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ABSTRACT

LOCALIZATION IN UNDERWATER ACOUSTIC SENSOR NETWORKS

Isik, Mehmet Talha
M.Sc., Department of Electrical and Electronics Engineering

Supervisor: Assoc. Prof. Dr. Ozgiir Baris Akan

August 2007, 45 pages

Underwater Acoustic Sensor Networks (UW-ASNs) have the potential to enable
many applications such as environmental monitoring, undersea exploration and dis-
tributed tactical surveillance. In order to realize the potential gains of these applica-
tions, it is essential that the sensor nodes can be accurately located in a three dimen-
sional underwater sensor network topology. Although many localization protocols
have been proposed recently for terrestrial sensor networks, the unique characteris-
tics of the underwater acoustic communication channel, such as high and variable
propagation delay, necessitate new localization protocols. In order to address this
need, a localization protocol for UW-ASN, Three-Dimensional Underwater Local-
ization (3DUL), is presented in this thesis. 3DUL achieves network-wide robust 3D
localization by using a distributed and iterative algorithm. Importantly, 3DUL ex-
ploits only three surface buoys for localization. The sensor nodes leverage the low
speed of sound to accurately determine the inter-node distances. We show through

simulation experiments that the localization accuracy does not degrade significantly
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with an increase in the number of nodes, making 3DUL scalable.

Keywords: Underwater Acoustic Sensor Networks, 3D Localization, AUV Tracking
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SUALTI AKUSTIK SENSOR AGLARINDA YER BELIRLEME

Isik, Mehmet Talha
Yiiksek Lisans, Elektrik ve Elektronik Miihendisligi Boliimii

Tez Yoneticisi: Dog. Dr. Ozgiir Baris Akan

Agustos 2007, 45 sayfa

Sualtt Akustik Sensor Aglar1 (SASA), cevre gozetleme, sualti aragtirmalar: ve
dagitik taktiksel gozetim gibi bir¢ok uygulamayr miimkiin kilacak potansiyele sahip-
tir. Bu uygulamalar1 gerceklestirebilmek ve sualti diinyasiyla ilgili bilgilerimizi
arttirmak icin sensor diiglimlerinin ii¢ boyutlu bir sualti sensor agi topolojisinde
yerlerinin belirlenmesi gerekmektedir. Son zamanlarda karasal sensor aglari icin
bircok yer belirleme protokolii onerilmistir. Ancak, sualt1 akustik kanalinin yiiksek
ve degisken gecikme gibi kendine has 6zellikleri, SASA’lar i¢in yeni yer belirleme
protokollerinin gelistirilmesini gerekli kilmistir. Bu ihtiyaci kargilamak icin bu tezde
SASA’lar igin bir yer belirleme protokolii, U¢ Boyutlu Sualti Yerbelirleme (UBSY),
sunulmaktadir. UBSY de sensor diigiimleri akustik sinyalin gorece yavas hizini kul-
lanarak diger sensorlere olan uzakliklarimi belirler. Bu uzakliklar1 kullanan dagitik
ve yinelemeli bir algoritma ii¢c boyutlu yer belirlemeyi gerceklestirir. UBSY yer
belirleme icin sadece ii¢ yiizey samandirast kullanir. Yapilan basarim deneyleri

yer belirleme performansinin sensor diiglimii arttikga 6nemli derecede diismedigini
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gostermektedir. Bu da UBSY’yi 6lceklenebilir kilmaktadir.

Anahtar Kelimeler: Sualt1 Akustik Sensér Aglar1, U¢ Boyutlu Yer Belirleme, AUV

Izleme
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CHAPTER 1

INTRODUCTION

1.1 Underwater Acoustic Sensor Networks

The oceans play key roles in climate regulation and are essential for nutrient
production, oil retrieval and transportation. They cover nearly 71% of the surface
of the earth. Consequently, there is a vast interest in monitoring them for scientific,
environmental, commercial and military reasons. Despite this interest, the aquatic
environments of our earth are largely unexplored due to the lack of technology which
would provide accurate, real-time and fine grained spatio-temporal sampling.

The current approach for ocean monitoring is to deploy underwater sensors that
record data during the monitoring mission, and then recover the sensors. However,
this approach does not allow real-time monitoring since the recorded data cannot be
retrieved until the sensors are recovered. This is unacceptable especially for surveil-
lance applications. Moreover, there is no interaction between the onshore control
systems and the underwater sensors. This makes the adaptive tuning of the instru-
ments, and the reconfiguration of the system impossible. Additionally, underwater
sensors are prone to failures because of fouling and corrosion. However, the fail-
ures of the sensors cannot be detected until they are recovered which can cause the
complete failure of a monitoring mission [1].

The recent advances in the area of underwater acoustic communication paved
the way for the development of Underwater Acoustic Sensor Networks (UW-ASNs)

which is the enabling technology for exploring and monitoring the world under the



surface of the water in a timely and effective fashion. UW-ASNs consist of underwa-
ter sensors and vehicles that are deployed to the region of interest to perform collab-
orative monitoring tasks. The sensors and vehicles self-organize in an autonomous
network and sample the aqueous environment.

UW-ASNs will enable a broad range of applications such as ocean sampling
networks, environmental monitoring [36, 38], disaster prevention, distributed tacti-
cal surveillance [5], mine reconnaissance, seismic monitoring and equipment mon-
itoring. Besides, Autonomous Underwater Vehicles (AUVs) and freely floating au-
tonomous robots such as drogues which are equipped with underwater sensors are
envisioned to participate in exploration of natural undersea resources and gathering
of scientific data in collaborative monitoring missions. Experiments demonstrated
that these vehicles can improve the observation and prediction of the characteristics
of the oceanic environment [13].

UW-ASN can perform pollution monitoring for chemical, biological and nu-
clear agents. In addition, UW-ASNs can perform ocean current and wind monitor-
ing, and biological monitoring such as tracking of fish or micro-organisms. Also,
UW-ASNs can improve weather forecast, detect climate change, and understand and
predict the effect of human activities on marine ecosystems.

AUVs and fixed underwater sensors can collaboratively monitor areas for sur-
veillance, reconnaissance, targeting, and intrusion detection systems. For example,
in [5], a 3D underwater sensor network is designed for a tactical surveillance system
that is able to detect and classify submarines, Small Delivery Vehicles (SDVs) and
divers based on the sensed data from mechanical, radiation, magnetic, and acoustic
microsensors. Underwater sensor networks can perform better than the traditional
radar/sonar systems and enable the detection and classification of low signature tar-

gets by also combining measures from different types of sensors [1].

