriously deformed. Although the photovoltage was still above 0.5 V at the beginning, the voltage becomes increasingly smaller after that. When the distance continues to rise, it is predicted that part of the optical pulse voltage will be lower than the critical voltage, so that the pulse time for judgment will be shorter. This situation does not meet the conditions of demodulation, and the bit error rate will increase rapidly.




Figure 13 | Optical pulse signal at a distance of 13 m.



The experiments described above indicate that this new system achieved the expected goal better. When the transmitter power is 10 W, the maximum communication distance is 12–13 m. Theoretically, when the power of the transmitting end is 20 W, the communication distance will increase to approximately  , that is, the communication distance will be 17–18.5 m. This is not the distance limit. The communication distance can be further improved by reducing the judgment threshold.




Conclusions

In this study, based on the research background of the information communication modes between a seabed observation base station and an information transmission medium, a space optical communication method suitable for the deep sea was proposed. Through research regarding the underwater luminescence mechanism of light-emitting elements, a transmitter was designed. By analyzing the transmission characteristics of underwater optical pulses and exploring photoelectric noise filtering methods, a receiver was designed. Existing pulse modulation and demodulation methods were improved to achieve better results. Finally, a complete set of space free optical communication prototypes was developed that can be used underwater. The simulations and basic function tests show that the prototype has good heat dissipation and high-pressure resistance, and the prototype can be used in the deep sea. The communication experiments demonstrate that our system has good communication performance. The reliability and applicability of the system verify that our method is feasible and practical.
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