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Abstract

Underwater Wireless Sensor Networks (UWSNs) are expected to support a

variety of civilian and military applications. Sensed data can only be inter-

preted meaningfully when referenced to the location of the sensor, making

localization an important problem. While Global Positioning System (GPS)

receivers are commonly used in terrestrial WSNs to achieve this, this is in-

feasible in UWSNs as GPS signals do not propagate through water. Acoustic

communications is the most promising mode of communication underwater.

However, underwater acoustic channels are characterized by harsh physical

layer conditions with low bandwidth, high propagation delay and high bit er-
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ror rate. Moreover, the variable speed of sound, and the non-negligible node

mobility due to water currents pose a unique set of challenges for localization

in UWSNs. In this paper, we provide a survey of techniques and challenges in

localization specifically for UWSNs. We categorize them into (i) range-based

vs range-free techniques; (ii) techniques that rely on static reference nodes

vs. those who also rely on mobile reference nodes, and (iii) single-stage vs.

multi-stage schemes. We compare the schemes in terms of localization speed,

accuracy, coverage and communication costs. Finally, we provide an outlook

on the challenges that should be, but have yet been, addressed.

Keywords: underwater localization, acoustic communications, underwater

sensor networks

1. Introduction

During the last couple of years, we could observe a growing interest in

Underwater Wireless Sensor Networks (UWSNs). One important reason is

that they can improve ocean exploration and fulfil the needs of a multitude of

underwater applications, including: oceanographic data collection, warning

systems for natural disasters (e.g., seismic and tsunami monitoring), ecolog-

ical applications (e.g., pollution, water quality and biological monitoring),

military underwater surveillance, assisted navigation, industrial applications

(offshore exploration), etc. For example, in offshore engineering applications,

the sensors can measure parameters such as foundation strength and mooring

tensions to monitor the structural health of deepwater mooring systems.

Two common communications architecture for UWSNs are shown in Fig-

ure 1. In addition to underwater sensor nodes, the network may also comprise
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surface stations and autonomous underwater vehicles (AUVs). Regardless of

the type of deployment (outdoor, indoor, underground or underwater), the

location of the sensors needs to be determined for meaningful interpretation

of the sensed data. Since RF communications are significantly attenuated un-

derwater (Burdic, 2002), the use of the well-known Global Positioning System

(GPS) is restricted to surface nodes. Hence, message exchanges between sub-

merged UWSN nodes and surface nodes (or other reference nodes with known

locations) needed for localization must be carried out, usually using acoustic

communications. Unfortunately, underwater acoustic channels are character-

ized by long propagation delays, limited bandwidth, motion-induced Doppler

shift, phase and amplitude fluctuations, multipath interference, etc (Burdic,

2002). These characteristics pose severe challenges towards designing local-

ization schemes that fulfil the following desirable properties:

• High Accuracy

The location of the sensor for which sensed data is derived should be ac-

curate and unambiguous for meaningful interpretation of data. Local-

ization protocols usually minimizes the distance between the estimated

and true locations.

• Fast Convergence

Since nodes may drift due to water currents, the localization procedure

should be fast so that it reports the actual location when data is sensed.

• Wide Coverage

The localization scheme should ensure that most of the nodes in the

network can be localized.
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• Low Communication Costs

Since the nodes are battery-powered and may be deployed for long

durations, communication overhead should be minimized.

• Good Scalability

The long propagation delay and relatively high power attenuation in

the underwater acoustic channel pose a scalability problem where per-

formance is highly affected by the number of nodes in the network.

Consequently, an underwater acoustic localization protocol should be

distributed and rely on as few reference nodes as possible.

In addition to the above quantifiable properties, practical considerations such

as ease and cost of deploying reference nodes and other required infrastruc-

ture should be taken into account too.

In general, localization schemes in terrestrial wireless sensor networks can

be classified into three categories: geometric analysis approach, proximity

approach and scene analysis approach (Hightower and Borriello, 2001). With

geometric analysis or range-based approaches, each ordinary node (node to be

localized) relies on time and/or bearing information to evaluate its distance

to other reference nodes (with known locations) in the system. It then utilizes

multilateration/angulation to estimate its own location. On the other hand,

in proximity approaches, ordinary nodes infer their proximity to reference

nodes (e.g., in terms of number of hops) so as to achieve coarse localization,

e.g., in an area instead of a specific location. Last but not least, scene analysis

obtains localization information by analyzing “pictures” taken by the sensor

nodes and comparing the pictures with previously available “training” data.
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Although localization has been widely studied for terrestrial wireless sen-

sor networks, existing techniques cannot be directly applied to UWSNs due

to the challenges associated with such networks. In a previous survey (Chan-

drasekhar et al., 2006), the authors explore such schemes for UWSNs, as well

as the challenges in meeting the requirements posed by UWSNs for offshore

engineering applications. Since then, a multitude of localization schemes

have been proposed specifically for UWSNs.

In this paper, we present a survey of these schemes by further categorizing

them into schemes that rely solely on static references vs those that employ

mobile references, and single-stage vs. multi-stage schemes: ordinary nodes

do not become “new” reference nodes to help localize other ordinary nodes

in single-stage schemes, but do so in multi-stage schemes.

We also describe the salient features of key schemes and provide a qual-

itative evaluation in terms of speed, accuracy, coverage and communication

costs. In addition, we also identify important challenges that should be ad-

dressed, and discuss the extent to which they have been addressed by existing

schemes. The classification of each localization scheme surveyed in this paper

is shown in Figure 2.

We complement our survey with a discussion of commercially available

underwater positioning systems, where we describe the state-of-the-art as

well as the precision of these systems.