1.2 Localization in Underwater Acoustic Sensor Networks

In order to realize the potential gains of underwater applications described

above, it is essential that the sensor nodes know their positions in a three dimen-



sional topology. Associating the sampled data with three dimensional position infor-
mation considerably increases the capability of the underwater sensor network. For
example, consider an underwater sensor network which is part of an Anti-Submarine
Warfare (ASW) system. A sensor reading without location information about a pos-
sible submarine passing by is at best useful to raise the alarm. By combining the
data with location information, the submarine can be tracked and the necessary pre-
cautions can be taken more effectively. Moreover, position information can be used
by geographical routing protocols [4], [20] which are promising for underwater en-
vironments with their scalability and limited required signaling features [2].

There are many energy-efficient localization techniques proposed for terres-
trial sensor networks [22, 24]. However, a fast and reliable communication channel
between the nodes of the network, as assumed by these protocols, does not hold in
underwater scenarios. In the underwater environment, acoustic communication is
the typical physical layer technology since radio or optical communications are not
practically feasible [2].

Underwater acoustic communication channel has unique characteristics such
as limited capacity and high propagation delay. The delay is due to the five-orders-
of-magnitude difference in the speed of sound in water compared to RF propagation.
Another challenge is that the speed of sound changes depending on temperature,
pressure and salinity which causes the propagation path to be curved. Moreover, the
sensor nodes move due to water currents. Hence, the existing localization protocols
for wireless sensor networks (WSN) cannot be applied to the underwater node posi-
tioning problem. On the other hand, there exist very few proposals for underwater
localization in the current literature [6, 14, 39, 23]. However, none of them pro-
vides a scalable, fine-grained, dynamic, three-dimensional yet practical localization
solution for UW-ASN.

In this thesis, we introduce the Three Dimensional Underwater Localization
(3DUL) algorithm that seeks to achieve 3D localization in large-scale underwater
acoustic sensor networks in a dynamic, timely, energy-efficient, simple and accu-

rate fashion. It has been tailored to match the unique requirements of UW-ASN.



3DUL initially exploits only three anchor nodes' at the surface of the water and
then diffuses their global position information into all directions in a 3D dynamic
underwater network topology. 3DUL does not assume the presence of designated
anchor nodes deployed underwater. Importantly, 3DUL also does not require time
synchronization.

3DUL follows a two-phase process to perform 3D localization. During the
first phase, the sensor nodes with unknown locations determine their separations to
neighboring anchors by leveraging the low speed of sound. In the second phase, the
sensor nodes use pairwise distances to three anchor nodes and depth information to
project the anchors onto their horizontal levels and form a virtual geometric structure.
If the structure is robust, the sensor node locates itself through dynamic trilateration
and becomes an anchor. Then, it can assist other nodes in determining their positions.
This process dynamically iterates along all directions in 3D topology to determine
the locations of as many nodes as possible. Performance evaluations reveal that
3DUL is able to successfully spread the global location information of three surface
anchors throughout the UW-ASN. Moreover, its simple algorithm allows the UW-

ASN to adapt to the dynamic environment of the water world.

1.3 Organization of the Thesis

This thesis is organized in six chapters. In Chapter 2, we present a review of
related work on localization algorithms in UW-ASNs. The operation of 3DUL is
described in Chapter 3 and a pseudo-algorithm is also presented. In Chapter 4, we
characterize the possible sources of error and present a detailed analysis of 3DUL.
Performance evaluation and simulation results of 3DUL are presented in Chapter 5.

Finally, the thesis is concluded in Chapter 6.

' A node is referred to as an anchor node if it has knowledge of its global position.
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CHAPTER 2

RELATED WORK

Classical methods of underwater positioning are Long Baseline (LBL) and
Short Baseline (SBL) systems [17]. In LBL systems, an array of transponders is
deployed at a known position. Underwater nodes send an acoustic signal which is
then returned by each transponder after it is received. The position is calculated by
determining the propagation time between the underwater node and each transpon-
der, estimating the sound speed and knowing the geometry of the transponder array
[17].

In SBL systems, the node has a multi-element receiver array that makes it pos-
sible to measure the angle and the range to an anchor. The node is tracked from
a surface ship. By measuring the arrival time difference of a single sonar ping be-
tween two or more hydrophones, the bearing from the node to the anchor can be
determined. When the anchor responds to node interrogation, then the time delay
can also be calculated. The distance and the direction to the anchor allows for posi-
tion estimation and navigation [17].

None of these approaches suits well to ad-hoc underwater sensor networks. In
the LBL system, the deployment of the transponders on the seabed and surveying
their position is a difficult, time-consuming and expensive process. In SBL systems,
the need for a ship in the operation region is not suitable for many applications and
greatly increases the cost.

In [37], an underwater GPS concept was introduced. Instead of deploying



transponders on the seabed and trying to determine their positions, the system con-
sists of floating surface buoys. They are equipped with GPS receivers and broadcast
satellite information underwater, via acoustic telemetry. The underwater nodes re-
ceive these messages from the buoys and compute their own positions locally.

A different, yet related approach to acoustic underwater positioning has actu-
ally been implemented and is available commercially: the so-called GPS Intelligent
Buoy (GIB) system [30]. This system consists of four surface buoys equipped with
GPS receivers and submerged hydrophones. Each of the hydrophones receives the
acoustic impulses emitted periodically by a synchronized pinger installed on-board
the underwater platform and records their times of arrival. The buoys communi-
cate via radio with a central station where the position of the underwater target is
computed.

In [2], multihop underwater sensor networks are envisioned which use surface
buoys to communicate with the user onshore. These buoys are endowed with long-
range tranceivers, GPS receivers and acoustic modems. Therefore, GPS-inspired
solutions are naturally suitable to the underwater positioning problem. However,
they only serve a limited area. The underwater nodes should be within the range of
at least three such buoys to determine their positions. In addition, the centralized
algorithm of the GIB system would incur unacceptable latencies for an underwa-
ter network consisting of hundreds of sensor nodes communicating via low speed
acoustic signals.

