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A B S T R A C T   

The semiconductor white laser light source is used as a light source for underwater illumination. 
The required standard color temperature of white light is obtained at the underwater target 
surface. We studied the power compensation of a synthetic white laser source and its application 
to underwater illumination. First, the power ratios of the red (638 nm), green (520 nm), and blue 
(450 nm) lasers at a color temperature of 6500 K were obtained by using chromaticity theory. 
Next, the three-color and synthetic white laser parameters were obtained with transmission 
distance, according to the exponential attenuation characteristics of different light in clear water 
and seawater medium. The three-color laser power at the output was compensated, and the 
underwater target illumination surface reached the standard 6500 K color temperature of the 
white laser, improving the illumination. Finally, an experimental system for underwater white 
laser illumination based on power compensation was established. The errors between experi
mental and theoretical results of color temperature and illuminance are no more than 0.43% and 
22.15%. This power-compensated synthetic white laser light source has both the advantages of 
long-range underwater detection and the spectral advantages of LED white light sources. The 
white laser light source meets specific requirements by compensating for power and optimizing 
white light characteristics for underwater lighting applications.   

1. Introduction 

At present, in the context of a robust marine strategy, many countries have invested many resources in underwater lighting and 
detection. Underwater lighting technology is an important support tool for underwater detection and has essential applications [1,2]. 
For marine areas, where artificial light is challenging to meet the required depth, underwater exploration relies on active point sources 
for illumination, so more efficient and accurate instrumentation is urgently needed. 

Underwater white light sources include LEDs, tungsten halogen lamps, and monochrome lasers. Shen et al. [3] proposed an un
derwater LED light source transfer model. Compared to conventional underwater fish attractor light sources, this LED light source has 
an 81% increase in illumination area efficiency. Qian et al. [4] used PC-LED and RGB-LED as underwater light sources and analyzed the 
underwater illumination characteristics at different waters and distances. However, the LEDs’ limited stability performance and 
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energy density cannot guarantee normal efficient operation. Li et al. [5] proposed a narrow pulse-width Nd:YAG MOPA and a 532 nm 
frequency-doubling module lidar-radar system for underwater target detection. The 3-D and 4-D images and the resolution of 9 mm of 
the target underwater across 20 m can be obtained. Monochromatic lasers do not give a true representation of the objective world. 
Applications have many limitations, such as underwater target identification and spectral analysis. 

As a new type of laser, the three-color synthetic white laser uses a combination of red, green, and blue primary color lasers to 
produce high-brightness white light [6,7]. The high energy and power tunability of white lasers can be used to fill the gaps in other 
white light source applications. Tian et al. [8] used a high-power RGB trichromatic semiconductor laser to generate white light, and by 
adjusting the power of the RGB three-color semiconductor lasers, the output white light was 6480 K. The color temperature deviation 
was less than 3.08% compared to the standard white light D65. Yang et al. [9] proposed an underwater 3D color reconstruction method 
using an RGB triple laser to improve the LLS system, obtained color texture and data information of the target object on the millimeter 
scale. Jiang et al. [10] compared the underwater imaging results of a white laser light source from an RGB semiconductor laser with 
three monochromatic lasers, red, green, blue, and an LED white light source under different conditions, demonstrating the superiority 
of the white laser as an underwater imaging light source. In previous studies of underwater applications of white laser, the underwater 
attenuation of the white laser was not considered, which leads to quality deviations of the white laser at the output and the underwater 
target, with implications for underwater detection. 

In this paper, a power-compensated underwater white light source based on a synthetic white laser is used as an underwater 
illumination source, and the underwater white laser illumination characteristics are investigated for different underwater light source 
distances in pure water and seawater medium. We compensated the power of the RGB three-color semiconductor laser at the output. A 
white laser with a color temperature of 6500K at the underwater target surface was obtained. The compensated illumination increases 
by 44.70% and 104.56% per metre in clear water and seawater. A better quality underwater white light source was obtained. This 
white laser light source can overcome the short working distance, restricted spectral range, and attenuation of seawater light energy of 
current underwater detection light sources, and meet the requirement of real-time power adjustment as the light source distance 
changes. It can improve the category of underwater white light sources and contribute to underwater white laser lighting development. 
It is of great significance and practical value in developing new underwater equipment and accelerating the development of marine 
exploration technology. 

