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Abstract—Recently research works on Underwater Wireless
Optical Communication (UOWC) have been emerging but most
researchers mainly focus on the physical layer issues. To im-
prove channel utilization and realize high-capacity Underwa-
ter Wireless Optical Networks (UOWNs), this paper addresses
the Maximum Link Scheduling (MLS) problem which aims to
maximize the number of links scheduled in one time-slot. To
solve this problem, firstly we establish an interference model for
UOWNs via adopting the viewpoint of the physical interference
model. Then we propose an algorithm to solve MLS problem and
give the mathematical proof of correctness. Besides we conduct
real experiments to verify our model and derive an empirical
model. Finally, we conduct comparative simulations under two
models and results show that the algorithm significantly improves
channel utilization. Also we study the impact of parameters on the
performance. Results show that a larger FOV (Field of View) of
transmitters leads to worse performance and larger attenuation
coefficients bring better performance.

Index Terms—Underwater optical wireless networks, Physical
interference model, Maximum link scheduling.

I. INTRODUCTION

With more and more countries paying more attention to
the exploitation of marine resources and the utilization of
marine energy, the use of dense Underwater Wireless Sen-
sor Networks (UWSNs) for marine environment monitoring,
seabed resource detection and underwater target detection and
surveillance has become a new research hotspot. As a key
technology in UWSNs, Underwater Wireless Communication
(UWC) has attracted a large number of researchers. Nowadays
underwater acoustic communication is the most widely used
underwater communication technology benefiting from long
communication range (up to 20 km), but it has many serious
limitations, such as low bandwidth (on the order of kbps),
large latency (on the order of seconds) and energy consum-
ing transceivers [1]. Recently Underwater Optical Wireless
Communication (UOWC) becomes an expected method to be
applied in underwater wireless sensor networks. UOWC can
adopt laser with narrow FOV or LED with large FOV as the
transmitters. The significant advantage of UOWC is the high
data rate. Many researchers have realized underwater wireless
optical communication systems with data rate on the order
of Gbps [2], [3]. Nowadays, research works on UOWC have
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mainly focused on the physical layer issues [4]. However
efficient network architectures and protocols are needed to
design UOWC systems with extended boundaries and high
user capacity.

The channel utilization optimization problem is a classic
problem in the field of wireless networks. Many researchers try
to improve user capacity through link scheduling. One of the
ways to formulate the problem is the Maximum link scheduling
(MLS) problem, which aims to maximize the number of
links scheduled in one time-slot. There are a large amount
of works presented to solve this problem. Gussevskaia [5]
proved this optimization problem is NP-hard and designed the
first non-trivial approximation algorithm with approximation
bound O(g(L) under physical interference model where g(L)
denotes the number of non-empty length classes of the set
of links to be scheduled. Gussevskaia [6] further developed
an approximation scheduling algorithm with constant ap-
proximation bound. Then Peng-Jun Wan [7] develop a new
approximation algorithm with smaller constant approximation
bound. Recently, more influential elements such as power
control [8] and communication latency [9] have been taken
into account. However, all of these works are aimed at the
MLS problem for terrestrial RF wireless networks, which can
not be adopted directly by UOWNs.

In this paper, we study the MLS problem in UOWNs. To
our best of knowledge, this problem has not been studied so
far. The different environment brings new challenges, and our
contributions are as follows:

(1) We establish a SINR-based physical interference model
for UOWNs in which we leverage Beer-Lambert’s law to
model the attenuation of optical signals in water and take
the directionality of transmitters into consideration.

(2) We propose a MLS algorithm and give a mathematical
proof of correctness.

(3) We conduct real experiments to explore laws of attenu-
ation of light in water. We validate Beer-Lambert’s law
and give an empirical model.

(4) We conduct simulations to present the performance of the
algorithm and analyse the impact of some parameters on
the performance.

The rest of the paper is structured as follows. In section II
we describe the MLS problem description and the proposed



interference model for UOWNs. Section III describes our
algorithm and mathematical analysis of correctness. Section
IV presents the real experiment and results analysis. Section
V presents the results of the simulations and discusses the
performance. Finally section VI gives the conclusion.