The research closest to our work is the localization effort in the sensor net-
works domain. Underwater sensor networks share many of the design goals and
characteristics of terrestrial sensor networks such as energy efficiency and limited
node ability. Existing localization algorithms developed for terrestrial sensor net-
works can be broadly divided into two classes. The first class is based on signal
strength measurement [15, 6]. These algorithms are useful to give proximity infor-
mation of nodes with low cost, but they are not able to provide accurate location
information.

The second class is based on distance measurements between sensor nodes and



is generally referred to as range-based algorithms. These algorithms consist of two
basic phases: ranging and estimation. During the ranging phase, each sensor node
determines the distances between itself and its one-hop neighbors. In the estimation
phase, the sensor node combines these distances to determine its location. The most
popular methods for ranging phase employ either received signal strength indicator
(RSSI), angle-of-arrival (AoA) or time-based techniques (ToA, TDoA).

RSSI technique is based on calculating the propagation loss and translating
this loss into a distance estimate using theoretical and empirical propagation models.
The accuracy of this technique is highly sensitive to multipath and fading, which may
result in large errors. AoA systems estimate the angle at which signals are received
and use geometric relationships to calculate node positions. The problem with this
approach is that it is expensive and obtaining precise angle estimates is often difficult.

TDoA systems use a radio signal to synchronize the clocks of the sender and
receiver. They transmit a radio signal at the same time a sound or ultrasound signal is
transmitted. Since the radio propagation time is so small the clocks of two nodes are
well synchronized. Unfortunately, underwater networks will not be able to leverage
this combination of RF and acoustic communication due to the strong attenuation
of RF signals. On the other hand, the low speed of sound in water permits accurate
timing of signals. Propagation time can be directly translated into distance on the
estimated signal propagation speed. In [16], range resolution of +/- 5 meters over a
range of 1 km has been reported.

In [7], a survey of localization algorithms is overviewed along with their ap-
plicability to the underwater medium. The challenges unique to the underwater en-
vironment are also discussed. In [6], a centralized range-free scheme for underwater
sensor networks is proposed which estimates the area where the sensor nodes reside
rather than their exact locations. This algorithm can be useful for applications re-
quiring only coarse location estimates. However, it is not appropriate for most of
the applications where fine-grained location information is indispensable such as in
a military setting. Moreover, a centralized scheme incurs latency which is amplified

with the low propagation speed of the acoustic signal.



The only effort for a scalable localization algorithm in UW-ASNSs is the work
in [40]. The paper proposes a network with three types of nodes: surface buoys,
anchor nodes, and ordinary nodes. The anchor nodes are distributed throughout the
network and employ long-range acoustic links to directly talk with the surface buoys.
The ordinary nodes are cannot directly talk to the surface buoys because of cost. The
paper divides the localization process into two sub-processes: anchor node localiza-
tion and ordinary node localization. However, the authors do not discuss the anchor
node localization process and assume that the anchor nodes can localize themselves
with the help of the surface buoys using existing systems like [3]. The authors also
assume that all the nodes can estimate their distances to their neighbors with one-way
message exchange by employing techniques such as ToA. During the anchor node
localization process, the anchors and the surface buoys exchange messages. The or-
dinary nodes can also receive these messages and just like the anchor nodes, they
can determine their distances to the surface buoys too and thus localize themselves
using the technique employed during the anchor localization process. This makes
the ordinary node localization process unnecessary. Besides, this work assumes the
presence of large number of (10%, 20% of all nodes) designated static anchor nodes
deployed underwater which is hard to realize. Furthermore, the assumption of using
ToA technique implies time synchronization between the nodes which is not practi-
cal to achieve and to maintain in underwater environment. Hence, there is a need for
a distributed localization algorithm in UW-ASNs that gives particular importance to
low-complexity and accuracy.

To address this need, in this thesis, Three Dimensional Underwater Local-
ization (3DUL) is proposed, which enables fine-grained, scalable localization with
minimum energy expenditure. Starting with three anchors at the surface of the water,
it spreads the global position knowledge across the underwater network by using a
distributed and iterative scheme.

A general drawback of the iterative algorithms is that they propagate measure-
ment errors, resulting in poor overall coordinate assignments [24]. However, 3DUL

mitigates the effect of error propagation by leveraging the low speed of sound to



accurately determine the timing between the nodes and by imposing a robustness
condition on becoming an anchor. The detailed 3DUL protocol description and op-

eration principles are explained in Chapter 3.



CHAPTER 3

THREE DIMENSIONAL UNDERWATER LOCALIZATION ALGORITHM
(3DUL)

In this chapter, we introduce 3DUL protocol in detail. The primary objective
is to dynamically achieve network-wide 3D localization accurately, timely and ef-
ficiently. We begin by giving a targeted underwater sensor network model and an

overview of 3DUL. Then, we explain the operation of its algorithm in detail.

3.1 Architecture

A possible deployment of a three-dimensional underwater acoustic sensor net-
work is shown in Fig. 3.1. Three surface buoys float at the surface of the water
to which we refer as anchor nodes. These buoys are equipped with GPS receivers
to determine their global positions and medium range RF transceivers (radios such
as 802.11) to communicate with each other. Moreover, they are also equipped with
an acoustic transceiver for communications with underwater sensors. In addition, at
least one of them is equipped with a long range RF and/or satellite transceiver to
communicate with the onshore sink. Unlike the anchors deployed at seabed at LBL

systems, surface buoys can effectively utilize solar energy.

A large number of underwater sensor nodes are deployed at different depths.
These might be anchored to the ocean bottom and equipped with a floating buoy.
Therefore, these sensor nodes have limited moving capability and are referred to

as semi-stationary sensor nodes. In addition to these semi-stationary sensor nodes,

10
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«@» drogue
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Figure 3.1: Two-way message exchange between the anchor and the unknown node
during the Ranging phase.

the network can have propelled autonomous robots (e.g., AUV) and freely floating
autonomous robots (e.g., drogue [16]). We refer to these sensor nodes and robots
(AUVs) as unknown nodes because their positions are not known a priori.

The goal is to accurately estimate the positions of as many unknown nodes as

possible in a simple, accurate, timely and more importantly scalable fashion.

3.2 Overview

3DUL is a two phase protocol. During the first phase, a sensor node estimates
the distances between itself and its neighboring anchors. It also acquires the depth
of the anchors. We call this phase of the algorithm as Ranging. The details of the
ranging phase operation are given in Section 3.3.

