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Abstract—In this paper, we consider the temporal properties
characterized by impulse response of underwater wireless optical
communication (UWOC) links. Based on the Henyey-Greenstein
model of scattering phase function, the impulse response has
been obtained based on Monte Carlo simulations for turbid
underwater environment such as coastal and harbor water. A
closed-form expression of double Gamma function has been
adopted to represent the simulated impulse response by curve fit-
ting methods. Numerical results suggest that the double Gamma
function fits well with the impulse response in turbid seawater.

Index Terms—Underwater wireless optical communications,
impulse response, Monte Carlo

I. INTRODUCTION

Considerably attention has been attracted to underwater

wireless optical communications (UWOC) in recent years. The

UWOC links utilize the blue/green visible light to transmit

data as this region suffers the lowest absorption in seawater.

As an alternative technology of traditional acoustic links,

the optical links can provide a much higher data rate up to

1 Gbps [1] in relatively short ranges. The UWOC systems also

overcome other disadvantages of acoustic ones such as mul-

tipath reflections and long latency. This technique has several

aspects of applications such as high quality video transmission,

real-time monitoring, efficient resource exploitation and high

throughput networks.

However, the temporal stretching of beam pulse caused by

multiple scattering of light will lead to inter-symbol inter-

ference (ISI), and then limit the channel bandwidth and de-

grade the bit-error-rate (BER) performance especially in turbid

coastal and harbor waters. Some prior works have studied

the temporal spreading of light pulse through propagation in

the seawater theoretically and experimentally in recent years.

Cochenour et al. [2] have measured the pulse spreading and

channel bandwidth in the seawater. Jaruwatanadilok [3] and

Gabreil et al. [4], [5] have studied the impulse response of

UWOC links theoretically by vector radiative transfer theory

and Monte Carlo method, respectively. However, to the best

of our knowledge, there is no simple closed-form expression

of the impulse response for UWOC links reported in previous

works.

In this paper, we investigate the impulse response utilizing

the Monte Carlo model for turbid environment and present
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a closed-form expression of double Gamma functions to

model the temporal dispersion of UWOC links characterized

by Henyey-Greenstein scattering phase function. Simulation

results suggest that the double Gamma function is valid to

describe the simulated impulse response for turbid underwater

environment such as coastal and harbor water with limited

root-mean-square error (RMSE). This simple closed-form ex-

pression is plausible and convenient for underwater channel

modeling and UWOC system design.

II. CHANNEL MODEL

A. Scattering phase function

The interactions of each photon with the seawater include

absorption and scattering through the beam propagation. Ab-

sorption is a thermal process where photons lose energy by

interacting with seawater. Scattering is defined as the changes

of transmit path for each photon resulting from interacting

with the suspended particles. Absorption coefficient a(λ) and

scattering coefficient b(λ) in units of inverse meter are used

to determine the energy loss of non-scattered light caused

by absorption and scattering, respectively. The attenuation

coefficient c(λ) = a(λ) + b(λ) indicates the total effects of

absorption and scattering on energy loss. The values of a(λ),
b(λ) and c(λ) depend on both the source wavelength λ as well

as turbidity of water.

As a result of multiple scattering, the propagation time of

each photon from the source to detector may differ from each

other, and therefore the beam pulse will spread temporally. To

describe the multiple scattering process, the scattering phase

function β(θ) is utilized to represent the energy distribution of

scattering light for specific scattering angle θ with the property

as follows,

1 = 2π

∫ π

0

β(θ) sin θdθ (1)

When the wavelength of visible light is comparable or less

than the sizes of most suspended particles in seawater, the

dominant scattering is the Mie scattering in underwater optical

channel. As the result of Mie scattering, the scattering light

mainly concentrates in small forward angles [7], and therefore

β(θ) is peaked in small angle region. Petzold [8] has measured

the scattering phase function for typical water types in the

blue/green visible light region. However the relatively lower

angular resolution of the measurement data especially for large
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angles limits the accuracy of Monte Carlo simulation results.

Therefore, we adopt the Henyey-Greenstein function as the

scattering phase function taking the form as

β(θ) =
1− g2

4π(1 + g2 − 2g cos θ)
3

2

(2)

where θ is the scattered angle and g is the average cosine of

θ.

The Henyey-Greenstein function has been widely used to

model the dispersive medium such as cloud and seawater [4].

The average value of Petzold’s measurement fits well with

Henyey-Greenstein function for g = 0.924 [4], [7].

