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Abstract 
The blue-green light in the 450 nm to 550 nm band is usually used in under-
water wireless optical communication (UWOC). The blue-green light trans-
mission in seawater is scattered by the seawater effect and can achieve com-
munication in non-line-of-sight (NLOS) transmission mode. Compared to 
line-of-sight (LOS) transmission, NLOS transmission does not require align-
ment and can be adapted to various underwater environments. The scattering 
coefficients of seawater at different depths are different, which makes the 
scattering of light in different depths of seawater different. In this paper, the 
received optical power and bit error rate (BER) of the photodetector (PD) 
were calculated when the scattering coefficients of blue-green light in seawa-
ter vary from large to small with increasing depth for NLOS transmission. 
The results show that blue-green light in different depths of seawater in the 
same way NLOS communication at the same distance, the received optical 
power and BER at the receiver are different, and the received optical power of 
green light is greater than that of blue light. Increasing the forward scattering 
coverage of the laser will suppress the received optical power of the PD, so 
when performing NLOS communication, appropriate trade-offs should be 
made between the forward scattering coverage of the laser and the received 
optical power.  
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1. Introduction 

Underwater communication (UC) methods include underwater acoustic com-
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munication (UAC) and underwater radio frequency (RF) communication. UAC 
has a low transmission rate, high latency, and cannot achieve real-time commu-
nication. Underwater RF communication uses electromagnetic waves in the fre-
quency range of 30 Hz to 300 Hz, but the modulation bandwidth is very narrow, 
which severely limits the communication rate. Optical communications (OC) is 
a new type of UC that is of interest because of its fast transmission rate and large 
channel capacity. Since Duntley’s discovery in 1963 of the existence of a trans-
mission window for blue-green light in the 450 nm to 550 nm wavelength band 
in seawater [1], more and more researchers have been studying underwater 
wireless optical communication (UWOC). 

Light transmission in seawater is attenuated by seawater absorption and scat-
tering. The absorption and scattering of light by seawater are related to the wa-
velength of light and the type of water quality [2] [3] [4] [5], whereby research-
ers usually gave typical values of absorption coefficients and scattering coeffi-
cients of seawater depending on the type of water quality [5] [6] [7]. However, as 
the research progressed, researchers found that the scattering of light by seawa-
ter is also related to the temperature [8], salinity [9], pressure [10], and the type 
and concentration of suspended particles contained in the seawater [11]. In 
UWOC, when the line-of-sight (LOS) communication link of laser and photo-
detector (PD) is obstructed by obstacles, the communication can be realized by 
non-line-of-sight (NLOS) transmission method. The NLOS transmission reduc-
es the transmitter pointing and receiver tracking requirements and enriches the 
working scenario of UWOC. NLOS UWOC was first proposed by Arnon et al. in 
2009 [12]. Arnon et al. pointed out that point-to-multipoint NLOS UWOC can 
be achieved through back-reflection at the ocean-air interface [12]. In 2014, Ja-
gadeesh et al. investigated the channel impulse response (CIR) of NLOS UWOC 
system using Monte Carlo (MC) method and Henyey-Greenstein (HG) phase 
function considering different water quality types and detector reception field of 
view [13]. In 2015, Liu et al. used the MC method to study the CIR and link loss 
of NLOS UWOC systems in coastal and harbor waters considering the elevation 
angles of the transmitter and receiver as well as the optical wavelength [14]. In 
2019, Sait et al. studied the effect of turbulence and different bubble populations 
generated by temperature gradient changes on NLOS UWOC channels [15]. In 
2020, Priyalakshmi et al. proposed channel estimation and error correction 
techniques for vertical NLOS UWOC system based on multiple-in multiple-out 
orthogonal frequency division multiplexing (MIMO-OFDM) and compared the 
channel capacity, bit error rate (BER), signal-to-noise ratio (SNR), data rate, re-
ceived power and mean-square error (MSE) of the system under four water 
quality types [16]. In 2021, Sait et al. found that salt particles in seawater cause 
light scattering and increasing salt concentration can increase the distance of 
NLOS communication, so Sait et al. investigated the effect of vertical salinity 
gradient on NLOS UWOC and modeled the NLOS channel [17]. 