Once the distances to at least three anchors are estimated, the sensor node

11



initiates the second phase of the 3DUL algorithm, which is called Projection and
Dynamic Trilateration. During this phase, the sensor node projects three anchors
onto its horizontal level using the depth information and checks whether it forms a
robust virtual anchors plane (see Section 3.4) with the three anchors. If so, it locates
itself through trilateration and becomes an anchor. The details of the second phase
are given in Section 3.4.

When an unknown node becomes an anchor, it advertises its new status to the
network and assists in spreading the location information across the network. This
process repeats iteratively to dynamically achieve network-wide localization. There-
fore, 3DUL does not require additional static anchor nodes deployed throughout the
network a priori. In Section 3.5, we show the diffusion of the location information
into the three dimensional topology.

3DUL requires that the sensor nodes be equipped with CTD (Conductivity,
Temperature, Depth) sensors [27] to estimate the sound speed. The depth informa-
tion is also used during the projection of the anchor nodes.

Note that 3DUL employs two-way message exchange to estimate the propaga-
tion delay and uses estimated sound speed to find the inter-node distances. Therefore,

3DUL protocol does not require time synchronization between the nodes.

3.3 Ranging Phase

In this phase, a sensor node determines pairwise distances to its neighboring
anchors. When the network is deployed, each of the three anchor nodes at the sur-
face broadcasts an anchor_ranging packet which contains its identity. In underwater
environment, all the nodes in the network may move passively with currents. There-
fore, to keep the localization information up-to-date, the surface anchors broadcast
anchor_ranging packets periodically. If an unknown sensor node receives at least
three anchor_ranging packets from different anchors, it initiates the Ranging phase
of the algorithm by broadcasting a ranging packet to determine its separation to three
anchors. 3DUL first estimates the propagation delay between the unknown node and

the anchor nodes by using the two-way message exchange technique employed in

12



classical sender-receiver synchronization approach. Then, it multiplies the propaga-

tion delay with the estimated speed of sound to obtain the range information.

anchor T2 T3

unknown T1 T4
node

Figure 3.2: Two-way message exchange between the anchor and the unknown node
during the Ranging phase.

The two-way message exchange between an anchor and an unknown node is
shown in Fig. 3.2. Recall that 3DUL neither assumes nor requires any time syn-
chronization between the anchors and unknown nodes. 1'1 and T'4 are measured by
the local clock of the unknown node, whereas 1T'2 and T'3 are measured by the local
clock of the anchor. Att = T'1, the unknown node sends a ranging packet to the
anchor which contains the value of 7'1. The anchor receives this packet at ¢ = 712
and at ¢ = T'3 sends back an acknowledgment packet to the unknown node which
contains the values of 72, T'3, its coordinates and depth z. Initially, z = 0 since the
three anchors which start the localization process float at the surface. The unknown

node receives the packet at 7'4.

T2 =T1+ 06+ tprop

T4 ="T3 =0+ tyrop
where 0 is the clock drift between the unknown node and the anchor, t,,,, is the
propagation delay. Then, the unknown node can estimate the propagation delay as:

T2 —T1) + (T4 —T3
tprop = ( );L( ) (3.1)
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The distance between the anchor and the unknown node is then

d = tpropC

where c is the estimated speed of the sound.

A naive implementation of the Ranging phase would allow an anchor node
to send as many acknowledgment packets as it has received ranging packets. One
straightforward way to optimize this phase would be to pack several acknowledgment
packets, send them together in one reply and thus conserve valuable energy.

If a sensor node can determine the distances to three anchors, i.e., if it gets
acknowledgment packets from three anchors, it initiates the Projection and Dynamic
Trilateration phase as explained in Section 3.4.

Note that the accuracy of ranging can be affected by the inaccuracies in the
estimation of ¢,,,, and c. However, in Section 4, we clearly show that the sensor

nodes are able determine the inter-node distances with high accuracy.

3.4 Projection and Dynamic Trilateration Phase

In this phase, a sensor node performs 3D localization by using the distance
and depth information obtained during the ranging phase. Each sensor node projects
three neighboring anchors onto its horizontal level as in Fig. 3.3 and checks if it

forms a robust virtual anchors plane with them.

A3 57y

sina =
ct

A2

I
1 ZsZp,
1

P2

Figure 3.3: Projection: P, P, P; are the projection points of the three anchors;

14



A robust virtual anchors plane exploits the notion of robust quadrilateral de-
fined for node localization problem in terrestrial wireless sensor networks [22]. Here,
we combine the robust quadrilateral with the projection of anchor nodes to achieve
robust 3D localization with three anchors. A robust virtual anchors plane consists
of three virtual anchors and one unknown node which are fully connected and are
“well-spaced” such that even in the presence of noise, the relative positions of the
nodes are unambiguous.

Consider the plane shown in Fig. 3.3 which can be decomposed into four
triangles: AP, P,P3;, ASP P,, ASP,P; and ASP,P;. A triangle is regarded as

robust if it satisfies

asin?0 > d,n

where a is the length of the shortest side and 6 is the smallest angle of the triangle.
dpmin 1s a threshold that depends on measurement noise [22]. Then, a robust virtual
anchors plane is defined as a fully-connected quadrilateral whose four sub-triangles
are robust. If the plane turns out to be robust, then the unknown node becomes an
anchor and broadcasts an anchor_ranging packet to assist its neighboring unknown
nodes with localization. This process repeats itself iteratively to achieve network-
wide localization. Hence, 3DUL can dynamically perform localization by diffusing
the location information from the surface anchors to the network without employing
designated anchors deployed underwater and without requiring time synchroniza-
tion.

The new anchors remain as anchors only for a finite duration of time. As AUV's
and drogues move constantly, they either remain as anchor for couple of seconds or
do not become an anchor at all. This decision mainly depends on the speed of the
corresponding AUV or drogue. If it moves too fast, it will be at a very different
location at the time a nearby unknown node attempts to use it as an anchor. If the
new anchor is a semi-stationary node then it could stay as an anchor for a longer
duration of time. The duration during which the node remains as anchor depends on

its movement characteristics. For example, if it is anchored very near to the ocean
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bottom it will move in a small area and hence could stay as an anchor longer than
the nodes that are anchored nearer to the surface.

If the plane formed with the selected three anchors fails to be robust then all
the possible combinations of triplets of anchors are tried until a robust plane is found.
Otherwise, the node is not localized.

