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ABSTRACT

In this paper, a received signal strength (RSS) based local-
ization technique is investigated for underwater optical wire-
less sensor networks (UOWSNSs) where optical noise sources
(e.g., sunlight, background, thermal, and dark current) and
channel impairments of seawater (e.g., absorption, scattering,
and turbulence) pose significant challenges. Hence, we pro-
pose a localization technique that works on the noisy ranging
measurements embedded in a higher dimensional space and
localize the sensor network in a low dimensional space. Once
the neighborhood information is measured, a weighted net-
work graph is constructed, which contains the one-hop neigh-
bor distance estimations. A novel approach is developed to
complete the missing distances in the kernel matrix. The out-
put of the proposed technique is fused with Helmert trans-
formation to refine the final location estimation with the help
of anchors. The simulation results show that the root means
square positioning error (RMSPE) of the proposed technique
is more robust and accurate compared to baseline and mani-
fold regularization.

Index Terms— Underwater, Sensor Networks, Optical
Communication, Localization

1. INTRODUCTION

The recent urge on the high quality of service communica-
tion for commercial, scientific and military applications of
underwater exploration necessitates high data rate, low la-
tency, and long-range networking solutions [1-3]. Achieving
such goals is a daunting challenge because of the highly at-
tenuating medium of seawater for most electromagnetic fre-
quencies. In the past decades, acoustic systems have there-
fore received a considerable attention. However, underwa-
ter acoustic communication has low achievable rates (10-100
kbps) due to the limited bandwidth. Moreover, the low prop-
agation speed of acoustic waves (1500 m/s) induces a high
latency, especially for long-range applications [4].

On the other hand, underwater optical wireless communi-
cation (UOWC) has the advantages of higher bandwidth,
lower latency, and enhanced security [5]. Nevertheless,
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UOWC has a very limited range attainability (10-100 m)
due to absorption, scattering, and turbulence impairments of
seawater. It is also susceptible to many noise sources such as
sunlight, background, thermal, and dark current noises [6].

In particular, localization of nodes in underwater optical
wirless sensor network (UOWSN) is of utmost importance
since the gathered data from the sensor nodes must be asso-
ciated with the location information as it is useful only if it
refers to a particular location within the network [7]. Local-
ization is especially useful for a number of applications such
as target detection, intruder detection, routing protocols, and
data tagging. Hence, a number of acoustic underwater sen-
sor network localization techniques have been proposed in the
past. These localization techniques consider different param-
eters such as signal propagation model, network topology, en-
vironmental factors, localization accuracy, the number of an-
chor nodes, the geometry of the anchor nodes, and the relative
location of the sensor node to the anchors [8—14]. Anchor-
based localization techniques can be broadly categorized into
range-free and range-based techniques. The performance of
every localization technique mainly relies on the initial ref-
erence position, number of sensor nodes, ranging technique,
number of anchors, and the position of the anchors in the net-
work [15].

However, aforementioned optical communication chal-
lenges do not allow the use of existing acoustic localization
techniques for underwater sensor nodes. To the best of our
knowledge, UOWSN localization is only addressed in [16]
where RSS and time of arrival methods are investigated for an
optical code-division multiple access networks. In [16], fully
connected network is considered where the source is able to
communicate with all the anchors directly. In UOWSNS, the
transmission range is limited and muti-hop communication
is more practical where the sensor nodes may not be directly
connected to the anchors [17, 18]. Accordingly, in this pa-
per, we investigate an RSS based UOWSN localization with
the following contributions: We propose a localization tech-
nique for UOWSNs with limited connectivity that operates
on the noisy ranging measurements embedded in a higher
dimensional space and localizes the sensor network in a low
dimensional space. A novel approach is developed to com-
plete the missing distances in the kernel matrix which reduces
the shortest path distance estimation error. To further reduce
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Fig. 1. Underwater optical wireless sensor network setup.

the localization error, the output of the proposed technique
is fused with the Helmert transformation. Simulation results
show that the root mean square positioning error (RMSPE) of
the proposed technique is more robust and accurate compared
to the baseline [19] and manifold regularization [20].

The rest of the paper is organized as follows: Section 2
discusses the problem formulation and proposed technique.
In Section 3 performance of the proposed technique is ana-
lyzed. In Section 4, simulations are conducted for the per-
formance evaluation of the proposed technique and Section 5
concludes the paper with a few remarks.