The absorption coefficients and scattering coefficients of seawater in the 
above-mentioned scholars’ studies use typical values under different water qual-
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ity types, without considering the differences in scattering coefficients of seawa-
ter at different pressures (i.e., different depths). And many current UWOC stu-
dies are also based on typical values of seawater absorption and scattering coeffi-
cients for different water quality types. Accordingly, this paper analyzes the re-
ceived optical power and BER of the PD when the blue-green light NLOS trans-
mission at different depths by establishing a single scattering link model, which 
provides a theoretical basis for setting the parameters of transmitting optical 
power, transmit deflection angle of the laser and receive deflection angle of the 
PD according to the seawater environment in NLOS UWOC.  

The remainder of the paper is organized as follows. In Section II, we calcu-
lated the absorption and scattering coefficients of seawater at different depths, 
and the scattering angle of scattered photons from seawater. In Section III, we 
calculate the forward scattering coverage, received optical power and BER of the 
PD for blue-green light in class a form and class b form for NLOS transmission 
in seawater. In Section IV, set simulation parameters and perform simulation 
analysis on the calculation results. Finally, Section V concludes the paper. 

2. Absorption and Scattering of Seawater 
2.1. Absorption of Seawater 

The absorption of seawater mainly includes the absorption of pure seawater, 
chlorophyll and yellow matter, expressed by the absorption coefficient asea(λ); 
the scattering of seawater mainly includes the scattering of pure seawater, chlo-
rophyll, small particles and large particles, expressed by the scattering coefficient 
bsea(λ). Where the scattering of seawater is divided into forward scattering and 
backscattering, which are expressed by the forward scattering coefficient bseaf(λ) 
and the backscattering coefficient bseab(λ), respectively. 

The absorption of pure seawater includes the absorption of pure water and 
salt in seawater. Assuming that the absorption of salt is negligible in the visible 
wavelength band [6], the absorption coefficient of pure seawater for light in the 
visible wavelength band is approximately equal to the absorption coefficient of 
pure water. In 1997, Pope et al. gave the absorption coefficients of pure water for 
light in the 380 nm to 727.5 nm band, where the absorption coefficients of pure 
water are 0.00922 m−1 for blue light at 450 nm and 0.0409 m−1 for green light at 
520 nm [3]. 

The absorption coefficient of chlorophyll ac(λ) is [11] 

( ) ( )
0.602

0
0
c

c c
c

C
a a

C
λ λ

 
=  

 
                     (1) 

where ( )0
ca λ  is the specific absorption coefficient of chlorophyll, Cc is the 

concentration of chlorophyll, 0 1cC =  mg/m3. Reference [18] gave the values of 
( )0

ca λ  at different light wavelengths, ( )0 1450 0.944 mca −=  and 
( )0 10.52520 m8ca −= . 

Yellow matter is a kind of humus produced by the decay of animals and 
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plants, and is a kind of chromophoric dissolvable organic matter (CDOM) with 
complex structure dissolved in seawater. The absorption coefficient of the yellow 
substance ay(λ) is [11] 

( ) ( ) ( )0 0exp expy f f f h h ha a C k a C kλ λ λ= − + −              (2) 

where the specific absorption coefficient of fulvic acid 0 35.959fa =  m2/mg, the 
specific absorption coefficient of humic acid 0 18.828ha =  m2/mg, kf = 0.0189 
nm−1, kh = 0.01105 nm−1, Cf is the concentration of fulvic, and Ch is the concen-
tration of humic. Haltrin pointed out that Cf and Ch are related to Cc, and can be 
expressed by Cc [11]. Therefore, the absorption coefficient of seawater asea(λ) is 

( ) ( ) ( ) ( )sea ps c ya a a aλ λ λ λ= + +                   (3) 

where aps(λ) is the absorption coefficient of pure water. 