This paper is organized as follows: In Section 2, since most underwater

localization schemes are range-based, we first classify these schemes, identify

the challenges and describe how and to what extent they are met. Next, in

Section 3, we describe the salient features of range-free schemes. Following
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this, we describe the state-of-the-art as well as the precision of commercially

available systems for underwater positioning in Section 4. Finally, we pro-

vide a summary in Section 5, and outline some open problems and research

challenges to be addressed in Section 6.

2. Range-based Underwater Localization

Range-based localization typically comprises the following steps:

• Step 1a: Range measurement (Reference node within com-

munication range of ordinary node)

Each ordinary node estimates its distance from each reference node

using the following methods:

– Received Signal Strength Indicator (RSSI)

Each ordinary node determines its distance from a reference node

by measuring the Received Signal Strength and comparing it with

a range dependent signal attenuation model. However, it is diffi-

cult to achieve accurate ranging when multipath and shadow fad-

ing effects exist (Burdic, 2002). Since the path loss in underwater

acoustic channels is usually time varying and multipath effect can

result in significant energy fading, the RSSI method is not the

primary choice for underwater localization.

– Time Difference of Arrival (TDoA)

For indoor localization, the TDoA method utilizes the time differ-

ence between two different transmission mediums, namely, radio

transmission and acoustic transmission, to calculate the distance
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between objects (Gu et al., 2006). Based on the two received sig-

nals, the distance to the transmitter can be determined. However,

it is unsuitable for underwater localization because radio does not

propagate well in water. Alternatively, the time difference of ar-

rival between beacons from different reference nodes transmitted

using acoustic signalling can be used in localization, e.g., in Cheng

et al. (2008).

– Time of Arrival (ToA)

The Time of Arrival (ToA) method performs ranging based on the

relationship among transmission time, speed and distance. Most

proposed range-based localization schemes use this method due to

the limitations of the RSSI and TDoA-based approaches. How-

ever, ToA techniques may require time synchronization between

network nodes.

• Step 1b: Range measurement (Reference node outside com-

munication range of ordinary node)

In this case, each ordinary node estimates its distance from each ref-

erence node using techniques such as Euclidean distance propagation

method (Niculescu and Nathi, 2001).

• Step 2: Location estimation

Each ordinary node then estimates its position, typically, according to

the intersection of various circles centered at each reference node with

radii correspond to the range measurements. In general, to localize a
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node in d-dimensional space, the number of independent range mea-

surements required should be at least d + 1.

• Step 3: Calibration

The location estimate is refined e.g., using measurements from various

iterations, measurement error models, mobility models, etc.

2.1. Challenges

Although range-based localization has been widely studied for terrestrial

wireless sensor networks, existing techniques cannot be directly applied to

UWSNs because of the following characteristics:

2.1.1. Underwater environment

While node deployment in terrestrial networks is relatively straightfor-

ward, the corresponding deployment in underwater environment encounters

the following challenges:

• Reference deployment in deep sea

To localize underwater nodes deployed in the 3D sea environment, ter-

restrial localization techniques would require a reference node to be de-

ployed underwater, in addition to references attached to surface buoys.

This is challenging, particularly in deep sea applications, where refer-

ence nodes may need to be deployed on the sea floor at 3-4 km depth.

Moreover, as replacement of batteries for submerged modems is diffi-

cult, short-range, low-power communication to achieve reasonable data

transmission rates is preferred, which may limit the localization cover-

age.
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• Node mobility

While it is reasonable to assume that nodes in terrestrial networks re-

main static, underwater nodes will inevitably drift due to underwater

currents, winds, shipping activity etc. In fact, nodes may drift differ-

ently as oceanic current is spatially dependent. While reference nodes

attached to surface buoys can be precisely located through GPS up-

dates, it is difficult to maintain submerged underwater nodes at precise

locations. This may affect localization accuracy, as some distance mea-

surements may have become obsolete by the time the node position is

estimated.

• Inter-node time synchronization

Since GPS signals are severely attenuated underwater, it cannot be

used to time-synchronize nodes deployed underwater to compensate for

clock drifts due to both offset and skew. Consequently, the accuracy of

ToA-based range measurement may be affected.

• Signal reflection due to obstacles and reflective surfaces

In near-shore or harbor environments, where obstacles may exist be-

tween nodes, non-line-of-sight (NLOS) signals reflected from reflecting

object (e.g., sea surface, harbor wall) can be mistaken for LOS signals,

and may significantly impact the accuracy of range measurement.

2.1.2. Underwater acoustic propagation

Unlike RF propagation in terrestrial networks, underwater acoustic prop-

agation possesses the following unique characteristics (Etter, 2003):
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• Long propagation delay

Since the speed of sound underwater is five orders of magnitude lower

than RF propagation over the air, measurement errors due to node

mobility may become significant.

• Multipath fading and shadowing

The underwater acoustic channel is a frequency selective channel with

a delay spread of the order of hundreds of taps2. Multipath models as

well as actual measurements taken from sea trials show that the energy

of the direct path of the channel’s impulse response is not always the

strongest (e.g., see Figure 3). As a result, multipath (indirect) signals

can be mistaken for the direct signal and may significantly impact the

accuracy of distance estimation.

• Sound speed variation

Unlike the speed of light which is constant, the speed of sound un-

derwater varies with water temperature, pressure and salinity, giving

rise to refraction. Without measuring the sound speed, the accuracy

of distance measurements based on time-of-arrival approaches may be

degraded.