As the impulse response of clean ocean has been studied

in [4], we mainly focus on turbid environment such as coastal

and harbor water in this paper. The parameters of these two

water types remain the same as in [5].

TABLE I
PARAMETERS FOR BLUE/GREEN LIGHT IN COASTAL AND HARBOR WATER

Water type a (m−1) b (m−1) c (m−1) g

Coastal 0.088 0.216 0.305 0.9470

Harbor 0.295 1.875 2.170 0.9199

B. Monte Carlo simulation

The absorption and scattering processes mentioned above

can be analytically described by radiative transfer equation

(RTE). The RTE can be solved by Monte Carlo approach or

analytical methods. By generating numerous photons and then

simulating the interactions of each photon with the medium

statistically, Monte Carlo approach adopts numerical method

to achieve the channel characteristics. Compared with analyt-

ical solutions, Monte Carlo approach is flexible for various

system geometries and does not impose any restrictions on

the propagation of photons. By comparing the simulations with

experimental results, [6], [9] have confirmed the validity of the

Monte Carlo approach in predicting both spatial and temporal

properties. Therefore, Monte Carlo approach is employed in

our work to obtain the impulse response according to the basic

rules in [6], [10].

The Monte Carlo simulation starts with generating numer-

ical photons. Each photon is assigned with a basic set of

attributes including its position, transmit direction, propagation

time and weight. The processes of absorption and scattering

are modeled by changing these basic attributes accordingly

along the propagation path. The receiver then records all the

attributes for each arrived photon. The channel characteristics

can be achieved by statistically repeating the above steps for

each emitted photon and analyzing the basic attributes for all

arrived photons.

The attributes of each photon contain the position of each

photon in Cartesian coordinates system (x, y, z), the direction

of trajectory described by zenith angle θ and azimuth angle

φ in spherical coordinate system, weight W and propagation

time t. The initial position of each photon can be designated

as (0, 0, 0) approximately when the emission aperture of the

source is narrow. The start time and weight are set as zero

and unit, respectively. Then the direction of emission for each

photon is determined by the angular intensity distribution and

divergence of the source [6].

An interaction of a photon with the medium occurs when

the photon propagates ∆s distance determined by

∆s = − ln ξs/c, (3)

where ξs is a random variable with uniform distribution in the

interval of [0, 1]. After the trajectory between two interactions,

i.e., ∆s, is obtained, the position and propagation time of each

photon can be changed [6].

When the interaction happens, both the weight and transmit

direction of the photon are also changed. The weight is

updated by

Wi+1 =
(

1−
a

c

)

Wi (4)

where Wi is the weight of the photon after the i-th interac-

tion with medium. And the direction of photon trajectory is

also changed with the scattering zenith angle θs due to the

scattering effect and given by

ξθ = 2π

∫ θs

0

β(θ) sin θdθ, (5)

where ξθ is a random variable taking values uniformly between

0 and 1, and β(θ) is the scattering phase function. For the

Henyey-Greenstein scattering phase function with g 6= 0, (5)

can be converted [10] to

cos θs =
1

2g

[

1 + g2 −

(

1− g2

1− g + 2gξθs

)2 ]

. (6)

Then the scattering azimuth angle φs can be computed by

φs = 2πξφ, (7)

where ξφ is also a random variable in [0, 1] uniformly. Note

that the scattering angles in (5) and (7) are the rotations to

the direction before interactions. Therefore, the direction of

the photon should be transformed into the absolute coordinate

system with details in [6].

A photon should be no longer tracked either its weight is

lower then certain threshold or it reaches the receiver plane1.

In the former case, the photon should be excluded from

simulations. In this paper, the lowest weight threshold is set

as 10−6. In the latter case, the four attributes of position,

direction, propagation time and weight for each photon are

recorded.

At the receiver side, the photons are detected when they

locate within the aperture of receiver regardless of directions

since the field of view (FOV) of the receiver is assumed to be

180◦.

After repeating the above steps for each photon and record-

ing all the attributes of detected photons, the impulse response

1The receiver locates in the receiver plane perpendicular to the beam axis
in our link geometry.



can be achieved by creating a histogram of the weight of

received photons versus propagation time. The result which

describes the received intensity with specific propagation time

for unit emitted intensity is equivalent to the channel impulse

response. The time resolution is designated as 10−10 s in this

work.

III. DOUBLE GAMMA FUNCTIONS MODEL

In free space optical (FSO) communication links, several

functions has been adopted to model the impulse response.