2.2. Scattering of Seawater 

The scattering coefficient of pure seawater bps(λ) is [10] 

( ) ( )8 2 90
3 1psb δλ β

δ
+
+

π
= 

                      (4) 

where δ = 0.039 is the depolarization rate of pure seawater [9], and the expres-
sion of β(90˚) is [8] 

( ) ( ) ( )
2

2 2B
d c4

6 690
6 72

pp p

p SS

g gk T h n h n
g g

δβ
δλ

 −+
= + 

−   

π
             (5) 

where kB is the Boltzmann constant, T is the absolute temperature of seawater, λ 
is the wavelength of light, gp and gpp are the first and second order partial deriva-
tives of the Gibbs energy of seawater g(SA, Tc, p) with respect to the pressure p, 
gSS is the second order partial derivative of g(SA, Tc, p) with respect to the abso-
lute salinity SA, Tc is the temperature of seawater, and n is the refractive index of 
seawater. n is related to λ, Tc, S (the salinity of seawater) and p. Reference [8] 
gave the expression of g(SA, Tc, p), therefore 
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where Tu = 40˚C, pu = 108 Pa, Su = 40.188617 g/kg. References [19] [20] gave the 
values of the coefficients 0

w
jkg  and s

ijkg , respectively. The expressions of hd(n) 
and hc(n) are [8] 

( ) ( ) ( )
22

2 2
d

2 11 1 2
3 3

nh n n n
n

  − = − + +  
   

              (9) 

( )c
A

2 nh n n
S
∂

=
∂

                        (10) 

Reference [8] gave the expression of n. The forward scattering coefficient and 
backscattering coefficient of pure seawater are equal, i.e., bpsf(λ) = bpsb(λ) = 
0.5bps(λ) [10]. The pressure p of seawater is related to the depth d as [21] 

( ) ( )A A, , , ,0
0.5

c c

S

g S T p g S T
d

g pγ
−

=
+

                  (11) 

where γ = 2.226 × 10−6 ms−2/db, gS is the first order partial derivative of the sea-
water Gibbs energy g(SA, Tc, p) with respect to the absolute salinity SA. 
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The scattering coefficient of chlorophyll bc(λ) is [11] 

( ) 0.625500.3c cb Cλ
λ

 =  
 

                     (13) 

Reference [22] gave the probability of backscattering by chlorophyll bpc. bpc 
multiplied by bc(λ) is the backscattering coefficient of chlorophyll bcb(λ). bc(λ) 
minus bcb(λ) is the forward scattering coefficient of chlorophyll bcf(λ). 

The scattering coefficients of small particles bs(λ) with density 2 g/m3 and 
large particles bl(λ) with 1 g/m3 are [11] [23] 

( ) ( )0
s s sb b Cλ λ=                      (14) 

( ) ( )0
l l lb b Cλ λ=                      (15) 

( )0
sb λ  and ( )0

sb λ  are the spectral dependencies for scattering coefficients of 
small particles and large particles, respectively. And their values were given in 
reference [11]. Cs and Cl are the concentrations of small and large particles, and 
they can be expressed by Cc [11]. The probability of backscattering by small par-
ticles Bs = 0.039 and large particles Bl = 6.4 × 10−4 [11]. Therefore, the backscat-
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tering coefficients of small particles bsb(λ) and large particles blb(λ) can be ob-
tained by multiplying Bs by bs(λ) and Bl by bl(λ), respectively. bs(λ) minus bsb(λ) 
and bl(λ) minus blb(λ) are the forward scattering coefficients of small particles 
bsf(λ) and large particles blf(λ), respectively. 

The forward scattering coefficient bseaf(λ) and backscattering coefficient 
bseab(λ) of seawater are 

( ) ( ) ( ) ( ) ( )seaf psf cf sf lfb b b b bλ λ λ λ λ= + + +           (16) 

( ) ( ) ( ) ( ) ( )seab psb cb sb lbb b b b bλ λ λ λ λ= + + +           (17) 

asea(λ) plus bsea(λ) is the extinction coefficient of seawater csea(λ). 