• Highly unreliable and asymmetric Signal-to-Noise Ratio

For a node pair (i,j), the signal attenuation in underwater acoustic

2A tap refers to the extraction of the signal at a certain position within the channel’s

impulse response delay-line.
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channels is widely modeled as (Burdic (2002)):

TL(di,j) = 10λ log10

(

di,j

1 m

)

+ α di,j dB, (1)

where TL is the transmission loss, di,j is the distance from node i to

node j, λ is the propagation loss parameter and α is the absorption loss

parameter. The parameter, λ, depends on the structure of the underwa-

ter medium, such that in shallow water or when transmitting from one

sound speed layer to another (Burdic (2002)), it can exceed 2, which

is a typical value for omnidirectional propagation in free-space. The

parameter α increases with the carrier frequency and is affected by the

salinity as well as water temperature, among other factors. Since the

ambient noise level is depth dependent and decreases with frequency

and can be modeled as 50−log(f) [dB], where f is the carrier frequency

(Stojanovic (2006)), small variations in f can affect the SNR signifi-

cantly. As a result, bandwidth is very limited in underwater acoustic

channels and communications links are unreliable. Moreover, nodes i

and j may be at different depths, the respective noise levels may be

different, giving rise to asymmetric SNR. Typical values of SNR as

a function of the transmission distance and the carrier frequency are

shown in Figure 4.

• Asymmetric power consumption

Unlike RF modems, acoustic modems typically consume much more

power (order of tens of watts) in transmit mode compared to receive

mode (order of milliwatts). This asymmetry in power consumption

makes it preferable for ordinary nodes to be localized through passive
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/ silent listening.

• Low bit rate

Compared to RF communications, the bit rates achievable with acous-

tic communications is significantly lower. As a result, the communica-

tions overhead is much higher and becomes more significant in under-

water acoustic communications.

Figure 5 maps the above challenges to each desirable localization perfor-

mance metric.

In the following, we further categorize range-based underwater localiza-

tion schemes as (i) static vs mobile references and (ii) single vs multi-stage

schemes as follows:

2.2. Single-Stage, Static References

Schemes that fall under this category rely on reference nodes deployed on

surface buoys whose locations are determined via GPS. In “single-stage” un-

derwater localization, all ordinary nodes are localized via message exchanges

directly with the reference nodes. Once they are localized, they remain pas-

sive and do not contribute towards localizing other ordinary nodes. The key

innovations of proposed schemes within this category lie in how they address

localization inaccuracy due to measurement errors and transmission losses as

well as the need for time synchronization.

2.2.1. UPS-based Underwater Localization

The ”Underwater Positioning System” (UPS) (Cheng et al., 2008) is one

such scheme that can be used for localization as well as for navigation in
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UWSNs. It provides “silent positioning”, i.e., ordinary nodes do not trans-

mit any beacon signal and just listen to the broadcasts of reference nodes

to self-position, reducing the communication costs. Moreover, by applying

TDoA over multiple beacon intervals, UPS does not require any time syn-

chronization amongst nodes. The effects of NLOS due to multipath fading

are mitigated by considering an Ultra Wideband Saleh-Valenzuela (UWB-

SV) model (Saleh and Valenzuela (1987)) for underwater acoustic fading

channel. Assuming that the effects of node mobility and receiver system

delay on range measurements are negligible, the scheme has been shown to

exhibit low positioning error by executing over multiple iterations.

However, even though only four reference nodes are required to localize a

3D UWSN, at least one has to be on the seabed, which can be infeasible for

deep water. Moreover, the assumption that four reference nodes must provide

communication coverage over the entire network limits the area of interest

and renders this scheme unscalable to large-scale UWSNs. In addition, the

scheme relies on “reactive beaconing”, i.e., reference nodes beacon in response

to receiving other reference nodes’ beacons, making it susceptible to failure

due to transmission losses that are prevalent in harsh underwater acoustic

channels. The reactive beaconing mechanism and the corresponding timing

diagram of UPS are illustrated in Figure 6 for 2D localization.

In Tan et al. (2009), the authors identified the limitations of UPS in

harsh and dynamic underwater acoustic channels and proposed enhance-

ments − termed (E-UPS) − that improve the robustness of localization

while preserving the “silent” property. This is achieved by (i) introducing

redundancy through deploying more reference nodes; (ii) devising a dynamic
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mechanism for leader reference node identification; and (iii) introducing a

time-out mechanism to trigger beaconing in the event of transmission loss.

Simulation results show that, under typical channel conditions experienced

underwater, E-UPS performs better than UPS in all aspects of localization

performance.

The authors in Cheng et al. (2008) also investigated the uniqueness of

positioning with UPS via extensive simulations and found that there exist

regions where the position of nodes cannot be uniquely determined. In Tan

et al. (2010), the authors investigated this “uniqueness” issue formally, and

proposed a “Wide coverage Positioning System” (WPS) that increases the

unique localization space by using a 5th reference node, but trades off in

terms of localization speed and communication costs when compared with

UPS.

2.2.2. Model-based Localization

Instead of using commonly-adopted circle-based (see Figure 7(a)), least-

squares algorithm for location estimation and calibration, the authors in

Bian et al. (2009, 2010) proposed (i) a hyperbola-based approach (HYP)

(see Figure 7(b)) in Step 2 and (ii) applying known probabilistic models for

measurement errors in Step 3 (PBL) to improve localization accuracy. The

premise is that when range measurement errors due to imperfect time syn-

chronization, or varying speed in acoustic transmission exist, two hyperbolas

always intersect with each other with one cross point, or partial solution,

while two circles will likely intersect with either two or zero cross point(s).

By modeling measurement errors due to imperfect time synchronization us-

ing a normal distribution, it is shown that it is easier to find hyperbola partial
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solutions compared to circle-based partial solutions to improve the location

estimation.