II. PROBLEM DESCRIPTION AND INTERFERENCE MODEL

When studying the link scheduling problem, an essential
issue is how to model the interference. In this section we
present the description of the MLS problem and propose a
SINR-based interference model for UOWNs.

A. Problem Description

The MLS problem can be formulated as follows. Given a
set of links L = {l1, l2, ..., ln}, where each link lv represents
a communication request from a sender sv to a receiver rv .
The objective is maximizing the number of links scheduled
concurrently in one time-slot. As the first attempt to study
MLS in UOWNs, this paper assumes that all nodes are
positioned in two-dimensional Euclidean space. Besides we
consider the problem separately from the routing problem and
the power control problem, i.e. we assume that all requests are
single-hop and all senders transmit with the same power level
P . Nevertheless provided the ratio of the maximum and the
minimum power levels are bounded by a constant, our solution
still works.

B. Interference Model

We start with some definitions. L = {l1, l2, ..., ln} denotes
the set of n requested underwater wireless optical links. Gen-
erally, the transmitters are highly directional and receivers are
quasi-omnidirectional, as mentioned in [10]. The definitions
of basic parameters are shown in TABLE I.

TABLE I
DEFINITIONS OF PARAMETERS

Parameter Definition
li An UOWC link
L The set of n requested UOWC links
si Sender of link li
ri Receiver of link li
θi Field of View (FOV) of senders si
dij Euclidean distance between si and rj
dvv Length of link lv
Gsv Transceiver gain of node sv

To establish the interference model for UOWNs, we adopt
the physical interference model which provides a realistic
representation of wireless communication and is adopted by
most recent works. According to the physical interference
model [5], a signal can be decode successfully if and only
if the SINR—the ratio of the received signal strength to the
sum of the interference caused by all other nodes sending
simultaneously, plus noise—is above a threshold depending
on hardware. More formally,

SINR(ri) =
Pri(si)∑

j 6=i Iri(sj) +N
≥ β, (1)

where Pri(si) denotes the received power of a signal trans-
mitted by node si at receiver ri, and Iri(sj) denotes the
interference made by node sj to receiver node ri. N is the
background noise and β is the minimum SINR required for
successful transmission.

Considering the different environment and features of
UOWNs, there are two challenges left to establish interference
model. The first one is how to model the attenuation of the
light signal in water, and the second one is how to take the
directionality of transmitters into account.

For the first challenge, Beer-Lambert’s law [11] provides
the simplest and most widely used scenario to describe the
underwater light attenuation as:

P = P0e
−c(λ)d, (2)

where P0 denotes the power of the transmitted light; e is the
natural base; d represents the transmission distance; P stands
for the power of light after transmitting d distance and c(λ)
is the attenuation coefficient of water. The value of c(λ) is a
constant depending on the water and wavelength of light.

Fig. 1. Interference judgment. lw causes interference on lv if and only if
θwv ≤ θw/2.

For the second question, due to the directionality of un-
derwater optical wireless transmitter, there is a need to judge
whether there exists interference among links that transmit
in one time-slot. As shown in Fig.1, ~ww represents the send
direction of node sw, and ~wv denotes the vector from node
sw to node rv . θw is the FOV of sender sw, and θwv is the
angle between ~ww and ~wv. We introduce ϕwv whose value is
1 or 0 representing there is or is not interference from lw to
lv respectively. More formal definition is:

ϕwv =

{
0, if θwv > θw/2,
1, if θwv ≤ θw/2.

(3)

In summary, we leverage Beer-Lambert’s law to predict the
received signal strength and consider the influence of the FOV
of transmitters. Based on SINR model, the interference model
for UOWNs we establish is as follows:

SINR(rv) =
PGsvGrve

−c(λ)dvv

N +
∑
lw∈S PGswGrve

−c(λ)dwvϕwv
≥ β,

(4)
where P is the power of transmitted light; e denotes the natural
base; c(λ) is the attenuation coefficient of water; N is the noise



and β is the minimum SINR for successful decoding, and G
denotes the gain of transceivers.