( ) ( ) ( ) ( ) ( ) ( )sea sea sea sea seaf seabc a b a b bλ λ λ λ λ λ= + = + +       (18) 

Copernicus Marine Service provides the pressure, temperature and salinity 
values of seawater in most of the global sea area. In this paper, the characteristics 
of blue-green light during NLOS transmission at different depths in the 24.5˚N, 
23.8˚W sea area are analyzed as an example. Assuming the chlorophyll concen-
tration Cc = 0.25 mg/m3, Figure 1 shows the forward scattering coefficients and 
backscattering coefficients of 450 nm blue light and 520 nm green light by sea-
water in the depth range of 600 m to 700 m at 24.5˚N, 23.8˚W sea area. 
 

 
(a) 

 
(b) 

Figure 1. Forward scattering coefficients and backscattering coefficients of seawater for 
450 nm blue light and 520 nm green light. (a) λ = 450 nm; (b) λ = 520 nm. 
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Figure 1 shows the forward scattering coefficients and backscattering coeffi-
cients of seawater on blue-green light are in an overall decreasing trend with in-
creasing depth, indicating that the scattering effect of seawater on blue-green 
light is decreasing with increasing depth. The forward scattering coefficients of 
seawater for blue-green light at the same depth is greater than the backscattering 
coefficients, indicating that the scattering of seawater for blue-green light tends 
to be forward scattering. 

An important aspect of the transmission of blue-green light in seawater is the 
determination of the scattering angle of the scattered photons from seawater. In 
this paper, the scattering angle of the scattered photons from seawater is calcu-
lated using the HG phase function [24] [25].  

( )

( )

0
2

30
2 2

, sin d

1 sin d
4 1 2 cos

s

s

HGP g

g

g g

θ
β

θ

χ θ θ θ

θ θ
θ

=

−

π
=

+ −

∫

∫
            (19) 

where the upper limit of integration θs is the scattering angle to be sought, θ is 
the scattering angle of the scattered photons from seawater, PHG(θ, g) is the HG 
phase function, χβ is a random number uniformly distributed on [0, π], and g is 
an asymmetry factor. g is related to the backscattering ratio bp of the seawater 
[25]. 

2

1 1 1
2 1

p
g gb

g g

 − + = −
 + 

                  (20) 

The backscattering ratio is defined as the ratio of the backscattering coefficient 
to the scattering coefficient. 

( )
( )

seab
p

sea

b
b

b
λ
λ

=                        (21) 

Bringing Equations (20) and (21) into Equation (19) yields 
2

2
2 11

1 4
cos

2s

gg
g g
g

βχθ

 −
+ −  

+ −  =
π

              (22) 

The backscattering coefficients and scattering coefficients of seawater at dif-
ferent depths are different, so the backscattering ratio bp and asymmetry factor g 
are different at different depths, and thus the scattering angles of scattered pho-
tons from seawater are different at different depths.  

After determining the absorption coefficient, the scattering coefficients at dif-
ferent depths and the scattering angle of scattered photons from seawater, this 
paper will analyze the forward coverage range for blue-green light NLOS trans-
mission to ensure that the receiver is within that range, making blue-green light 
NLOS transmission possible for communication. 

https://doi.org/10.4236/opj.2022.1211018


X. Z. Ke, G. Li 
 

 

DOI: 10.4236/opj.2022.1211018 241 Optics and Photonics Journal 
 

3. Non-Line-of-Sight Transmission Single Scattering Link  
Model 

3.1. Scattering Coverage Analysis 

There are two forms of blue-green light NLOS transmission in seawater as fol-
lows, named as class a form and class b form, as shown in Figure 2. 