2.3. Multi-Stage, Static References

Unlike single-stage schemes, ordinary nodes do not need to communicate

directly with reference nodes for multi-stage localization. Once ordinary

nodes are localized, they may become “new” reference nodes and help to

localize other ordinary nodes − hence, nodes are active. Unlike the single-

stage schemes, the key innovations of proposed schemes within this category

lie in (i) how ordinary nodes qualify as new reference nodes and (ii) which

new reference nodes are used for localization so as to trade-off between min-

imizing error propagation and delay while maximizing coverage and energy

efficiency. In addition, several schemes also addressed the issue of reference

node deployment.

In the ”GPS-less localization protocol” (GPS-less) (Othman, 2008), the

author proposed a two-phase protocol based on a single reference node as

follows: (i) Start a discovery process from the initial reference node and

build a relative coordinate system using the first three discovered ordinary

nodes; (ii) Extend the node discovery by selecting ordinary nodes according

to their proximity from the new reference nodes. Once the coordinate sys-

tem is determined, each ordinary node requires at least two known distance

measures from reference nodes to compute its location. The drawbacks of

this technique are that ordinary nodes only know their relative coordinates

from the primary seed node and the first-stage discovery protocol requires

high volume of message exchange. Moreover, the nodes have to be static,

and any node mobility could degrade the performance drastically, especially
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in terms of accuracy.

In Mirza and Schurgers (2008), the authors proposed a Motion-Aware

Sensor Localization (MASL) scheme that specifically accounts for position

error due to non-concurrent distance measurements, which can occur due to

node mobility. In fact, ranging experiments with a pair of WHOI micro-

modems (Freitag et al., 2005) at Mission Bay, San Diego, indicated that a

zero-mean Gaussian model is well suited for ranging errors, and this forms the

premise to the proposed scheme. However, unlike most proposed schemes,

MASL is targeted at offline applications, as it is computationally intensive.

In Bian et al. (2007), the authors proposed a joint localization and syn-

chronization scheme (L-S) for 3D UWSNs. The 3D network is partitioned

into cells, and localization is performed at the cell level. Each ordinary node

qualifies as a new reference and achieves time synchronization as soon as

it receives beacons from five reference nodes. The authors determined the

required sensor node density, as well as cell partitioning in order to local-

ize all nodes. While not implemented in this study, the authors identified

the need to reduce error propagation and suggested various methods such as

new reference node selection and weighted least squares approach, e.g., by

weighting reference node’s contribution to localization according to its tier

number (proximity from the ordinary node).

2.3.1. Localization for Hierarchical UWSNs

In Zhou et al. (2010), the authors consider a hierarchical architecture for

a large-scale UWSN comprising reference nodes attached to surface buoys,

submerged anchor nodes (assumed to be within communication range and can

be localized accurately by the reference nodes using any single-stage scheme
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described in Section 2.2) and ordinary nodes. They proposed a distributed

large-scale localization scheme (LSL) to localize ordinary nodes with the

help of localized anchor (reference) nodes.

To alleviate the effects of error propagation, when an ordinary node ob-

tains its estimated position from a set of reference nodes, it computes a

confidence value, η, where 0 < η ≤ 1, by normalizing the position error with

the sum of the Euclidean distance between itself and the reference nodes (see

Eqn (2)). This value reflects the confidence in position estimation (with a

higher value indicating higher confidence), and permits the node to qualify

as a new reference node provided η ≥ η0, where the choice of the threshold

η0 represents the tradeoff amongst localization coverage, accuracy and com-

munication costs. However, we note that the confidence value (fixed at 1

for anchor nodes) is a subjective measure since the ordinary node estimates

both li as well as its location.

Referring to the notations in Figure 6, each reference node periodically

broadcasts a beacon that comprises its ID, position as well as its confidence

value. Each ordinary node S estimates its distance, li, from a reference node

Ri (i) based on ToA approach upon receiving its beacon or (ii) using 3D Eu-

clidean distance estimation if they are more than one-hop apart. The latter

process is included to improve the likelihood of an ordinary node receiving

at least four distance estimates (for 3D localization) from reference nodes to

estimate its position, particularly in anisotropic networks. When this hap-

pens, node S selects those with the highest confidence value to estimate its

position, (x̃S, ỹS, z̃S) and computes the position error, δ as follows:

δ =
∑

i

|(x̃S − xi)
2 + (ỹS − yi)

2 + (z̃S − zi)
2 − l2i |.

17



Its confidence value, η, is then computed as follows:

η =







1, node is anchor;

1− δ∑
i
(x̃S−xi)2+(ỹS−yi)2+(z̃S−zi)2

, otherwise.
(2)

If η ≥ η0, node S qualifies as a new reference node, and begins its periodic

beaconing, subject to a maximum of N messages to limit the localization

overhead.

Through extensive simulations, the authors illustrated the tradeoffs be-

tween localization coverage, accuracy and communication costs with the

choice of the threshold value, η0: For an UWSN with 5% anchor nodes,

node density of 13, and N = 5, a value of η0 = 0.8 achieves high coverage of

80% with low communication costs at the expense of high localization error

of 0.45Rc (where Rc is the communication range), while η0 = 0.96 yields

lower localization error of 0.35Rc at the expense of lower coverage of 55%

and higher communication costs. Hence, the choice of η depends on whether

high coverage is needed (e.g., where location information is used in routing)

or high accuracy is needed (e.g., for association with sensed data).

The authors also showed that the convergence property of the proposed

scheme is tightly linked with the message limit, N ; in fact, there exists a

critical N0, for which beyond this value, the communication costs continue to

increase significantly without any corresponding improvement in localization

coverage. From the simulations, N0 = 5 for an UWSN with 10% anchor

nodes, node density of 13 and η ranging from 0.7 to 0.99.