It is very important that the triangle formed by the surface buoys be always
robust. After manual deployment from a ship or aerial deployment from an airplane,
it may occur that the buoys lose their robust triangle form. To correct for this, they
can be equipped with a simple propeller and a motor. The global positions of the
surface buoys can be monitored by the user and if need arises they can be moved

into the appropriate direction to keep the robust triangle form.

3.5 Diffusion of Location Information

The three anchors which float on the surface of the water are responsible for
only initiating the localization process and for spreading the global location infor-
mation throughout the UW-ASN. 3DUL is a dynamic iterative algorithm. The global
location information of the surface anchors is first spread to the unknown nodes that
are within the acoustic communication range of the three surface anchors. The three
dimensional volumes illustrating the ranges of the surface anchors are shown in Fig.
3.4. Then, those sensor nodes that are robustly localized and have become anchor
nodes assist in dynamically diffusing the location information across the network.

3DUL does not put nor imply any restriction on the orientation of the anchor
nodes with respect to the unknown node. As long as the unknown node forms a robust
virtual anchors plane, the anchors can reside anywhere within the communication
sphere of the unknown node. This flexibility for the location of the anchors endows
the UW-ASN with the capability of 3D diffusion of location information.

The ability of 3DUL of diffusing the location information into all directions
provides great flexibility for the placement of the surface anchors. Most importantly,
they need not be floating on top of the operation region. In Section 5, we present

results of simulations where the anchors are placed near the edges of the network and
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* anchor node

Figure 3.4: Hemispheres representing the acoustic communication range of the sur-
face anchors.

yet successfully diffuse the global location information throughout the UW-ASN.

3DUL protocol operation is outlined in Algorithm 1.
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Algorithm 1: Algorithm of the 3DUL protocol operation. n is the number of
received anchor_ranging packets, m is the number of received acknowledge-
ment packets from anchors. IsRobust(d;, ds, d3) tests the triangle with sides
dy, ds, d3 for robustness. a, b, c are the pairwise distances between the anchors
and z1, 29, 23 are the depths of the anchors.

1 if n > 3 then

2 Broadcast ranging packet

3 end

4 foreach received acknowledgment packet do
_ (T2=T1)+(T4-T3)

5 tprop = 2

6 da = tyepc [*Distance to the anchor*/

7 m=m-+1

s end

9 if m > 3 then

10 repeat

11 Pick three neighbor anchors: (A;, As, Aj3)

12 Project the anchors

13 dpy = \Jd%, — 21

14 dpy = \/d4y — 23

15 dps = \/dhy — 23

16 /*Test for robustness*/

17 if IsRobust(a, b, c) AND

18 IsRobust(dpy, dps, b) AND

19 IsRobust(dps, dps, c) AND

20 IsRobust(dp1, dps, a) then

21 Ps=TRILATERATE(Pp1, dp1, Ppa, dpa, Pps, dps3)

22 end

23 until (S is robustly localized) OR (all combinations of triplets of neighbor

anchors are used)
24 end
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CHAPTER 4

ERROR ANALYSIS OF 3DUL

In this chapter, we analyze 3DUL in detail and point out the sources of error
which affect its accuracy. We first analyze the projection process and determine an
upper bound for the error on the distance between the unknown sensor node and
the virtual anchor. We also show that the underwater sensor nodes can determine
the pairwise node distances sufficiently accurate by leveraging the low speed of the

acoustic signal.

4.1 Projection Accuracy

Each sensor node employs the following simple geometric relationship, as

shown in Fig. 3.3, to project an anchor node onto its horizontal level:

r = \/d2—(ZS—ZA)2

= \/62252 — (25 — 24)?

where r is the distance between the sensor node and the virtual anchor, d is the
actual distance between the sensor node and the anchor, ¢ is the sound speed, ¢ is
the propagation delay, zg is the depth of the sensor node and z4 is the depth of the
anchor node. Each of these parameters are estimated by the sensor nodes and thus

have an uncertainty associated with them.
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The error on the computation of r associated with the uncertainty on sound
speed, propagation time and depth difference can be estimated by the error propaga-

tion formula and is bounded by:
Ar < %Ac + %At + (%"SAZS + %AzA

2ct?Ac + 262t At
2\/02t2—(zs—zA)2 2\/c2t2—(zs—z,4)2

4.1)
2(zs—z4)Azg 2(zs—2z4)Aza
2\/02t2—(zs—zA)2 2\/c2t2—(zs—zA)2

tActcAt+2(Z5EA Az
\/1_( ZS;ZA )2

where Ar, Ac, At, Azg and Az, are the errors in 7, ¢, t, zg and z 4, respectively. We

assume Az = Azg = Azy.
We now concentrate on each of the parameters one by one and analyze their

contributions to the error.

4.1.1 Error in Propagation Delay

3DUL relies on two-way exchange of messages to estimate the propagation
delay. During the message exchange, we assume that the localization packets can be
timestamped at the MAC layer. The packet is time-stamped after it is constructed at
the above layer, passed down to the MAC layer and the wireless medium has been
successfully captured by the node. Similarly, at the receiver side, the received packet
is time-stamped at the MAC layer before it is passed to the upper layers. This is
essential since it removes the non-deterministic parts of the packet delay when it
traverses a wireless link between two sensor nodes. The recently developed low-cost
acoustic modem in [35] allows this type of low level access.

When it is assumed that the clocks of the two nodes are synchronized except
for an offset value, ¢, (3.1) perfectly eliminates the offset and finds the propagation
delay. However, this is hardly the case since the clocks are imperfect and may run at

slightly different rates. Consider the following model for the clocks of the sensor
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node S and the anchor node A,

4.2)

where a is the skew, b is the offset, and ¢ is the global reference time. Consider the
sensor node S and the anchor node A exchanging timestamps as shown in Fig. 3.2,
with Tl = fS(tl), T2 = fA(tl + tprop)’ T3 = fA(tS)’ T4 = fS(tB + tprop)- The

corresponding error in propagation delay can be calculated as

" _ (T2=T1)+(T4-T3)
prop 2

At

prop

_ (1_a)(t3—2t1+tw-op) 4.3)

(17&)(t37t1+i)

— Cav

2

The error increases linearly with the distance between two sensor nodes. For
Berkeley motes, the upper bound for skew given in the datasheet [26] is 40ppm. The
average sound speed is ¢4, = 1500m/s. Even when d = 1500m and ¢35 — t; = 1s, the

error in propagation delay is At = 40us.