III. SCHEDULING ALGORITHM AND CORRECTNESS
PROOF

In this section we propose an algorithm named MLS-
UOWN to solve the MLS problem in UOWNs and prove the
correctness of MLS-UOWN.

A. Scheduling Algorithm

Firstly here are some definitions. Pvv = PGsvGrve
−c(λ)dvv

denotes the received power of node rv sent by node sv and
Iwv = PGswGrve

−c(λ)dwvϕwv represents the interference to
node rv from sw. RIu(v) = Iuv/Pvv denotes the relative
interference (RI) of a link lu on link lv . According to [6], the
affectedness of link lv is the sum of relative interferences of
the links in S on lv , as well as the effect of noise, scale by
β, or

AS(lv) = β(
N

Pvv
+

∑
lu∈S

RIu(v))

= β

∑
lu∈S Iuv +N

Pvv
. (5)

Observe that AS(lv) ≤ 1 equivalent to SINR ≥ β for link
lv , i.e. link lv can communicate successfully.

MLS-UOWN see Algorithm 1. According to the physical
interference model, it can be proved that the link with a shorter
length is more stable. So firstly we sort the links in set L
and schedule links in increasing order of length (line 3-4)
by adopting a greedy strategy. In every iterative process, we
guarantee the ”safety” (SINR ≥ β) of the added link by
three steps. In the first step, we remove links which cause
interference on node sv and are less than or equal to D
far away from sv (line 5 and 6) where D is the minimum
value satisfying Eq.(10). Secondly, we put the links causing
interference on sv into set I (line 8 and 9) and then ensure
the distance between every two senders of links in I is more
than D/2 (line 11-19). In this process, some links are removed
from L and we still reserve as shorter links as possible. And
the last step is removing the links whose affectedness that
set S and background noise caused is larger than 2/3 from
L (line 21 and 22). The above processes repeat until set L
becomes empty. In the end, we get the scheduling set S.

B. Correctness of Scheduling Algorithm

Now we prove that the solution S obtained in Algorithm 1
is correct, i.e., all selected links can be scheduled concurrently
without collisions.

Lemma 3.1: Algorithm 1 produces a valid solution.
Proof 3.1: Firstly here are some definitions. S−v and S+

v

denote the set of links that are shorter and longer than link
lv respectively. Our aim is to prove that AS(lv) ≤ 1, i.e.
AS−(lv) + AS+(lv) ≤ 1, for ∀lv ∈ S. According to the line
22, we can ensure AS−(lv) ≤ 2/3, so we only need to prove
AS+

v
(lv) < 1/3.

Algorithm 1 MLS-UOWN Algorithm
Require: Set of links in the increasing order of length L =
{l1, l2, ..., ln}, S ← ∅, I ← ∅, L1 ← ∅, L2 ← ∅.

Ensure: Set S that can schedule at the same time-slot.
1: repeat
2: lv = (sv, rv)← the first link in L.
3: Set the value of D to be the minimum value satisfying

Eq. (10).
4: L← L\lv, S ← S

⋃
lv

5: L1 ← lu ∈ L : d(su, rv) ≤ D,ϕuv = 1.
6: L← L\L1.
7: repeat
8: lw ∈ L← satisfy ϕwv = 1.
9: I ← I

⋃
lw

10: until L is traversal end.
11: repeat
12: la = (sa, ra)←the first link in I .
13: I ← I\la.
14: repeat
15: lu ∈ I : dua = d(su, sa) ≤ D/2.
16: I ← I\lu.
17: L← L\lu.
18: until I is traversal end.
19: until I = ∅.
20: L2 ← lu ∈ L : AS+N (lu) >

2
3 .

21: L← L\L2.
22: until L = ∅.
23: return S.