The ”Scalable Localization scheme with Mobility Prediction” (SLMP)

(Zhou et al., 2008) introduces mobility prediction based on predictable mo-

bility patterns of underwater objects in sea shore environments (Novikov and
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Bagtzoglou, 2006) to the LSL scheme. Basically, if the mobility pattern of

nodes is precise enough, i.e., they follow the mobility pattern assumed, then

they do not broadcast updates unnecessarily, reducing communication costs.

While the confidence value remains as the criteria for qualification and se-

lection as a reference node, the authors proposed an additional criteria for

reference node selection based on arrival time-stamp: if the arrival time of

the last localization message is too far from the current time, the reference

node will be deleted from the list used for localization.

The timing diagram for both LSL and SLMP are shown in Figure 8(a).

2.3.2. Projection-based Localization

While the above schemes have addressed the coverage limitations of single-

stage schemes, they rely on the deployment of reference nodes in the sea,

which is challenging. This need is delineated by the following projection-

based schemes that only require the deployment of reference nodes attached

to three surface buoys and pressure sensors attached to ordinary nodes to

measure their depth.

In Cheng et al. (2009a), the authors propose a distributed localization

technique termed “Underwater Sparse Positioning” (USP) that employs a

projection method, which transforms the 3D underwater positioning problem

into its 2D counterpart. The initial reference nodes bootstrap the localiza-

tion procedure by broadcasting their positions once deployed. Upon receiv-

ing the broadcast from Ri, ordinary node S projects it onto R
′

i on its own

horizontal plane, as illustrated in Figure 9(a). As long as the projection is

non-degenerative, which is likely in sparse UWSNs, simple bilateration can

be used to localize ordinary nodes. Each localized ordinary node then be-
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comes a new reference node, and all reference nodes are used in the projection

mechanism for localization. The procedure runs for M iterations: the time

interval in each iteration is divided into three parts as shown in Figure 9(b).

In Cheng et al. (2009b), the authors combine USP and UPS to give

rise to a multi-stage silent positioning system LSLS that (i) does not require

time synchronization, (ii) only requires three surface buoys, (iii) incorporates

smart anchor selection, and (iv) considers sound speed variation with tem-

perature, salinity and depth using the model of Coppens (Coppens, 1981).

A similar projection mechanism is used in the 3D localization algorithm

3DUL proposed in Isik and Akan (2009). However, unlike USP that (i)

employs a predetermined number of iterations and periodic broadcasting of

the three surface buoys to the whole network, and (ii) assumes inter-node

time synchronization, 3DUL (i) uses two-way messaging for ranging (and

therefore does not require time synchronization), (ii) estimates the sound

speed through the use of (Conductivity, Temperature and Depth) sensors,

and (iii) limits the duration with which a new reference node remains as

reference according to its movement characteristics. As long as the projected

reference locations fall on a robust virtual anchors plane, the ordinary node

will be localized and become a new reference node. Referring to Figure 9(a),

quadrilateral SR
′

1R
′

2R
′

3 forms a robust virtual plane if all four sub-triangles

∆R
′

1R
′

2R
′

3, ∆SR
′

1R
′

2, ∆SR
′

1R
′

3 and ∆SR
′

2R
′

3 are robust, i.e., they satisfy the

following condition:

a sin2 θ > dmin,

where a is the length of the shortest side, θ is its angle with the hypotenuse

and dmin is a threshold that depends on measurement noise (Moore et al.,
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2004). For example, for ∆SR
′

2R
′

3, the shortest side is SR
′

3, and θ is the angle

between SR
′

3 and SR3.

The two-way message exchange between an ordinary node and a reference

node is shown in Figure 8(b). “wakeup” messages are sent by the reference

node to declare its presence. Each ordinary node that receives this message

will respond with a “request” message and note the time instance it was

sent. The reference node responds with a “response” message that includes

its coordinates. Upon receiving several “response” messages, the ordinary

node can then estimate its position without the need for inter-node time

synchronization as long as the round trip time and the speed of sound can

be accurately estimated.

Unlike the L-S and GPS-less schemes, USP and 3DUL do not em-

ploy any smart anchor selection scheme, as it would increase the complexity

while degrading the performance in dynamic underwater acoustic channel

environment. However, in LSLS, new reference nodes for reactive beacon-

ing are selected to minimize the overlap with the communication coverage of

existing reference nodes so as to maximize localization coverage.

2.4. Mobile References

Although some of the above schemes no longer rely on the deployment

of seabed reference nodes, the deployment of fixed reference nodes such as

surface buoys is time consuming, limits the localization coverage and may

be infeasible or undesirable (e.g., in tactical surveillance applications). Some

of these drawbacks may be overcome by employing mobile reference(s) such

as Autonomous Underwater Vehicles (AUVs) (Erol et al., 2007a; Luo et al.,

2008, 2010) or Dive-aNd-Rise-enabled (DNR-enabled) devices (Erol et al.,
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2007b; Chen et al., 2009).

2.4.1. AUV-assisted localization

In theAUV-Aided localization technique proposed in Erol et al. (2007a),

the sensor nodes can be dropped into the ocean and will move with the

water currents while an AUV will traverse the UWSN periodically. The

AUV obtains position updates by rising to the surface to use GPS, and then

dives to a predefined depth and periodically performs a two-way message

exchange with ordinary nodes as in 3DUL (see Figure 8(b) and Figure 10).

Assuming that each ordinary node is equipped with a pressure sensor (to

measure its depth), it can be localized as soon as successful two-way message

exchanges take place in at least three non-collinear AUV locations. The

AUV is assumed to move at a constant and known speed and is capable of

estimating its position underwater accurately (within 1m) by using integrated

GPS, compass and dead reckoning. Another major assumption is that each

ordinary node is either static or can estimate its motion underwater.