2. Theoretical basis of the model 

Underwater illumination is low during underwater detection, so that artificial lighting will be involved. According to the atten
uation characteristics of water, the optical power at the output is compensated. A model for white light underwater illumination based 
on three-color power compensation is established. This model achieves the required white light 6500 K standard color temperature at 
the underwater illumination surface and increases the illumination on this surface. Fig. 1 shows a power-compensated underwater 
white light model based on a synthetic white laser. 

Due to the theory of attenuation transmission of light of different wavelengths in water, the attenuation of the light consists of the 
direct beam transfer function g1λ(l) and the scattered beam transfer function g2λ(l) [11]. The transmission function of the whole beam in 
the water medium is represented by (1): 

gλ(l)= g1λ(l)+ g2λ(l)= e− cl +

(

2.5 − 1.5 lg
2π
φ

)[

1+ 7
(

2π
φ

)1
2

× e− kl

]
ble− kl

4π (1)  

where g1λ(l) is the direct beam transfer function, g2λ(l) is the scattered beam transfer function, which is expressed by Duntley’s semi- 
empirical formula. λ is the wavelength, l is the laser transmission distance, φ is the laser divergence angle, c is the direct light 

Fig. 1. Synthetic white laser underwater illumination system.  
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attenuation coefficient, k is the scattered light attenuation coefficient. a = c+ k, where a is the overall attenuation coefficient of 
absorption and scattering [12]. 

The red, green, and blue semiconductor lasers are used as the light source. After power is proportioned, the white laser output is 
achieved through spatial and wavelength combined beam coupling to an optical fiber. Based on the principle of the three primary 
colors, the ratio of the three primary colors can be calculated after the target color has been determined, and this ratio is represented by 
the three stimulus values. When two or more colors with known luminance values and color coordinates are mixed, the luminance and 
color coordinates of the mixed light are obtained [13]. 

X, Y, and Z are three stimulus values for a certain color. (x, y) is color coordinates. L is luminance. The relationship is represented by 
(2): 

⎧
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The relationship between the three stimulus values and the color coordinates is represented by (3): 
⎧
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The red, green, and blue semiconductor lasers are synthesized into a white laser. (xR,yR), (xG,yG), and (xB, yB) represent the color 
product coordinates of red, green, and blue light, respectively; (XR,YR,ZR), (XG,YG,ZG), and (XB,YB, ZB) represent the stimulus value of 
red, green, and blue light, respectively. The relationship between the stimulus value of white light and the stimulus value of the three 
colors is expressed by (4). 

⎧
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⎩

X0 = XR + XG + XB
Y0 = YR + YG + YB
Z0 = ZR + ZG + ZB

(4) 

The color coordinates of white light (x0, y0) can be represent by (5) 
⎧
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The power ratio of three-color laser can be represent by (2), (4), and (5) 
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Equations (2)–(6) can be obtained from Tian et al. [14]. The wavelengths of the red, green, and blue semiconductor lasers are 638 
nm, 520 nm, and 450 nm, respectively. According to the CIE 1931 XYZ standard chromaticity system, the chromaticity coordinates and 
spectral stimulus values of the three-color corresponding to synthetic white light with a color temperature of 6500 K can be obtained 
[14]. PR : PG : PR = 0.4789 : 0.3307 : 0.1904 is the three-color power ratio. 