4.1.2 Error in Sound Speed

Another source of error affecting the accuracy of the 3DUL is the varying
speed of the sound in the water. Its value depends on temperature, pressure and
salinity of the water and can change between 1450m/s and 1550m/s [18]. Many
formulas have been proposed to estimate the speed of sound in terms of temperature,
salinity and pressure of the water [10, 9, 19, 8]. The nine-term equation developed in

[19] is computationally efficient and has an accuracy of about 0.1m/s [11]. It models
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the underwater acoustic propagation speed as

o(T,S,z) = A+ BT + CT* + DT* + E(S — 35) +
+Fz+ G2* + HT(S — 35) + JT2* (4.4)

where ¢(T, S, z) is in m/s, T is the temperature in °C, S is the salinity in ppr (parts
per thousand), and z is the depth in m. The coefficients are constants and are given
in Table 4.1 [19]. This equation and the coefficients are based on high quality tem-
perature and salinity versus depth profiles of 15 representative worldwide stations

[19].

Table 4.1: Coefficients of the Mackenzie’s nine-term formula

1.67510 " m—1t st
-1.025107 2 m st °C!
7.139 10 B m—2 g1 oL

A 144896 m s~ !

B 4591 ms~!°C™!

C -5304102msteoc!
D 2374107*m st °C™3
E 1340ms!

F 1.6301072s!

G

H

J

The error on the sound speed computation can be estimated by the error prop-

agation formula. Accordingly, the error is bounded by [25]:

Ac

IA

dc Jdc Jdc
= (B+2CT +3DT?+ H(S —35) + J2*)AT+

+(E + HT)AS + (F +2Gz + 3JT2?) Az
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The contribution of depth uncertainty can be safely neglected. When AT =
0.1°C and AS = 0.75 [27], in the ranges of 5 — 30 °C and 34 — 39, the maximum
error is less than 1.5 m/s. Underwater sensor nodes equipped with CTD sensors can
estimate the speed of sound. In [34], an experiment is reported where underwater

sensor nodes can successfully measure the temperature and pressure of the water.

4.1.3 Overall Error

In order to see the overall error suffered during the projection process we now
plug our findings into (4.1). We assume Ac = 1.5m/s, At = 100us, ¢ = 1500m/s
and Az = 0.1m. The results are shown in Fig. 4.1 where we plot Ar with modifying

the inter-node distance d and sina = =4 (see Fig. 3.3).

Absolute Error in Projection

15

=
o

Error (m)

1500

sina 0 o

Distance (m)

Figure 4.1: Absolute error in projection.
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Accordingly, as long as sina is less than 0.9, the absolute error in 7 is com-
fortably less than Sm. As sina approaches towards 1, the absolute error increases.
However, it is less than 15m even when sina = 0.99 and d = 1500m. In the extreme
case when sina = 1, it means that the sensor node and the anchor node are vertically
aligned.

A better insight can be gained by plotting the relative error, %, which is shown
in Fig. 4.2. It can be observed that the error is less than %5 when the sensor node
and the anchor node are more than 100m apart. However, when d is less than 100m,
the relative error increases rapidly as sina gets beyond 0.9.

These results dictate that the anchor selection procedure during the Projection
and Dynamic Trilateration phase (3.4) should be made carefully. Specifically, the

anchors which are less than 100m away should be used only when sina < 0.9.

Relative Error in Projection

40

Error (%)

150

50

sina 0 o
Distance (m)

Figure 4.2: Relative error in projection.
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4.2 Virtual Anchors Plane

Once a sensor node determines its separation to three anchors, it moves to the
second phase of 3DUL where it checks the virtual anchors plane formed by itself
and three anchors for robustness. In [22], the authors have explained the challenges
of network localization and developed the idea of robust quadrilateral which mini-
mizes the possibility of flip and flex ambiguities in the presence of noise in distance
measurements. We combine the robust quadrilateral with the projection of anchor
nodes to perform robust 3D localization.

The virtual anchors plane is regarded as robust if the four triangles constituting
it (see Figure 3.3) are robust. A triangle is regarded as robust if a sin®6 > din,
where a is the shortest side and 6 is the smallest angle of the triangle. By choosing
a suitable d,,;, depending on o, the standard deviation of measurement noise, the
probability of error is bounded. For example, if d,,;, is 30, for Gaussian noise, the

probability of error for a given virtual anchors plane is less than %1 [22].
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CHAPTER 5

PERFORMANCE EVALUATION OF 3DUL

In this chapter, we present results evaluating the performance of 3DUL algo-

rithm. We begin by describing the simulation environment and evaluation criteria.

5.1 Simulation Setup

We created an evaluation environment using ns-2 [31]. Accordingly, we have
developed underwater acoustic communication channel since the underwater acous-
tic channel is significantly different from wireless radio channel. We set the signal
propagation speed to 1500m/s. Additionally, the underwater nodes estimate their
depths and the speed of sound with inaccuracies of +1m and 4+-1.5m/s, respectively.
The data rate is set to 15kbps and the operating frequency is 50k H z.

When evaluating the algorithm’s performance, we are interested in how both
node degree and propagation models for different kinds of channels of common oc-
currence in the sea affect the results. Node degree was varied by modifying the

transmission power. We implemented two propagation models from [32]:

° The shallow water sound channel models the communication in waters with
depth lower than 100m. In this environment, sound signal is trapped between
the water surface and the sea bottom. It propagates by repeated reflections
from both surface and bottom. Therefore, multipath propagation and Doppler

spread play a key role in the communications performance[2].
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The transmission loss in the shallow water sound channel increases with in-
creasing frequency and distance. For the ranges of interest to UW-ASNSs, the

transmission loss in the shallow-water sound channel is

TL = 20logr + ar + 60 — kr, 5.1

where r is the range in meters, « is the absorption coefficient in dB/m and k£,

is a near-field anomaly dependent on the sea state and bottom type.

° The deep water sound channel is used to model the communication in deep

oceans. The transmission loss in the deep sound channel is

TL = 10logry + 10logr + ar (5.2)

where r is the range in meters and « is the absorption coefficient in dB/m.
ro can be considered to be the transition range between spherical spreading
and cylindrical spreading. Its magnitude is between 1450m and 3650m [33].
Contrary to the shallow water sound channel, the deep water sound channel
does not suffer from multipath propagation and has remarkable transmission
characteristics. However, for typical ranges targeted for UW-ASN:Ss, the trans-

mission loss in deep water sound channel is generally higher.