2.4.2. DNR-enabled localization

Instead of AUVs, the DNR localization (DNRL) scheme (Erol et al.,

2007b) uses a weight/bladder mechanism to control the diving/rising of each

mobile beacon, which comprises a GPS receiver and an acoustic transceiver.

These beacons update their positions at the surface, and broadcast them

when they dive to a certain depth. The DNRL scheme is evaluated using a

meandering current mobility model in Caruso et al. (2008), which is suitable

for a large coastal environment.

In Erol et al. (2008), the authors present proxy localization (PL), which
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enhances the DNRL scheme through multi-stage localization. To mini-

mize error propagation, localized ordinary nodes can qualify as new reference

nodes only if they are below the maximum depth of the DNR beacons. Each

ordinary node will then select the most recently qualified set of reference

nodes with the minimum hop count from the initial reference nodes.

A single-stage scheme is proposed in Chen et al. (2009), LSL-DET, that

uses the network architecture of LSL but extends the reach of surface buoys

by attaching “Detachable Elevator Transceivers” (DET) to them. The con-

cept is similar to DNRL, except that DETs that dive and rise do not contain

GPS receivers, thus reducing the cost.

Although the principles of AUV-Aided and DNR-enabled schemes

are similar, the AUV-Aided scheme is more flexible as it can traverse both

horizontal and vertical preprogrammed routes while the mobile references in

DNR-enabled schemes can only traverse vertically.

2.5. Comparison of range-based schemes

In this section, we compare range-based underwater localization schemes

in terms of (i) how and the extent to which they address various challenges

and (ii) their performance as obtained via simulation studies.

2.5.1. Challenges addressed

Table 1 summarizes the extent to which range-based underwater localiza-

tion schemes have addressed the challenges of underwater localization out-

lined in Section 2.1

We observe that in most schemes, each ordinary node either employs (i)

silent listening to estimate its location, assuming inter-node time synchro-
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nization or (ii) two-way messaging, without the need for time synchroniza-

tion, but at the expense of higher communication overhead. However, UPS-

based schemes are able to use silent listening without assuming inter-node

time synchronization using reactive beaconing with TDoA measurements.

Measurement errors due to sound speed variation, NLOS signals, time

non-synchronization and node mobility are handled in various ways: (i)HYP

andPBL assume that errors due to time non-synchronization follow a normal

distribution; (ii)USP and LSLS assume normally distributed ranging errors;

(iii) 3DUL, LSL, SLMP, MASL, DNRL and PL consider various node

mobility models; and (iv) UPS is the only scheme that specifically considers

the effects of NLOS signals by modeling the underwater acoustic channel

using a UWB-SV model. Although the model assumes that the direct path

signal has the strongest signal, this is not always the case in reality, e.g., see

Figure 3.

Last but not least, while UPS requires a reference node to be deployed on

the seabed and LSL-based schemes assume a costly deployment of submerged

anchor nodes in addition to surface buoys, projection-based techniques de-

lineate the need for seabed reference nodes, while AUV-based localization

schemes completely eliminate the need for costly infrastructure.

Table 2 summarizes the mechanism used by multi-stage schemes to trade-

off between minimizing error propagation and delay while maximizing cov-

erage and energy efficiency. The techniques are centered around (i) mini-

mizing overlap with existing reference nodes to maximize coverage; and (ii)

maximizing proximity with existing reference nodes and latest updates and

minimizing positioning error to minimize error propagation.
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2.5.2. Performance Comparison

The various schemes are evaluated via simulations based on one or more

of the following metrics:

• Communication Costs

This metric quantifies the energy efficiency of the localization scheme.

We define communication costs in terms of the average number of mes-

sages transmitted per node to achieve a single localization estimation.

• Coverage

We define the coverage as the proportion of ordinary nodes that are

successfully localized. In multi-stage schemes, this refers to those that

qualify as new reference nodes.

• Time

This metric quantifies the time taken (either in iterations or seconds)

to achieve the stated coverage.

• Accuracy

This metric quantifies the localization error, i.e., the Euclidean distance

between an ordinary node’s estimated and actual locations. Here, we

normalize this error to the communication range.

Since the simulation scenario used in evaluating the various schemes are

different, it is difficult to conduct a fair comparison amongst them. We draw

on the simulation study to compare DNRL, LSL and PL in Erol et al.

(2010), and present the performance comparison of selected schemes with

the respective description of the simulation scenario in Table 3.
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3. Range-free Underwater Localization Schemes

As described in the previous section, the accuracy of range-based local-

ization depends on the accuracy of range measurement, which could suffer

from large errors due to node mobility as well as harsh underwater acous-

tic propagation environment. Hence, range-free schemes have been proposed

that do not rely on range measurement for localization.

3.1. Schemes based on Area Localization

In Chandrasekhar and Seah (2006), the authors proposed a 2D Area Lo-

calization Scheme, ALS to estimate a node’s position within a certain area

rather than its exact location. The propagation of acoustic signals underwa-

ter is subject to losses due to spreading, absorption, dispersion, multi-path

fading and Doppler effects.

Assuming a spherical attenuation model, and neglecting losses due to

multi-path fading and Doppler effects, when each reference node transmits

at power Pi, an ordinary node can receive the transmission as long as it falls

within a circular region centered at the reference node whose radius r(Pi)

depends on the transmission power. Hence, by deploying several reference

nodes that transmit beacons at multiple power levels, the plane is divided

into many small sub-regions defined by intersecting circles. Each ordinary

node listens and reports the ID and minimum transmit power at which it

received the respective node’s beacon to a central sink, which can then es-

timate its location. This is illustrated in Figure 11. The main limitations

of this scheme are (i) it is a centralized scheme; (ii) its coverage is limited

by the communication range of the reference nodes; (iii) it is model-based;
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(iv) it only provides coarse localization; and (v) it does not consider node

mobility.