In this paper, r indicates the separation distance between the laser and the PD, 
i.e., the communication distance for blue-green light NLOS transmission, θt de-
notes the transmitting deflection angle of the laser, θr denotes the receiving def-
lection angle of the PD, φt denotes the beam divergence angle of the laser, and φr 
denotes the receiving field-of-view angle of the PD. In the form of class a, θt and 
θr cannot be 90˚ at the same time (we take 0˚ < θt < 90˚ and θr = 90˚), in class b 
form, 0˚ < θt < 90˚, 0˚ < θr < 90˚. The projection of the scattering coverage for a 
class a form of NLOS transmission is shown in Figure 3 [26]. 

In this paper, A denotes the laser, B denotes the PD, r1 denotes the distance 
from the laser to the effective scatterer, and r2 denotes the distance from the ef-
fective scatterer to the PD. In Figure 3(a), AO is the central axis of the laser 
beam and BK is the central axis of the received field of view of the PD. In Figure 
3(b), the class a form forward scattering coverage is elliptical arc EMDF , and 
for backscattering an approximate correction is made using an arc of radius B'D  
 

    
(a)                             (b) 

Figure 2. Blue-green light NLOS transmission methods. (a) class a form; (b) class b form. 
 

    
(a)                              (b) 

Figure 3. Projection of the scattering coverage of class a form. (a) Coverage projection 
stereogram; (b) Coverage projection plan. 
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of the short half-axis of the forward scattering ellipse arc. Take any point M on 
the elliptical arc EMDF , let the coordinates of the point M be (x0, y0), the angle 
between AM and y-axis is α, and let the elliptical equation of the ellipse where 
the elliptical arc EMDF  is located be 

2 2

2 2 1x y
a b

+ =                          (23) 

where the long semi-axis a and short semi-axis b of the ellipse are 

cos
2tan

2 2 cos
2

r

t

r
t

r
EFa B F

ϕ
ϕ

ϕθ

 
    ′= = =      + 

 

             (24) 

tan
2

cot tan
2

t

r
t

r
b B D

ϕ

ϕθ

 
 
 ′= =

 −  
 

                  (25) 

Let the equation of the line AM be 
y kx c= +                          (26) 

where the slope k of the line and the intercept c on the y-axis are 
cotk α= −                          (27) 

cos cos
2

cos
2

r
t

r
t

r
c

ϕθ

ϕθ

 
 
 = −

 + 
 

                    (28) 

From the equation of the ellipse in which the ellipse arc EMDF  is located 
and the equation of the line in which the line AM is located, the coordinates of  

the point A are 
cos cos

20,
cos

2

r
t

r
t

r ϕθ

ϕθ

  
  

  −
  +    

. The horizontal coordinate x0 of the 

point M is 
2

2
2

0
1

cos cos cot cos cot tan cos
2 2 2 2

r r r r
t tr r K

x
K

ϕ ϕ ϕ ϕθ α θ − + 
 = −   (29) 

where 
2

3 2 2
1 cos cos cot cos cot tan

2 2 2 2
r r r r

t t tK ϕ ϕ ϕ ϕ
θ θ α θ     = + + + −     
     

  (30) 

2
2 2 2

2

2 4 2 2 2

2
2

cos cos cot tan cos
2 2 2

tan cos tan cos cos
2 2 2 2 2

cot cot tan
2

r r r
t t t

t tr r r
t t

r
t

K ϕ ϕ ϕ
θ θ θ

ϕ ϕϕ ϕ ϕ
θ θ

ϕ
α θ

   = − − +   
   

   + + + +   
   

 × − 
 

    (31) 
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The vertical coordinate y0 of the point M is 

0 0

cos cos
2cot

cos
2

r
t

r
t

r
y x

ϕθ
α

ϕθ
= − −

 + 
 

                  (32) 

where the maximum value of angle α is half of φt. From the equation of the dis-
tance between two points, we get 

2

2
0 0

cos cos
2

cos
2

r
t

r
t

r
AM x y

ϕθ

ϕθ

  
    = + +

  +    

              (33) 

where |AM| is the forward scattering coverage of class a form of NLOS transmis-
sion, and the radius AP of the backscattering correction circle is equal to the 
short semi-axis B'D of the forward scattering ellipse, so the backscattering cov-
erage of class a form is approximately B'D. From Equations (33) and (25), it can 
be seen that |AM| and B'D are independent of the scattering angle as well as the 
wavelength of light. 