When light is transmitted in the water medium, the true power of the synthetic white laser at the underwater target surface is 
related to the laser transmission distance and the attenuation coefficient at different wavelengths due to the absorption and scattering 
properties of light to water [15]. The power of the red, green, and blue laser at the underwater target surface P1(λ) is obtained from (7) 

P1(λ)=P0(λ) × gλ(l) (7) 

The power value at the laser output P0(λ) is used as a reference point, and the attenuation is zero. P1(λ) is the power value of the 
underwater target surface. When illuminating with a single-direction laser, the power compensation value ΔP(λ) is the difference 
between the power value of that wavelength at the output and the target surface. ΔP(λ) is obtained from (8) 

ΔP(λ)=P0(λ) − P1(λ) (8) 

In order to obtain a white light with a standard color temperature of 6500 K at the target illuminated surface. The power 
compensation result P(λ) can be obtained from Equation (9) by adding the compensation value ΔP(λ) to the output power P0(λ), 
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P(λ)= [P0(λ) − P1(λ)] + P0(λ) (9) 

P(W) is the compensated power of synthetic white laser at the output [4]. P(W) is obtained from (10) 

P(W)=P(R) + P(G) + P(B) (10) 

The total illuminance of the synthetic white laser E(l) is the sum of the direct illuminance E1(l) and scattered illuminance E2(l). The 
synthetic white laser illumination at the underwater target surface within the transmission range is represented by Equation (11). 

E(l)=E1(l)+E2(l)=
I(λ)
l2 [g1(l)+ g2(l)]=

P(λ) ⋅ KM ⋅ V(λ)
Ωφ ⋅ l2 [g1λ(l)+ g2λ(l)] (11)  

I = dφ/dΩφ, φ is the luminous flux (lm), φ = P(λ) ⋅ KM ⋅ V(λ). KM = 683lm/W is the maximum luminous efficacy, V(λ) is the spectral 
optical performance. Ωφ is the stereo divergence angle (sr) of the laser, Ωφ = π sin2 φ. 

In summary, synthetic white laser illumination of the required color temperature at the target surface can be obtained at any 
distance within the underwater transmission range through power compensation. 

Fig. 2. Three-color and synthetic white light parameters versus underwater light source distance: (a) power attenuation; (b) illumination 
attenuation. 
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3. Analysis of simulation results and power compensation design 

3.1. Simulation parameters 

The optical parameters are substituted into the model and then simulated to obtain the power, brightness, and illumination of the 
synthetic white laser. 

From the CIE 1931 standard chromaticity table, R: G: B = 638 nm: 520 nm: 450 nm is the commonly used trichromatic wavelength 
combination; Laser divergence angle is φ = 0.52 rad, the light intensity distribution is a Gaussian distribution; l = 0 ∼ 4 m is laser 
transmission distance; PW = 0.45 W is white laser output power. The power of red, green, and blue laser are PR = 0.218 W, PG =

0.15 W, PR = 0.086 W; Pure water medium, the direct light attenuation coefficient of the three-color light are cR = 0.238 m− 1, cG =

0.06 m− 1 and cB = 0.045 m− 1, with the scattered light attenuation coefficient of kR = 0.0932 m− 1, kG = 0.024 m− 1, and kB =

0.016 m− 1, respectively; Offshore seawater medium, the direct light attenuation coefficient of the three-color light are cR =

0.36 m− 1cG = 0.135 m− 1, and cB = 0.105 m− 1, with the scattered light attenuation coefficient of kR = 0.146 m− 1, kG = 0.154 m− 1, 
and kB = 0.042 m− 1, respectively. Experimental measurements of red, green and blue light illuminance at different light source 
distances were made and substituted into Equations (1) and (11). c/k = (2, 3). A range of values for the attenuation coefficients of 
direct and scattered light were taken according to Zhang et al. [11]. The experimental inversion method was used to obtain the 
attenuation coefficients for direct and scattered light. The optical analysis surface of the underwater target is set to fully absorb the 
ideal light-sensitive surface. 

3.2. Attenuation effect 

In pure water and seawater medium, the power and illuminance of the underwater target surface are obtained from the distance 
attenuation of red, green, blue, and white lasers. 