In Zhou et al. (2009), the authors proposed a scheme, 3-D Multi-stage

Area Localization Scheme (3D-MALS) that combines the concepts of ALS

and LSL-DET. It considers a hierarchical network architecture that com-

prises surface buoys with “Detachable Elevator Transceivers” (DET), or-

dinary nodes and sink nodes, and extends ALS to 3D. Simulation results

demonstrate its performance gain over ALS in terms of localization accu-

racy. However, as with ALS, it is a model-based, centralized scheme that

provides coarse localization and does not consider node mobility.

3.2. Schemes based on directional beaconing

While the above schemes rely on static references, the authors in Luo

et al. (2008, 2010) proposed a 2D and 3D underwater localization scheme

(UDB and LDB respectively) using a single AUV with directional beacons.

Here, the AUV traverses a preprogrammed route and performs directional

(vertical) beaconing periodically. The scheme assumes that the AUV moves

with constant and known speed and knows its position underwater accurately

using integrated GPS and INS, and that the vertical channel used in UDB

is characterized by little or no time dispersion.

Figure 12 gives an illustration of how ordinary node S, equipped with a

pressure sensor, localizes itself with LDB.

Assuming a beamwidth of α, the radius of the circle formed by the in-

tersection of the beam with the horizontal plane for which S resides, r2, is

given as:

r2 = tan(
α

2
)× h2,

27



where h2 is the difference in depth between the AUV and node S.

We assume that the AUV traverses a straight line path and broadcasts

its own location periodically, at times t0, t1, · · · , t7, · · · . At instant ti, node

S would record the AUV’s coordinates, (xi,yi), if it can hear them, i.e., if it

lies within the circle of radius r2 centred at (xi,yi). According to Figure 12,

node S first hears the AUV’s beacons when it transmits at (x1,y1) at time t1

and last hears them when it transmits at (x5,y5) at time t5. Accordingly, it

estimates its position, (x̃S, ỹS), as follows:

x̃S =
x1 + x5

2

ỹS = y1 +

√

r22 −
x5−x1+2d

2

2
+
√

r22 −
x5−x1

2

2

2
,

where d is the distance traversed by the AUV between successive beaconing

instances.

3.3. Finger-printing based schemes

A different variant of range-free localization schemes based on finger-

printing (PM,PCA,PF) have recently been proposed in Lee et al. (2009b,a,c).

Such schemes involve an offline (or training) stage prior to the online (or

prediction) stage. The setup comprises an acoustic signal source capable

of transmitting at M different frequencies, and L reference locations with

known positions and a node (receiver) to be localized.

During the offline stage, the receiver is placed at each reference location

(with known position), collects N samples of acoustic communication signals

at each frequency to constitute anM×N acoustic-signal map. All the signals

are projected onto the eigenspace for Principal Component Analysis, where
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M ′ signals corresponding to the largest eigen values are extracted in order to

reduce the complexity and noise effects. This is repeated at the L reference

locations.

In the online stage, the receiver is placed at an unknown location (within

the reference location space) and collects acoustic communication signals

from M different frequencies to establish a signal vector, from which M ′

principal components are extracted as in the offline stage. A likelihood func-

tion is used to express the probability that the unknown location corresponds

to a reference one, and the unknown location can then be estimated by the

“probabilistic-weighted” summation of different reference locations.

The efficacy of the proposed scheme is verified in actual experiments in

a water tank. However, the practical use of this scheme is limited since

the actual underwater acoustic channel in the sea is highly time varying

(Stojanovic, 2003).

4. Commercial Underwater Positioning System

Commercially available underwater acoustic positioning systems have ex-

isted as early as in the 1960s (Vickery, 1998) and are commonly used in

various applications, including oil and gas exploration, salvage operations,

marine sciences and archaeology, security and military operations. These

systems are used for tracking and navigation of divers and/or underwater

vehicles. These systems measure the distances and/or directions of the diver

or vehicle being tracked from a set of transponders (reference points), re-

ferred to as baseline stations, and then trilateration is done to determine its

position. Based on the distance between the baseline stations, these systems
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are broadly categorized into: Long Baseline (LBL), Short Baseline (SBL)

and Ultra Short Baseline (USBL). In the following discussion, we use the

term “object” to refer to the item (i.e., diver or vehicle) being tracked.

4.1. Long Baseline Systems

The name derives from the fact that the distance between the baseline

stations is long or similar to the distance between object and transponders.

Baseline distance typically ranges from 50m to more than 2,000m (Rowan,

2008). The baseline transponders are typically deployed on the seafloor along

the edge of the area of operation. An interrogating signal from the object

(transponder) is sent. Upon receiving it, the transponder (object) sends a

reply. The signal propagation times are then used to compute the distances

between the object and transponders. Together with depth data from pres-

sure gauges, the position of the object can then be computed using trilatera-

tion. This position is relative to the baseline transponders but can be easily

converted into geo-referenced coordinates if the geographic positions of the

baseline transponders are known a priori. The baseline transponders can also

be mounted in fixed relative positions on a moving platform like a ship for

applications like In-Water Ship Hull Inspections and other specialized tasks.

LBL systems are independent of water depth and provide high accuracy of

better than 1m, with the capability of achieving accuracies of a few centime-

tres. This exceeds the accuracies of USBL and SBL systems. Manufacturers

of LBL systems include Applied Acoustics (Transponders for LBL systems),

Desert Star Systems LLC (AquaMap LBL systems), LinkQuest Inc. (Pin-

point LBL System), Nautronix (NASNet LBL system), Sonardyne (Fusion

LBL system) and Sonatech (seafloor transponders). A survey of LBL systems
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can be found in (Hydro, 2008a).