The projection of the scattering coverage for the class b form of NLOS trans-
mission is shown in Figure 4 [26]. 

In Figure 4, φ1 is the projection of the beam divergence angle of the laser on 
the horizontal plane, and φ2 is the angle between BN and BT. As can be seen 
from Figure 4, the scattering coverage of the class b form increases the triangu-
lar coverage area on the basis of the class a form, at which time the backscatter-
ing is small and negligible.  

For the form of class b, the coordinates of point A is 
cos cos

20,
cos

2

r
t

r
t

r ϕθ

ϕθ

  
  

  −
  +    

  

and the coordinates of point B is (0, r2cosθr). In the class b form, the forward  
 

    
(a)                            (b) 

Figure 4. Projection of the scattering coverage of class b form. (a) Coverage projection 
stereogram; (b) Coverage projection plan. 
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scattering coverage is the distance from point A to the arc when φ2 ≥ φ1, howev-
er, when φ2 ≤ φ1, the forward scattering coverage becomes the distance from 
point A to the straight line BN. 

The equation of the straight line BN is 

2 sin cos
cot 0

4 sin
t r

s

r
x y

θ θϕ
θ

  − + = 
 

                 (34) 

The equation for the distance from a point to a line gives 

0 0

2 2

2
cos cos

sin cos2sin
2 sincos

2

r
t

t r

r s
t

Ax By C
AM

A B

r
r

ϕθ
θ θϕ

ϕ θθ

+ +
=

+

 
    = +     + 

 

         (35) 

Therefore, for φ2 ≤ φ1, the forward scattering coverage of the class b form is 
|AM| in Figure 4. From Equation (35), it can be seen that the forward scattering 
coverage of the class b form is related to the scattering angle θs. The following is 
an analysis of the received optical power and BER of the PD when blue-green 
light NLOS transmission in class a form and class b form. 

3.2. Received Optical Power and BER 

According to Figure 2(a) we can get the single scattering link model when 
blue-green light NLOS transmission in class a form, as shown in Figure 5. 

The volume Va of the effective scatterer of class a form can be approximated 
as the volume of the large cone (cone of height h1) minus the volume of the 
small cone (cone of height h2). So, the expression of Va is [26] 

3 2 3 3tan tan tan
3 2 2 2

t tr
a t tV r

ϕ ϕϕ
θ θ

     = + − −      
      

π
         (36) 

According to reference [27], we can obtain the received optical power of the 
PD Pra in class a form as 

( ) ( ) ( )( )1 2
2 2

1 2

, cos expT sea HG sea r a
ra

t

P b P g c r r A V
P

r r
λ θ ξ λ− +  =

Ω
      (37) 

 

 

Figure 5. Class a form of NLOS transmission single scattering link model. 
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where PT is the emitted optical power of the laser, Ar is the area of the receiving 
antenna, Ωt is the stereo angle of the emitted beam of the laser, and ξ is the angle 
between the transmitting light cone and the receiving light cone. We set ξ = 0˚, 
i.e., the emitting light cone is coplanar with the receiving light cone. The expres-
sions for r1 and r2 are easily obtained from the geometric relations of the triangle. 
The expression of Ωt is [27] 

2 1 cos
2

t
t

ϕ
π Ω = − 
 

                      (38) 

From Equation (37), the received optical power of the PD is related to 
PHG(θ,g), bsea(λ) and csea(λ), while PHG(θ,g), bsea(λ) and csea(λ) are all related to the 
depth of seawater. The depth of the effective scatterer in seawater has is obtained 
as the depth of the laser in seawater h minus the distance hs (hs = r2 in the class a 
form) of the effective scatterer from the LOS link between the laser and the PD.  