Fig. 2(a) shows the relationship between the three-color powers, synthetic white laser powers, and light source distance under 
different water mediums. When the laser distance is increased to 4 m, the light power of red, green, blue, and white decays by 0.1142 
W, 0.017 W, 0.008 W, and 0.139 W, respectively in pure water medium. The red, green, blue, and white light power decays by 0.1551 
W, 0.0436 W, 0.0187 W, and 0.217 W, respectively in seawater medium. The attenuation of red light power is greater than that of 
green and blue light. In addition, the attenuation of the laser power of each color in seawater is greater than in pure water, indicating 

Table 1 
Three-color laser compensation power value.  

L/m 0 m 0.5 m 1 m 1.5 m 2 m 2.5 m 3 m 3.5 m 4 m 

pure water PR/W 0.218 0.229 0.243 0.259 0.275 0.290 0.305 0.319 0.332 
PG/W 0.150 0.151 0.153 0.155 0.157 0.159 0.161 0.164 0.164 
PB/W 0.085 0.086 0.087 0.088 0.089 0.090 0.091 0.092 0.093 

sea water PR/W 0.218 0.236 0.259 0.283 0.306 0.327 0.345 0.360 0.374 
PG/W 0.150 0.153 0.158 0.163 0.169 0.175 0.181 0.187 0.193 
PB/W 0.086 0.087 0.089 0.091 0.094 0.096 0.099 0.102 0.105  

Fig. 3. Light source distance versus power compensation value: (a) power value; (b) power compensation value.  
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that there are impurity particles in seawater, which have an absorption and scattering effect on light. 
The illuminance in Fig. 2(b) can represent the energy decay effect, in which the laser transmission distance decays exponentially 

with illuminance. However, seawater has a “see-through window” for the green light and has excellent penetration capabilities, so the 
illuminance of green light is greater than red light and blue light. The illuminance of synthetic white laser consists of the three-color. 

When the total synthetic white light power is only 450 mW, the light source can be transmitted up to 4 m, realizing longer distance 
lighting and efficient white laser light underwater use. 

3.3. Power compensation design 

Due to the attenuation of light in the water medium with the transmission distance, the power of the synthetic white laser is reduced 
at the underwater laser illumination target, and there is an error with the standard synthetic white laser at the output. The result is a 
reduction in illumination, which affects the actual observation and judgment of the target. Based on the law that the red, green, and 
blue light decays exponentially with light distance, the power of the three-color is compensated for every 0.5 m of transmission 
distance. 

From Table 1, the three-color power value at 0 m is the reference value, which is the power value of the standard color temperature 
white laser. PR, PG, and PB result from the compensated three-color output power. 

The power values for red, green, and blue light at distances from 0 m to 4 m were summarized in Table 1, and the curve changes 
were shown in Fig. 3(a). In pure water, the red, green, and blue light power values compensate from 0.218 W to 0.332 W, 0.150 
W–0.164 W, and 0.085 W–0.193 W, respectively. In seawater, the red, green, and blue light power values compensate from 0.218 W to 
0.374 W, 0.150 W–0.193 W, and 0.086 W–0.105 W, respectively. The light power compensation result for seawater is greater than for 
pure water at the same transmission distance because seawater is more turbid and weakens the energy of the light. In order to obtain a 
standard white light at the underwater target, the output light power should be increased as the transmission distance and the turbidity 
of the water increase. 

Furthermore, from Fig. 3(b), we can also obtain the rate of change of power compensation for red, green, and blue light per 0.5 m in 
both water mediums. The power compensation value per 0.5 m for red light is greater than for green and blue light, indicating that the 
water medium attenuates the red wavelengths to a greater extent. 

According to the illumination results before power compensation in Table 2, the illumination at the underwater targets in pure 
water and seawater decreases from 2264 lux to 28 lux and from 2227 lux to 21 lux as the transmission distance increases. Obviously, 
the longer the transmission distance, the greater the attenuation and the weaker the illumination of the underwater target surface. 