5.2 Evaluation Criteria

The first metric by which we evaluate the performance of 3DUL is simply the
mean-square error in Euclidean 3D space. Specifically, we look at how the computed

locations differ from the actual locations. This error is expressed as

N /x 2 . 2 5 2
2 (& —x:)* + (0 —vi)* + (& — 2)
Ip = Z

N (5.3)

i=1
where N is the number of nodes, z;, 7; and Z; are the coordinates of node ¢ deter-
mined by 3DUL, and x;, y; and z; are the actual coordinates of node .

Second, we compare 012, to the mean-square error in distance measurements.
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This way, we can see how well the algorithm determines the inter-node distances
and how well it performs the localization of the unknown nodes using these noisy

distance measurements. The mean-square error of the distance measurements is

M (3 2
2 (di — di)
=) — 54
9d ; i (5.4)
where M is the number of computed inter-node distances, cfi is the measured value
of distance ¢, and d; is the actual value of distance <.
Another useful metric is the proportion of nodes in the entire network that
could be localized successfully by 3DUL. Let L be the number of underwater nodes

that are successfully localized by the algorithm and N be the total number of nodes

in the network. We define localization coverage as

R = N (5.5)

The average communication cost of the algorithm is also an important perfor-
mance metric and is defined as

C:

M
T (5.6)

where M is the number of messages sent by all the nodes in the network.

The time required for localization, t,,., will also be given for each simulation.
During the simulations, the surface anchors broadcast their positions only once and
at the beginning. Normally, the surface anchors broadcast their positions periodically

to keep the localization information up-to-date.

5.3 Evaluation Results

We compare our results with those obtained in [40]. We refer to the localization
protocol presented in that paper as UNL (Underwater Node Localization). For this
comparison, we use a 100m x 100m x 100m 3-dimensional topology and distribute
500 underwater nodes randomly throughout the network as done for UNL. Also, we

use the same three metrics as UNL: localization coverage, localization error and av-
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erage communication cost. Localization coverage and average communication cost
are the same as defined above. Localization error is the average distance between
the estimated positions and the real positions of all localized nodes. As in [40], we
normalize this absolute localization error to the node communication range. During
the simulation, all of the nodes stay at their initial positions. Hence, when an un-
derwater node is localized and becomes an anchor, it remains so for the rest of its
lifetime. The results are shown in Figures 5.1, 5.2, 5.3. Each data point on the plots
represents a single run of the simulation. A line fitting the data points is overlaid on

each plot.
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Figure 5.1: The localization coverage vs. the average node density.
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5.3.1 Localization Coverage

According to the Figure 5.1, 3DUL outperforms UNL in terms of localization
coverage when UNL employs 10% of the nodes in the network as anchor. When
UNL employs 20% of the nodes as anchor, 3DUL outperforms UNL when the aver-
age node density is high. It should be noted that UNL employs static anchor nodes
deployed underwater which are assumed to know their exact locations. Moreover,
these anchor nodes are distributed all over the network. 3DUL does not make this
assumption. In 3DUL scheme, the only nodes that are assumed to know their exact
locations are the three surface anchors. Next, we compare 3DUL and UNL in terms

of localization error.
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Figure 5.2: The localization error vs. the average node density.
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5.3.2 Localization Error

The localization error with varying average node density is shown in Fig. 5.2.
According to Fig. 5.2, 3DUL outperforms UNL even when UNL employs 20% of
the nodes as static anchor. The localization error in 3DUL does not depend much
on the node density. As explained in Section 3.4 an underwater node localizes itself
whenever it forms a robust virtual anchors plane with three anchors without differ-
entiating between the anchors. On the other hand, UNL uses a scheme where the
anchor nodes are associated with a confidence value. During the localization pro-
cess, the nodes choose the anchors with higher confidence values. With increasing
node density, the nodes have more anchors to choose from. Therefore, the error in

UNL scheme decreases as the nodes have more neighbors.
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Figure 5.3: The average communication cost vs. the average node density.
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5.3.3 Average Communication Cost

The average communication cost incurred by 3DUL does not change signif-
icantly with increasing node density and stays nearly constant as seen in Fig. 5.3.
In contrast, the number of messages exchanged in UNL scheme decreases as the
average node density increases. According to the results, UNL outperforms 3DUL
especially at high average node density. However, UNL ignores two important is-
sues. First of all, in UNL the nodes measure the inter-node distances by employing
ToA technique which implies that the clocks of the nodes are synchronized. How-
ever, time synchronization is not mentioned in [40] and the messages required to
synchronize the nodes and to constantly keep their clocks updated are not taken
into account. It is clear that time synchronization brings additional communication
overhead. 3DUL neither assumes nor requires time synchronization. Secondly, the
anchor nodes are assumed to be localized. The number of messages required to be
exchanged between the anchor nodes and the surface buoys for anchor node local-
ization process are not counted. On the contrary, 3DUL does not make any of these
assumptions. As explained in Section 3.3, the inter-node distances are measured with
by using the two-way message exchange method. Therefore, 3DUL neither assumes
nor requires time synchronization. Also, there is no anchor node in the water which

possesses the knowledge of its exact location.

5.3.4 Deep Water

In the second simulation, we analyze the deep water performance of 3DUL.
For this purpose, we use an UW-ASN with 1000m x 1000m x 1000m 3-dimensional
topology. The network consists of 100 randomly placed, static underwater nodes and
three surface anchors. The deep water sound channel is used with a« = 15.95d B /km
and 7o = 10000m. The results are shown in Figures 5.4 and 5.5 where the 3D
and 2D coordinates of the underwater nodes determined by 3DUL are compared to
the actual coordinates in three and two dimensional plots, respectively. The surface
anchors are placed near one of the edges and are shown with circles. A line connects

the coordinates determined by 3DUL algorithm to actual coordinates of the node
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showing the amount of positioning error. Only, the nodes that could be localized are

shown. The error metrics of the simulation are given in Table 5.1.

3DUL in Deep Water (3D)

O Surface Anchor
Localization error

Depth (m)

1000

Y~-Position (m) X-Position (m)

Figure 5.4: The 3D coordinates determined by 3DUL compared to actual coordinates
of localized underwater nodes in deep water settings. The nodes are stationary. Lines

show the amount of error for each node’s position. The surface anchors are shown
with circles.