( )2
sin

sin
t

as s
t r

r
h h h h r h

θ
θ θ

= −
π

= − = −
− −

              (39) 

From Figure 2(b), the single scattering link model of NLOS transmission in 
class b form is shown in Figure 6. 

The volumes of the effective scatterers 
1 1 1 1A B C DV  and 

1 1 1 1E F G HV  are 

1 1 1 1

3 3

2 2
2
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(41) 

The volume Vb of the effective scatterer in the class b form is the smallest of 

1 1 1 1A B C DV  and 
1 1 1 1E F G HV , i.e., ( )1 1 1 1 1 1 1 1

min ,A B C D E Gb F HVV V= .  
By replacing Va with Vb in Equation (37), the received optical power of the PD 

Prb can be obtained when the blue-green light NLOS transmission in class b 
form. The depth of the effective scatterer in seawater in class b form hbs is h mi-
nus hs. 
 

 

Figure 6. Class b form NLOS transmission single scattering link model. 
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( )
sin sin

sin
r t

bs s
t r
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h h h h

θ θ
θ θ

= − = −
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               (42) 

Assuming that a PIN PD is used at the receiver, the noise current 2
ni  of the 

PIN PD mainly consists of thermal noise 2
ti , scattering noise 2

shi  and dark 
current noise 2

darki  [28]. 

2 2 2 2 PIN4
2 2B

n t sh dark s D
k T B

i i i i eI B eI B
R

= + + = + +           (43) 

where B is the bandwidth of the PD, assuming that the bandwidth of the PD is 
two times the information transmission rate, that is, B = 2Rb, R is the load resis-
tance, according to engineering experience R = 50 Ω, TPIN is the absolute tem-
perature of the PIN PD work, e is the electronic charge, Is is the signal light 
reaches the PD generated by the light current and ID is the dark current. 

s s
eI P
hv
η

=                          (44) 

where η is the quantum efficiency, h is Planck’s constant, v is the frequency of 
light and Ps is the received optical power of the PD. In the form of class a, Ps = 
Pra, and in the form of class b, Ps = Prb. The output SNR of the PD is 

2 2 2

2 2 2
s

n

e P
SNR

h v i
η

=                         (45) 

The blue-green light is modulated by the external modulator as on-off keying 
(OOK) signal, and the BER at the receiver of the system is 

1 erfc
2 4e

SNRP
 

=   
 

                      (46) 

After obtaining the forward scattering coverage of blue-green light under dif-
ferent forms of NLOS transmission, we will set the simulation parameters of 
transmitting deflection angle, beam divergence angle, receiving deflection angle 
and receiving field of view angle to analyze the characteristics of blue-green light 
during NLOS transmission in the forms of class a and class b in seawater of dif-
ferent depths. 

4. Simulation Analysis 

Simulation analysis blue-green light NLOS transmission in class a form and class 
b form in seawater at different depths, let PT = 1 W, ID = 10 nA, η = 0.6, Ar = 
0.04π m2, r = 12 m. 

4.1. Class a Form 

The simulation results of the received optical power and BER of the PD for 450 
nm blue light and 520 nm green light NLOS transmission in class a form are 
shown in Figure 8. In the simulation, φt = 30˚, φr = 110˚ and α = 10˚. Before the 
simulation, it is verified that the position of the PD is located within the forward 
scattering range of the laser according to Equation (33). 
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Figure 7 shows the forward scattering coverage of the laser increases with the 
increase of the emission deflection angle. The location of the PD under the given 
simulation conditions is always within the forward scattering coverage of the la-
ser, i.e., the PD is able to receive the optical signal. 