Table 2 
Illuminance of the synthetic white laser at the target before and after power compensation.  

L/m 0.5 m 1 m 1.5 m 2 m 2.5 m 3 m 3.5 m 4 m 

pure water E/lux 2264 551 237 129 79 53 37 28 
E1/lux 3070 760 333 184 116 79 56 42 
ΔE 806 209 96 55 37 26 19 14 

sea water Es/lux 2227 527 220 115 69 44 30 21 
E1s/lux 3689 897 384 207 126 83 60 47 
ΔE 1462 370 164 92 57 39 30 26  

Fig. 4. White illuminance at the underwater target surface before and after power compensation: (a) pure water; (b) seawater.  
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Fig. 4(a) and (b) show comparative curves and three-dimensional plots of underwater target surface illumination in pure water and 
seawater. In both water conditions, the power-compensated illumination is better than before compensation. The greatest increase is 
achieved at a distance of 0.5 m, up to 806 lux and 1462 lux. 

Table 2 and Fig. 4(a) and (b) shows that before power compensation, the luminosity under seawater is lower than that of pure water 
due to the influence of impurities in the seawater. After compensation for the three color powers, the white light power value at the 
output of the seawater medium is greater than that of the clear water. At each distance stage after compensation, the white illumi
nation of seawater is greater than that of pure water, and standard white light is obtained. The three-color power compensation can 
adjust light color conveniently and thus can produce white light of the required color temperature at different underwater distances. 

Fig. 5. White laser underwater illumination experiment.  

Fig. 6. Laser control device.  
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This is the advantage of a three-color semiconductor laser as a source of underwater white light. 

4. Underwater experiments 

Experiments to measure the illuminance and color temperature of underwater target surfaces at different light distances in pure 
water and seawater medium. The experiments were carried out in a dark field environment with an ambient illumination of less than 1 
lx. Optical instruments are shown in Fig. 5. The experimental pool is 4 m long, 3 m wide, 1 m high, and 1 m deep. Seawater source: 
Clearwater Bay, Lingshui Lizu autonomous county, Hainan Province, China (latitude and longitude: 109.87605, 18.40063). The three- 
color laser is the LWRGB-F-FTP laser (LaserWave, China), which has the advantages of being smaller, adjustable power, etc. The mirror 
barrel is connected to the fiber optic outlet, and the white light is finally output through the mirror barrel. The spectral illuminance 
meter (OHSP-350, Hopoocolor, China) measures the illuminance and color temperature of the white laser at the underwater target. 
The laser control device regulates the current of the red, green, and blue laser separately. The optical power meter (LI-P50W, 
LaserWave, China) is used to measure the required output monochromatic laser power. The white output laser is obtained by fixing the 
above three base color currents and coupling them via fiber optics. 

The laser control device is shown in Fig. 6. Serial number 1 is the potentiometer that adjusts the current level. (Clockwise current 
increases, counterclockwise current decreases. The light can be emitted individually or in any combination). Serial number 2 is the 
status display lamp, when the switch is turned on, the laser enters into the self-test, when the self-test is normal, “Laser” lights up, 

Fig. 7. Comparison of experimental with theoretical results for different water mediums: (a) target white power attenuation before compensation; 
(b) target color temperature after compensation; (c) white illumination before compensation; (d) white illumination after compensation. 
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otherwise it does not light up. Serial number 3 is the switch, which is responsible for controlling the power on and off. The laser control 
device regulates the current of the red, green, and blue laser separately. The optical power meter (LI-P50W, LaserWave, China) is used 
to measure the required output monochromatic laser power. 

The laser’s drive current is changed to adjust the three colors’ power output and to compensate for the power at the phase distance, 
measuring the illuminance and color temperature of the synthetic white laser. The experimental results were obtained by averaging 
five measurements. 