Then we focus on the links which are longer than link lv .
Here are some definitions. A Dangerous sender represents
the sender of a link which is longer than dvv and causes
interference on link lv . A Dangerous circle denotes the circle
centered dangerous node with radius D/4. Line 5 and 6 in
Algorithm1 ensure that all the dangerous nodes within the
radius D of receiver rv are removed. Then line 11−19 ensures
the distance between any two dangerous nodes is larger than
D/2, meaning there is no overlapping among the dangerous
circles. Next we partition the Euclidean plane into concentric
rings around rv and each ring Ringk is composed of the
points whose distance to rv is larger than kD and shorter than
(k + 1)D, for k ≥ 1. The bigger ring that all the dangerous
circles around dangerous senders located in Ringk is denoted
by EXRingk. The area of EXRingk can be calculated by
the following formula:

A(EXRingk) = π[(k + 1)D +D/4]2 − π(kD −D/4)2

= πD2(3k + 3/2). (6)

Since dangerous circles do not intersect, the area of a
dangerous circle is πD2/16, and minimum distance between
any dangerous node in Ringk and rv is kD, k > 0, so the



total interference coming from Ringk is bounded by

IRingk(lv) ≤
A(EXRingk)

πD2/16

PGswGrvϕwv
ec(λ)kD

= [48k + 24]
PGswGrvϕwv

ec(λ)kD
.

(7)

Sum up the interference overall rings:

IS+
v
(lv) ≤

∑
k=1,2,...,n

IRingk(lv)

=
∑

k=1,2,...,n

[48k + 24]
PGswGrvϕwv

ec(λ)kD

= PGswGrvϕwv
24e−c(λ)D(3− e−c(λ)D)

(1− e−c(λ)D)2
. (8)

To simplify the analysis, we assume that transceiver gain
and the power of senders are fixed value. The affectedness of
link lv can be calculated by the following formula:

AS+
v
(lv) = β

IS+
v
(lv)

Pvv

≤ 24βe−c(λ)D(3− e−c(λ)D)
(1− e−c(λ)D)2e−c(λ)dvv

. (9)

To guarantee the correctness of our algorithm, we need to
ensure AS+

v
(lv) ≤ 1/3, i.e.

AS+
v
(lv) ≤ 1/3⇒ 24βe−c(λ)D(3− e−c(λ)D)

(1− e−c(λ)D)2e−c(λ)dvv
≤ 1/3, (10)

We set the value of D in line 2 of Algorithm1 to ensure it.
In summary, we ensure AS−(lv) ≤ 2/3 and AS+(lv) ≤

1/3, i.e. AS−(lv) + AS+(lv) ≤ 1, for ∀lv ∈ S, which means
SINR(lv) ≥ β for every link in solution S. So far we have
proved the correctness of our algorithm.

Due to the complexity that transmitters’ directionality
causes, we can not provide the general analysis of approxi-
mation ratio, but in section V we show the performance of
MLS-UOWN algorithm by simulations.

IV. EXPERIMENT

To make our interference model more convincing, we con-
duct real experiments to explore the attenuation of light in
water and try to validate Beer-Lambert’s law. In this section,
we present the design, implementation, results and analysis of
experiments in detail.

The purpose of experiments is to get the optical signal
strength at different distances. We conduct experiments in a
three-meter-long two-meter-wide tank with clear water where
ambient light intensity is N = 20lux, as shown in Fig.2(a).
As shown in Fig.2(b) and Fig.2(c), experiments use 10mW
green laser as a light source whose wavelength is 532nm,
and use XIMA upgraded AS823 digital display illuminance
meter to measure the optical signal strength. The experimental
equipment is placed in a transparent jar for waterproofing.
We measure the value of optical signal strength denoted as
S in different distances donated as D. Considering the form

of Beer-Lambert’s law, we compute the value of ln(S/S0)
to make the results more significant. By continuous measure-
ment, the stable results are shown in Fig.3.

(a) Experimental
tank: 3m×2m

(b) Light source: 10mW
green laser whose wave-
length is 532nm

(c) XIMA upgraded
AS823 digital display
illuminance meter

Fig. 2. Experimental Equipment.
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Fig. 3. Raw data and fitted curse. The equation for the fitted curve is:
ln(S/S0) = −0.1111 ∗D + 0.04066.