Table 5.1: Error Metrics of Deep Water Simulation

metric value
gd 0.16 m
Op 375 m
tioe 17.57 s
Node Degree 12.63
R 82/100
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3DUL in Deep Waters (2D)
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Figure 5.5: The 2D coordinates determined by 3DUL compared to actual coordinates
of localized underwater nodes in deep water settings. The nodes are stationary. Lines
show the amount of error for each node’s position. The surface anchors are shown
with circles.

According to the results, the underwater nodes can determine inter-node dis-
tances fairly accurately as demonstrated by the small value of 0. In addition, 3DUL
successfully localizes %82 of the nodes in the network in less than 18s. On the other
hand, the localization error, o,, is considerably larger than the measurement error
in o4 due to the error propagation. It should be noted that the surface anchors are
placed near the edge of the topology. Nevertheless, 3DUL can successfully diffuse

their global location information throughout the network.
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5.3.5 Shallow Water

In the third simulation, we make the shallow water analysis of 3DUL. The
simulated UW-ASN has a 1000m x 1000m x 100m topology. 150 nodes are ran-
domly distributed and are static. The shallow water propagation model is used with
a = 15.95dB/km and k;, = 3dB. The results are shown in Figures 5.6 and 5.7
where the 3D and 2D coordinates of the underwater nodes determined by 3DUL are
compared to the actual coordinates in three and two dimensional plots, respectively.
The surface anchors are again placed near one of the edges and are shown with
circles. A line connects the coordinates determined by 3DUL algorithm to actual
coordinates of the node showing the amount of positioning error. Only, the nodes
that could be localized are shown. The error metrics of the simulation are given in
Table 5.2.

Accordingly, with a lower average node density as compared to deep water
simulation, 3DUL is able to localize nearly %90 of the nodes in 20s. However,
the localization error, o,, is larger. One reason is that there are more nodes in the
network. Although 3DUL forces the underwater nodes to form robust structures with
the anchors, it is an iterative scheme and therefore suffers from error propagation.

As more nodes are localized, the error generally increases.

Table 5.2: Error Metrics of Shallow Water Simulation

metric value
P 0.17 m
op 6.23 m
tioc 20.01 s
Node Degree 10.97
R 132/150
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3DUL in Shallow Water(3D)
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Figure 5.6: The 3D coordinates determined by 3DUL compared to actual coordinates
of localized underwater nodes in shallow water settings. The nodes are stationary.
Lines show the amount of error for each node’s position. The surface anchors are
shown with circles.

5.3.6 Effect of Mobility

Here, we investigate the mobility factor. The underwater nodes move towards a
randomly determined position with a speed of 1m/s and while conserving their initial
depth. There are no semi-stationary node in the network. When an underwater node
1s localized and becomes an anchor, it remains as anchor for 5 seconds. The results

are given in Table 5.3.

The nodes can still determine the inter-node distances very well and the local-
ization success rate is %90. On the other hand, the localization error, 0,,, is increased
to 8.86m. This is due to the fact that the nodes constantly move and hence the new
anchors spread their location information as they are moving. When an anchor gives
out his location information to an unknown node, it could be Sm away from the point

where it is localized.
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Figure 5.7: The 2D coordinates determined by 3DUL compared to actual coordinates
of localized underwater nodes in shallow water settings. The nodes are stationary.
Lines show the amount of error for each node’s position. The surface anchors are
shown with circles.

5.3.7 Localization of AUVs

In this section, we show that 3DUL can localize mobile underwater vehicles
such as AUVs and drogues. The results of the simulation are shown in Figure 5.8
and 5.9. The topology of UW-ASN is the same as the simulation in Section 5.3.4.
All the nodes are stationary and remain as anchors once they are localized. After
20s a mobile underwater node enters the network at the point (500, 0) with a 10m/s
constant speed and 500m depth. The mobile node broadcasts ranging packets every

other second. The actual path and the path as determined by 3DUL algorithm are
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Table 5.3: Error Metrics of Mobile Network Simulation

metric value

o4 0.33 m

op 8.86 m

tioc 18.61s

Node Degree 11.56
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Figure 5.8: The path determined by 3DUL compared to the actual path of the AUV
at depth 500m. The surface anchors are shown with circles.

shown in Figure 5.8. The change of mean square error of AUV’s location with time

is shown in Figure 5.9. At 200s, the mean square error, o), is 7.30m.
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Figure 5.9: The localization error suffered by the AUV over time.
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CHAPTER 6

CONCLUSION

Localization is an indispensable part of many underwater sensor network ap-
plications. In this thesis, Three-Dimensional Underwater Localization (3DUL), a 3D
localization algorithm for underwater acoustic sensor networks, is presented. 3DUL
is a distributed, iterative and dynamic solution to the underwater acoustic sensor net-
work localization problem that exploits only three anchor nodes at the surface of the
water. The algorithm starts at the anchor nodes and iterates along all directions in
3D topology. Through analysis and simulation we showed that 3DUL can localize
the sensor nodes fairly accurately by leveraging the low speed of sound. Moreover,
by imposing a robustness condition, 3DUL mitigates the effects of error propagation
phenomena and is a scalable protocol.

We presented performance evaluation results of 3DUL in terms of localization
coverage, localization error and communication cost. The behavior of 3DUL in deep
and shallow waters is analyzed by employing specific underwater sound channel
models. The effects of passive node mobility on localization performance is also
analyzed. Finally, we demonstrated that 3DUL can be successfully used for AUV
localization.

As future work, we will analyze the effects of d,,;, to the performance of
3DUL. d,;, 1s the threshold used to determine the robustness of a triangle. It causes
a triple tradeoff between localization coverage, localization error and communication

cost. A greater threshold decreases the localization error. At the same time, however,
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it also causes a decrease in localization coverage and an increase in communication
cost. We will show how to set d,,;,, in order to maximize the performance of 3DUL.

We will also improve the implementation of the Ranging phase. By employing
a smarter algorithm, we plan to decrease the number of acknowledgment packets sent
by the anchors. This way, the average communication cost incurred by 3DUL will
decrease significantly.

The operation of 3DUL begins with three anchors at the surface of the water.
As illustrated in Section 3.5, the first nodes that are localized are those that lie in the
neighborhood of the surface anchors. These nodes are responsible of diffusing the
location information. We will analyze the effects of the number of these nodes on
localization performance. We will find the ideal number of nodes that should be in

the neighborhood of the surface anchors for best performance.
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