2. PROBLEM FORMULATION AND PROPOSED
TECHNIQUE

We consider an UOWSN consisting of m sensor nodes and
n anchor nodes, which are all capable of optical communica-
tion. It is assumed that the optical sensor nodes and anchor
nodes are capable of sweeping the circular region around it-
self. Therefore the network is represented as a undirected
graph H = (V,€), where V are the vertices (nodes) of the
graph and & are the associated links. The link e;; exists be-
tween any two nodes ¢ and j if they are in communication
range of each other. The proposed system configuration is
shown in Fig. 1. Given the location of anchor nodes and sin-
gle hop neighborhood distances, the problem of UOWSN lo-
calization is to find the location of m sensor nodes. Modeling
of RSS based ranging in aquatic medium is different and more
challenging than the free space. Optical light passing through
the aquatic medium suffers from widening and attenuation in
angular, temporal and spatial domains [16]. The widening
and attenuation of the underwater optical signals are depen-
dent on the wavelength. Combining the absorption coefficient
a(\) and scattering coefficient s(\) results in the extinction
coefficient [21], i.e.,

e(A) = a(A) + s(N). (1)

The propagation loss as a function of distance d;; and wave-
length A between any two sensor nodes ¢ and j is given by

Lij = exp™ Wb, )

where d;; = ||c;—c;||, ¢; and ¢, represents the 2-dimensional
locations of node ¢ and j, respectively. In this paper we con-
sider line of sight communication, where the sensor node ¢ di-
rects the trajectory of its transmitter toward the receiver node
7. Then, the received power at sensor node j is given as [22],

- Ajcosd
Y 2md?; (1 — cos b))’

P, =Py nmn;L 3)
where P, is the optical power transmitted by node 7, 1; and
n; are the optical efficiencies of node 4 and j, respectively, A;
is the aperture area of node j, € is the angle between node @
and j trajectory, and 0y is the divergence angle of transmitted
signal.

The problem of UOWSN localization is to find the esti-
mated locations for the m nodes given that the noisy range
measurements IT = [;;]mnxm+n between all the nodes in
the network are available. If nodes ¢ and j are not in the range
of each other, then the geodesic distances between them is
considered using the intermediate nodes. The missing ele-
ments in the kernal matrix II are approximated by

yyy = Lomin * Fomoz, o)
where Rmm and Rmm are the minimum and maximum
achievable distances in the network respectively. Rmm is
the length of the shortest edge and Runag is the length of
the longest edge in H = (V, £) respectively. Note that the
approach in (4) is different than the shortest path distance
estimation used in [19] and [20]. It is well known that noise
is distance dependent factor, i.e., the noise increases with the
distance. Moreover, the underwater optical communication
signals are affected by different environmental parameters
other than distance which makes it more unpredictable. Thus,
the transformation from the noisy measurements in a high
dimensional space to a low dimension space is a non-linear
process. Therefore, UOWSN localization requires to de-
velop a non-linear projection technique from a noisy high
dimensional space to the actual low dimensional space. In
the proposed non linear projection technique, if there are m
anchor nodes and n optical sensor nodes, then by exploiting
the hidden information in the network, all the nodes are lo-
calized. The nonlinear projection function g : d;; — C,
where C' = {e¢y, ..., ¢m4n } denotes the actual location of all
the nodes in the network, is defined as

9(di;|C) = >

i#j=1...m+n

(735 — dij)QWija @)

where W;; = 7% are the associated weights for each link.

The above probfém is a well known optimization problem
which can be solved by spectral decomposition of the dou-
ble centered matrix for the kernel matrix II. Squaring and
centering I, we obtain

A= —1/2(TOT), (6)
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where T' = I (;,4.) — (1/(m + n))l(m+n)1(Tm+n) is center-
ing operator, I (, 1, is (m + n) x (m + n) is identity matrix,
and 1(,, ) is all ones vector. Decomposing A yields

A =EQE", (N

where FE and @ are the eigen-vectors and eigen-values of A.
The lower 2 dimensional graph for all the nodes in the net-
work is drawn from the 2 largest eigen-vectors in E and the
corresponding eigen-values in @ as

CA’:‘E'(m—l—n)><2\/Q2><2' (8)

After getting the initial estimated locations, they are trans-
formed into actual locations using the Helmert transforma-
tion [23]. Based on m anchor nodes, 1 < h < n, their
locations are known in the 2-dimensional space, having ab-
solute locations O; = {e¢i,...c,}. The relative locations
0, = {é1, ..., ¢,} need to match the absolute locations O
for n anchors. The mis-matching between the absolute and
relative locations is calculated by

n

v=> (&n—cn) (n—cn) ©9)

h=1
The actual function for Helmert transformation is defined as
HE,0,Q) = Y (& —2QTe, — W)
h=1
(én — 20T ¢, — 1), (10)

where ®, U and (2 represents the scaling, shifting, and ro-
tation, respectively. The Helmert function is minimized by
using optimum values of ¢, ¥ and (2

P,0,0} = tH®, T, 0 11
{2, 0,0} = arg min i( )- (1D

Let a, and r, be the centroids of the absolute locations
and relative locations of the anchors, respectively, and given
as a, = ~3 1 jcpandr, = L3} | &, The optimal
shifting is then

n

HO,W,Q) = ) ((én—10) — 22" (ch — av)
h=1
+é, — 00T ¢, — 0)T
x((én —10) — <I>QT(ch — ay)
+é, — 00Ty, — ), (12)

The optimal shifting element ¥ that minimizes the Helmert
objective function is ¥ = r, — &7 q,. With this transforma-
tion a,, and r, becomes zero, thus

(e, 0,0) = (& — 2Q7er) (& — 907 cr).  (13)
h=1

Differentiating (13) with respect to @, ¢(®, ¥, Q) is mini-
mized at the optimal 9, i.e.,