Firstly, we compare measured data with the theoretical Beer-
Lambert’s law. As shown in Fig.3, Black stars are evenly
distributed on both sides of the curve fitted according to Beer-
Lambert’s law, so we can think that Beer-Lambert’s law can
model the attenuation of light in water well. By transforming
the equation of fitted curse, c(λ) of the clear water used is
0.1062. Thus the signal attenuation model in water that our
experiments used is

P = P0e
−0.1062∗d. (11)

Secondly, we try to build a model of attenuation of the
optical signal in water that is more in line with the measured
data. From Fig.3 we can find that the attenuation of light shows
different laws in different distance ranges. i.e. c(λ)s are dif-
ferent in D ∈ [0, 1.6], [1.6, 2.4] and [2.4, 3.2]. The attenuation
is strongest in D ∈ [1.6, 2.4], weakest in D ∈ [0, 1.6], and
moderate in D ∈ [2.4, 3.2]. Based on this finding, we perform
data fitting on three intervals, and give following empirical
model:



P =


0.996P0e

−0.0435d, if d ∈ [0, 1.6),
1.377P0e

−0.2409d, if d ∈ [1.6, 2.4),
0.926P0e

−0.0778d, if d ∈ [2.4,∞).
(12)

In this section, we introduce the design, implementation and
results of real experiments in detail, and analyze results from
the theoretical and practical perspectives. We give theoretical
and empirical attenuation models of light in water respectively.
Then in the next section, we conduct simulations based on
two models to present and analyze the performance of our
algorithm.

V. SIMULATION

In this section, we present and analyze the performance of
MLS-UOWN algorithm by simulations. We conduct compar-
ative simulations to present the performance of MLS-UOWN
algorithm and study the impact of some parameters on the
performance.

A. Simulation settings

MATLAB is used to conduct simulations. We generated
a random topology where n receiver nodes are distributed
randomly on a plane field of size 200x200 units and n sender
nodes are positioned randomly around receiver nodes. The
distance between each pair of transceiver nodes is less than
lmax. All the sender nodes transmit at the same power level
P . By referring to experiment parameters of underwater wire-
less optical communication experiment relevant researchers
conduct, default values of parameters used in simulations
are shown in TABLE II. In all experiments, the number of
simulations was chosen large enough to obtain sufficiently
small confidence intervals.

The performance metrics of maximum link scheduling
algorithm are simple—the links number and correctness of
scheduling set. Since we have proved the correctness of our
MLS-UOWN algorithm, in this section we adopt the number
of the links in the scheduling set as the performance metric.

TABLE II
SIMULATION PARAMETERS

Parameter Value
P 10 W
β 2
N 0
lmax 20
FOV 60°
GsGr 20

B. Comparative experiments

In this section, we conduct two groups of comparative
experiments and present the results and analysis. We control
the links density by adjusting the number of the links in
the fixed-size area. The first group is conducted under the
empirical model, i.e. the power of signals and the interference
is calculated according to Eq.(14) and the second is under the

theoretical model, i.e. Eq.(13). In each group we get the links
number in scheduling set by using MLS-UOWN algorithm
and calculate the number of the links that can successfully
communicate when all the links transmit at the same time, i.e.
without scheduling.

Someone may question the correctness of MLS-UOWN
algorithm under the empirical model since the proof of cor-
rectness of algorithm is based on the theoretical model. For
MLS-UOWN algorithm is only directly related to distances
between nodes, we convert all used actual distances under the
empirical model into virtual distances under the theoretical
model. Equivalently in each iteration we convert the empirical
simulation into another simulation under the theoretical model,
so that not only can we use results from real experiments,
but we can also guarantee the correctness of the output.
Furthermore, our algorithm can be applied to any attenuation
model by conversion due to the characteristic that it is only
directly related to distances.
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Fig. 4. Simulation results of comparative experiments.

The results of comparative experiments are shown in Fig.4.
We can see the simulation results under two models show
a similar trend in general. As the link density increases,
the results of MLS-UOWN increases and gradually stabi-
lizes because of the limited area, but the results of without
scheduling decreases and gradually tends to 0 due to increased
interference. Although the results without scheduling are a bit
better than using MLS-UOWN when the link density is very
low, the results of using MLS-UOWN are much better than
those without scheduling as the link density increases. The
results prove that MLS-UOWN can significantly improve the
utilization of wireless channels. Besides, the results of MLS-
UOWN under the theoretical model is better than those under
the empirical model on average but not significant, and the
results of without scheduling under the empirical model is
obviously worse than those under the theoretical model.