The single Gamma function has been reported to represent

the pulse shape for non-line-of-sight (NLOS) geometry [11] as

well as large attenuation length regions [12]. The attenuation

length defined as the multiplication of attenuate coefficient

and link range is larger than 30 in that work. The high

order scattering light dominates in these scenarios where the

contribution of low order scattering light is slight, which

suggests that the single Gamma function is valid to model

the impulse response. However, large power consumptions

are required in these scenarios since the diffused light field

may form at the receiver side, which is hard to implement in

practice.Gabriel et al. studied the impulse response for clean

ocean with attenuation length lower than 10 and suggested that

the temporal dispersion is negligible in clean ocean [4].

In this paper, we consider a precisely aligned UWOC system

with line-of-sight (LOS) for relative short attenuation length

where the diffused light field may not form at the receiver side.

Since the contribution of lower scattering or ballistic photons

may not be negligible in this case, then the single Gamma

function is no longer suitable to model the impulse response.

Motivated by utilizing double Gamma functions to model

the measured impulse response of wireless optical channel

in dispersive cloud medium with the blue-green laser source

in [13], we adopt the double Gamma functions to model the

impulse response with the expression as

h(t) =a(t− t0)e
−b(t−t0) +c(t− t0)e

−d(t−t0), t ≥ t0 (8)

where (a, b, c, d) are the parameters to be determined, t is the

time scale and t0 = L/v is the propagation time with link

range L and light speed v in water.Eq. (8) is a summation

of two single Gamma functions which represent the low

order and high order scattering components of received light,

respectively.

The set of parameters (a, b, c, d) can be computed from

the Monte Carlo simulation with the nonlinear least square

criterion given by

(a, b, c, d) = arg min
(a,b,c,d)

(

∫

[h(t)− hmc(t)]
2
dt
)

, (9)

where h(t) is the curve fitting model in (8) and hmc(t)
represents Monte Carlo results of the impulse response.

We consider a 532 nm light emitting diode (LED) with 10◦

divergence angle (full angle) and a photon detector with 50 cm

aperture and 180◦ FOV (full angle). We adopt Monte Carlo

simulation with at least 109 photons to obtain the impulse

response, and then apply (8) and (9) to evaluate the double
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Monte Carlo simulation
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(a) L = 50 m link.
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(b) L = 60 m link.

Fig. 1. Impulse response in coastal water.

Gamma functions model for each of link ranges and water

types shown in Fig. 1 and Fig. 2. Note that the start time

of impulse response is changed from t0 to zero and the

observation intervals are denoted as [0,16] ns in these resulting

figures.

Figs. 1 and 2 demonstrate that the double Gamma functions

model fits well with Monte Carlo simulations. For each water

type, we can observe that the impulse response disperses more

heavily as link range increases. This is intuitive since the

photons suffer much more scattering for a longer scattering

length and undergo much more attenuation which reduces the

intensity of the impulse response. The root-mean-square error

(RMSE) for all scenarios are summarized in Table II, which

numerically validates the model of double Gamma functions.

Note that the double Gamma functions model may break

down in the diffusion region of light field where the attenuation

length is large or the link geometry is misaligned since the

lower order scattering light will diminish. System configura-

tions such as source divergence, detector aperture size and

FOV may also have impacts on modeling of the channel
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(a) L = 10 m link.
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(b) L = 12 m link.

Fig. 2. Impulse response in harbor water.

TABLE II
RMSE OF THE DOUBLE GAMMA FUNCTIONS FOR VARIOUS SCENARIOS

Coastal Harbor

Link range RMSE Link range RMSE

30 m 0.01272 10 m 0.01009

40 m 0.03033 12 m 0.02191

50 m 0.04276 14 m 0.01319

60 m 0.00889 16 m 0.01233

impulse response. Furthermore the channel coefficients such

as the type of scattering phase function as well as scattering

albedo defined as b/c may affect the shape of impulse response

and valid region of the double Gamma functions. The topics

listed above deserve a throughout study in our future work.

IV. CONCLUSION

In this paper, we have investigated the impulse response of

UWOC links with precisely aligned LOS geometry in turbid

underwater environment. A closed-form expression of double

Gamma function is developed to model the impulse response.

Numerical results from Monte Carlo approach suggest that

the impulse response follows the double Gamma functions

for various water types and link ranges, which is beneficial

for system design and performance evaluation. Experimental

validation of double Gamma functions model will be our

future work.
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