AT
o= 7%(0190; ). (14)

The rotation {2 is then given as {2 = wu, where v are the

. . AT
eigen-vectors and u are the eigen-values of O10; respec-
tively. The estimated global locations of all the nodes in the
network are then given as

C =307 (C)+ V. (15)

3. PERFORMANCE ANALYSIS

The UOWSN localization problem is similar to the parameter
estimation. Therefore, to evaluate any parameter estimation
problem, the minimum unbiased variance estimation is taken
as the evaluation criteria of any localization algorithm. Thus,
the Cramer-Rao lower bound (CRLB) is commonly used as
an unbiased parameter estimator to evaluate the performance
of parameter estimation. Since the range measurements ;;
between nodes are affected by Gaussian noise, the probabil-
ity density function (PDF) for the range measurements -y;; is
given by

exp<7(%]2n(; ) )» 16

1

ij1Ciy Cj) = ——=—=
f ('7 J | J ) 0y \/ﬂ
where 7, is the noise variance. To construct the corresponding
fisher information matrix (FIM), log-likelihood ratio for the
given PDF in (16) can be written as

—log /27

L (yi5 —llei — CJH)
2 ([lei —¢jlf2)Par2

where 1 is scalar constant and §;; is the path loss exponent,
then the joint log-likelihood ratio for all the nodes in the net-
work is

9¥;;[dB] = log lei — ¢1%)

a7

m—+n m+n

©@=> > log(f

=1 g=i+1
From (18), a sub-matrix F; of FIM is defined as

(vijleisei)) - (18)

F, — |:F2i1,2i1

F”Lﬂ,z‘m,s ...... K, (19
Foioi1

Fo; 0
where each element in (19) is defined as

Foi_12j-1=Faj_12i-1 =

1 (zi— '):J)

Yjen() C:i—¢,11 L=, (20)

;;l“ﬂc(””icf”z jeH(@)andj#1i,

0 J & H(i)
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Table 1. Simulation Parameters

’ ‘ Parameter Values H
Area 100 x 100 m?
Number of Sensor Nodes 100-200
Number of Anchors 10
Variance 0.001-0.029
Range 5-50 m

Foi_12; = Faj2; =

1 (yi—y;)° S

ZjeH(i)FEH;rﬁ L= Q21

3 Dl jeH(i)andj # i,

0 J & H(i)

Foi_12j =Faj0i-1 =Fo0j_1 =Fogj_12; =
1 (zi—z)(¥i—y;) S

Yjent wr TeserE . =0 22)
oo millyevil jeH(i)andj #1i .
0 J ¢ H(i)

where w;; is the distance dependent scaling factor. Then the
CRLB is obtained as

E((# —2)%+ @ —v)?) = (F; g+ (F; oo, (23)

where (F;

K2

(FIM) L.

1)171 and (F; 1)272 are the diagonal elements of

4. SIMULATION RESULTS

Unless it is explicitly stated otherwise, we evaluate the perfor-
mance of the proposed localization method by employing the
simulation parameters summarized in Table 1. Fig. 2 shows
an UOWSN scenario with 100 sensor nodes and 10 anchors
randomly distributed over 100 x 100 m? area. The transmis-
sion ranges for this setup is set to 30m and the noise variance
is distance dependent. The performance metric is considered
to be root mean square positioning error which is defined as

RMSPE — YXii"(€i=€)*

m—+n

Fig. 2 shows the actual and estimated locations of the
nodes in the deployed area where () represents the sensor
nodes, anchor nodes are represented by A, the estimated lo-
cations for all the nodes in the network are represented by +,
and the line connecting () to A shows the localization er-
ror of the proposed technique. Fig. 3 shows the performance
of the proposed technique with respect to the network den-
sity. Increasing the number of nodes in the network reduces
the RMSPE because it reduces the geodesic error in the net-
work. To validate the performance of the proposed technique,
results are compared with the CRLB, baseline [19] and man-
ifold regularization [20]. Baseline and manifold regulariza-
tion have higher RMSPE compare to the proposed technique
reduces the shortest path estimation error for multi-hop net-
works. Fig. 4 presents the RMSPE performance with respect
to the noise variance where the noise variance is increased
from 0.001 to 0.029 m. The RMSPE increases with increase
in the noise variance for the transmission range, it can be seen
that the proposed technique absorbs the inaccuracies in the
RSS measurements and is more robust compare to the base-
line and manifold regularization.

5. CONCLUSIONS

In this paper, a novel matrix completion strategy is developed
for UOWSNS localization. The RSS measurements for un-
derwater optical communication are inaccurate and would in-
troduce large localization error. However, the proposed tech-
nique is robust to absorb the inaccuracies in the RSS measure-
ment and provide better results. The proposed technique first
collects the noisy RSS measurements and estimate the initial
location of sensor nodes and then the final coordinate trans-
formation is achieved by using Helmert transformation. The
CRLB have also been derived to analyze the performance of
the proposed technique. Simulations show that the proposed
technique provides enhanced localization performance to get
more robust and accurate results and achieves the CRLB.
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