Figure 8(a) and Figure 8(b) show the received optical power of the PD is in 
the overall decreasing trend with the increase of the emission deflection angle, 
and the decreasing trend is similar to the exponential form, so reducing the 
emission deflection angle of the laser can effectively increase the received optical 
power of the system. The received optical power of blue-green light increases 
with the increase of seawater depth for the same emission deflection angle. This 
is because the deeper the seawater, the smaller the scattering coefficient of sea-
water, the less scattering effect on blue-green light. With the same emission def-
lection angle, the received optical power of 520 nm green light is greater than 
that of 450 nm blue light. Figure 8(c) shows the BER at the receiver for different 
information transmission rates when the transmitting deflection angle of the la-
ser is 5˚. The BER at the receiver side decreases with the increase of seawater 
depth for the same information transmission rate. With the BER of less than 
10−6, blue-green light can achieve an information transmission rate of more than 
100 Mbps with NLOS transmission in class a form at the depth of 690 m. 

4.2. Class b Form 

The simulation results of the received optical power and BER of the PD for 
blue-green light NLOS transmission in the form of class b are shown in Figure 
10, taking θt = 37˚, φt = 30˚and φr = 110˚. The location of the PD is verified to be 
within the forward scattering range of the laser according to Equation (35) be-
fore the simulation. 

Figure 9 shows the forward scattering coverage of the laser is in an overall in-
creasing trend with the increase of the receiving deflection angle. The location of 
the PD under the given simulation conditions is always within the forward scat-
tering coverage of the laser. 
 

 

Figure 7. Forward scattering coverage in the form of class a. 
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(a) 

 
(b) 

 
(c) 

Figure 8. Received optical power and BER of NLOS transmission in the form of class a. 
(a) λ = 450 nm; (b) λ = 520 nm; (c) BER. 
 

Figure 10(a) and Figure 10(b) show the received optical power of the PD 
with the increase of the received deflection angle is in the overall decreasing 
trend, the same decreasing trend is similar to the exponential form, so reduce  
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Figure 9. Forward scattering coverage in the form of class b. 
 

 
(a) 

   
(b)                                                  (c) 

Figure 10. Received optical power and BER of NLOS transmission in the form of class b. (a) λ = 450 nm; (b) λ = 520 nm; (c) 
BER. 
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the received deflection angle of the PD can effectively increase the received opti-
cal power of the system. The same as class a form, when blue-green light NLOS 
transmission in class b form, the received optical power of blue-green light in-
creases with the depth of seawater under the same receiving deflection angle, 
and the received optical power of 520 nm green light is greater than that of 450 
nm blue light. Figure 10(c) shows the BER at the receiver end for different in-
formation transmission rates with a receive deflection angle of 15˚ for blue light 
and 50˚ for green light. Also with BER less than 10−6, blue-green light can 
achieve an information transmission rate of more than 100 Mbps with NLOS 
transmission in class b form at the depth of 690 m. 

5. Conclusions 

This paper calculates the absorption and scattering coefficients of seawater are 
calculated, the scattering coverage of blue-green light in seawater in class a form 
and class b form for NLOS transmission, as well as the received optical power 
and BER of the PD. The analysis results show that when the blue-green light 
NLOS transmission in class a form and class b form, increasing the transmit 
deflection angle of the laser and the receive deflection angle of the PD can in-
crease the forward scattering coverage of the laser, but will reduce the received 
optical power of the PD. Therefore, when the actual UWOC is carried out, ap-
propriate trade-offs should be made between the forward scattering coverage of 
the laser and the received optical power of the PD, in order to realize that the 
receiver is within the forward scattering coverage of the laser, but also to make 
the receiver receive as much optical power as possible. When NLOS UWOC, the 
choice of green light can effectively increase the received optical power of the PD 
and reduce the BER. In addition, when NLOS UWOC is in the same way in sea-
water at different depths, the emitted optical power of the laser should be ad-
justed to achieve NLOS communication with the same information transmission 
rate and the same distance. 

In this paper, only the case when the transmitting and receiving optical cones 
are coplanar, i.e., ξ = 0˚, is considered, so that the received optical power and 
BER at the receiver can be considered for different depths of NLOS transmission 
when non-coplanar in the future work. 
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