The comparison between the theoretical target white power attenuation and the experimental target white power attenuation for 
different water mediums is shown in Fig. 7(a) and Table 3. The white power attenuation relative errors in pure water and seawater 
were 2.4% and 3.8%, respectively. The comparison between the standard 6500K color temperature and the compensated experimental 
target color temperature for different water mediums is shown in Fig. 7(b) and Table 4. The target color temperature relative errors in 
pure water and seawater medium were 0.16% and 0.43%, respectively. In addition, the theoretical and experimental illumination 
errors before and after compensation are shown in Fig. 7(c) and (d) and Table 4. Before compensation, the relative illumination errors 
in pure water and seawater were 6.37% and 22.15%, respectively. After compensation, the illumination errors in pure water and 
seawater were 6.01% and 15.14%, respectively. By comparing the data before and after the illumination compensation, the error is 
reduced by 0.36% in pure water and 7.01% in seawater. 

Error in seawater is greater than in pure water, indicating that uncontrollable seawater impurities affect the light transmission. The 
experimental illumination is slightly greater than the theoretical calculation. This is because the light energy outside the experimental 
system is not negligible and causes errors. In addition, the theory only considers a single scattering. The body of water scatter several 
times as the laser transmission distance increases, and a few photons are distributed beyond the measurement range with each 
scattering, which explains the result that the greater the distance of the light source, the smaller the error. The waterproof equipment of 
the laser and illuminance meter affects the actual color temperature and illumination results, which is a cause of the error. The optical 
instruments are placed manually. Another cause of the error is that the instrument does not ensure positive light incidence during the 
measurement. 

5. Conclusion 

This paper uses the three-color semiconductor laser as the underwater illumination source. The power, brightness, and illuminance 
of the monochromatic and synthetic white laser at the underwater target surface decrease as the laser transmission distance increases. 
The white laser color temperature and illuminance of the target surface are obtained at underwater distances using the three-color 
power compensation method in clear water and seawater medium. In both water mediums, errors between the experimental and 
theoretical results for target color temperature and illuminance are not more than 0.43% and 22.15%, respectively. 

This power-compensated synthetic white laser light source has both the advantages of long-range underwater detection and the 
spectral advantages of LED white light sources. It is a new laser technology for underwater lighting. In addition, the output power of 
the three single-color lasers can be controlled to achieve power-adjustability for different transmission distances, obtain a white laser 
light source for specific needs, and optimize the white light characteristics in underwater lighting applications. It proves the superiority 
of white lasers as an underwater illumination source, which is conducive to promoting subsequent research on underwater optical 
imaging systems. It is of great significance to the development of underwater detection technology. 

Table 3 
Comparison of experimental with theoretical results for before compensation.  

Before compensation (theoretical vs experimental) 

L/m 0.5 m 1 m 1.5 m 2 m 2.5 m 3 m 3.5 m 4 m 

pure water PW 0.44/0.44 0.42/0.43 0.40/0.41 0.38/0.39 0.36/0.37 0.35/0.36 0.33/0.34 0.31/0.32 
white illumination 2264/2295 551/585 237/245 129/137 79/83 53/55 37/41 28/32 

sea water PW 0.43/0.45 0.40/0.41 0.37/0.38 0.34/0.33 0.31/0.29 0.28/0.27 0.26/0.26 0.23/0.22 
white illumination 2227/2257 527/588 220/230 115/100 69/41 44/38 30/22 21/10  

Table 4 
Comparison of experimental with theoretical results for after compensation.  

After compensation (theoretical vs experimental) 

L/m 0.5 m 1 m 1.5 m 2 m 2.5 m 3 m 3.5 m 4 m 

pure water color temperature 6500/6500 6500/6510 6500/6509 6500/6517 6500/6541 6500/6516 6500/6504 6500/6504 
white illumination 3070/3107 760/768 333/356 184/205 116/122 79/87 56/59 42/47 

sea water color temperature 6500/6518 6500/6429 6500/6490 6500/6470 6500/6526 6500/6499 6500/6510 6500/6560 
white illumination 3689/4090 897/1007 384/400 207/192 126/109 83/60 60/47 47/30  
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