C. Impact of parameters on the performance

Now we study the impact of water’s attenuation coefficient
on the performance of MLS-UOWN algorithm under different
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FOVs of senders. According to the typical attenuation coeffi-
cient of some types of water, we set the attenuation coefficients
as c(λ) ∈ {0.4, 0.8, 1.2, 1.6, 2.0}. The total links number is set
as n = 1000. Other parameters are the same as TABLE II. The
results are shown in Fig. 5. We can see three groups of results
show a similar trend, that is the links number of the scheduling
set grows with the increasing attenuation coefficient, and the
growth rates become lower. Finally the links number tends
to be stable. As the attenuation coefficient increases, the
received power of signal drops together with interference.
From the above conclusion, we can see the average decline
of interference is larger than the decline of signal, i.e. the
relative interference decreases. A larger attenuation coefficient
can lead to higher network capacity under the premise that the
power of signal is large enough to be received by receivers.
From another aspect we can also see that the links number of
the scheduling set decreases with increasing FOV in the case
of other parameters unchanged. Obviously a larger FOV will
cause a reduction in the performance.

In summary, we conduct some groups of simulations to
analyze the performance of MLS-UOWN algorithm in this sec-
tion. Firstly we illustrate the practical appeal of our algorithm
through comparative experiments. Secondly, we study the
impact of the FOV of transmitters and attenuation coefficient
of the water on the performance. The results show that larger
FOVs of transmitters lead to worse performance and larger
attenuation coefficients lead to better performance.

VI. CONCLUSION AND DISCUSSION

In this paper, we focused on the MLS problem in underwater
optical wireless networks. Firstly we established a SINR-based
physical interference model by taking FOV of transmitters and
attenuation effect of light in water into consideration. Then
we proposed an algorithm named MLS-UOWN to solve MLS
problem and provided a mathematical proof of the correctness.
To make our work more convincing, we conducted real exper-
iments to explore the attenuation of light in water and gave
the theoretical and empirical model. Due to the complexity and

randomness that transmitters’ directionality causes, we did not
provide the general analysis of approximation ratio. Instead
we showed the performance of MLS-UOWN algorithm by
simulations. We proved that the algorithm can significantly
improve channel utilization and explored the impact of the
FOV of transmitters and the water’s attenuation coefficient on
the performance. Results show that larger FOVs of transmitters
lead to worse performance and larger attenuation coefficients
lead to better performance. In the research that follows, we will
try to overcome the difficulty of approximate ratio analysis.
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“Capacity of Arbitrary Wireless Networks,” in IEEE International
Conference on Computer Communications (INFOCOM), pp. 1872–1880,
2009.

[7] P. J. Wan, X. Jia, and F. Yao, “Maximum Independent Set of Links
under Physical Interference Model,” in IEEE International Conference
on Wireless Algorithms, 2009.

[8] P.-J. Wan, C. Ma, S. Tang, and B. Xu, “Maximizing capacity with power
control under physical interference model in simplex mode,” in Inter-
national Conference on Wireless Algorithms, Systems, and Applications,
pp. 84–95, Springer, 2011.

[9] P. J. Wan, O. Frieder, X. Jia, F. Yao, X. Xu, and S. Tang, “Wireless link
scheduling under physical interference model,” in IEEE International
Conference on Computer Communications (INFOCOM), 2011.

[10] J. A. Simpson, B. L. Hughes, and J. F. Muth, “Smart transmitters
and receivers for underwater free-space optical communication,” IEEE
Journal on Selected Areas in Communications, vol. 30, no. 5, pp. 964–
974, 2012.

[11] C. D. Mobley, B. Gentili, H. R. Gordon, Z. Jin, G. W. Kattawar,
A. Morel, P. Reinersman, K. Stamnes, and R. H. Stavn, “Comparison
of numerical models for computing underwater light fields,” Applied
Optics, vol. 32, no. 36, pp. 7484–7504, 1993.