The GPS Intelligent Buoys (GIB) can be viewed as inverted LBL devices.

Instead of deploying the baseline transponders on the seafloor, they are in-

stalled on GPS equipped sonobuoys that are either drifting or moored (Thomas,

1998; Alcocer et al., 2006). In a typical deployment scenario, several GIBs

are deployed over a given area of operation where the total number required

is determined by the size of the operation area and the desired accuracy (ac-

curacies of centimetre to meter level in realtime is achievable.) The position

of the tracked object is calculated in realtime based on the acoustic signals

transmitted by the underwater object. GIB uses one-way acoustic signal

transmission from object (emitter) to buoys as compared to the round-trip

transmission of LBL, SBL and USBL, making it less susceptible to reflec-

tions from surface or other undersea structures. The GIB system is patented

technology that has been developed by ORCA Instrumentation and French

R&D firm Advanced Concept and System Architecture (ASCA); ACSA Un-

derwater GPS (subsidiary of the ALCEN group) manufactures it.

4.2. Short Baseline Systems

SBL systems are characterized by inter-baseline transponder distance of

20m to 50m. These systems are mounted on floating platforms like boats,

ships or barges, and are used for tracking underwater targets. Like LBL sys-

tems, they use round-trip signal propagation time of acoustic signals between

transponders and target to compute the distance and then trilateration to

determine the position, often with supplementary depth data from a pres-

sure sensor. The accuracy of SBL system improves as the distance between

baseline transponders increases and can achieve similar performance levels
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as seafloor mounted LBL systems. Conversely, when used on smaller vessels

that reduce the inter-baseline transponder distance, the accuracy also deteri-

orates. SBL systems are popular with research groups and have been used in

Antartica expeditions to track vehicles operating under the ice, e.g. Project

SCINI (scini.mlml.calstate.edu).

4.3. Ultra Short Baseline Systems

USBL is by far the most popular category of underwater positioning sys-

tems due to its ease of use. A USBL system comprises two elements, a

transceiver with an array of transducers that are typically less than 10cm

apart, thus giving the ultra short baseline, and a transponder/responder.

The transceiver sends an acoustic pulse and when the transponder (mounted

on the tracked object) detects this pulse, it replies with its own acoustic

pulse. The round-trip propagation time of the initial acoustic pulse and

the reply is used to compute the distance between them. To measure the

direction of the transponder from the transceiver, the transceiver uses a

method called phase-differencing within this transducer array to calculate

the angle to the underwater transponder. The position of the undersea

object (transponder) is then obtained using the range and angle from the

transceiver to the transponder. What the system gains in ease of use and

deployment, it loses in the level of positioning accuracy. Manufacturers of

USBL systems include Nautronix, Sonardyne, IXSEA (GAPS pre-calibrated

Ultra-Short BaseLine), Applied Acoustics (EASYTRAK USBL), LinkQuest

(TrackLink USBL), Tritech (Micron Nav), Kongsberg (HiPAP - High Pre-

cision Acoustic Positioning), and EvoLogics (USBL Acoustic Modem). A

survey of USBL systems can be found in (Hydro, 2008b).
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5. Summary

In this paper, we conducted a survey of recently proposed localization

schemes specifically designed for UWSNs. We identified several of the chal-

lenges that need to be overcome for underwater localization schemes to be

fast and accurate, have low communication costs, provide wide coverage and

be feasible. In addition to classifying the schemes under (i) range-based,

(ii) range-free and (iii) finger-printing based schemes, we also further clas-

sify range-based schemes as (i) single vs multi-stage and (ii) static vs mobile

references.

Although all the proposed schemes demonstrate good performance in sim-

ulations, they have not been evaluated under the same conditions, nor with

the same initial assumptions. For example, some schemes require many ini-

tial reference nodes to achieve good performance, which could be too costly

for the UWSN application. On the other hand, other schemes assume that

the entire network can be covered by only a few reference nodes, which limits

the deployment area of the UWSN and may incur large communication costs.

Hence, the localization scheme should be chosen to tailor to the needs of the

UWSN application.

In general, schemes that rely solely on static references achieve better lo-

calization accuracy at the expense of higher deployment costs. These schemes

are suitable (i) for early warning systems against disasters such as tsunami or

seaquakes, or (ii) to assist underwater navigation (locate dangerous rock or

shoals) especially if reference nodes are on the seabed. Schemes that rely on

mobile references can be deployed quickly and are thus suited for emergency

applications although the water currents will have more negative impacts on
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their performance than for the former schemes. These schemes can be easily

used to sample some underwater areas or for distributed tactical surveil-

lance where sensors can monitor some specific underwater areas to detect

intrusion, target or reconnaissance. Besides, if an AUV is deployed among

the sensors, it can be used for more specific missions such as underwater

ordinance reconnaissance, rapid environmental assessment and detection of

potential threats.

To make our survey more complete, we have also included a discussion of

commercially available underwater positioning systems, which can be clas-

sified under long baseline, short baseline and ultra short baseline systems.

We described the mechanism of each type of system, and outlined the per-

formance tradeoffs.

6. Open Problems and Research Challenges

While challenges associated with reference node deployment, time syn-

chronization, and asymmetric power consumption in acoustic modems have

been addressed to some extent in the proposed schemes, in our view, the

following challenges should be, but have not been, fully addressed:

• Sound Speed Variation

While most range-based localization techniques assume a constant speed

of sound underwater, it actually depends on the temperature, pressure

and salinity. The authors in Isik and Akan (2009) and Mackenzie (1981)

investigated the impact of sound speed variation on the localization

accuracy using the nine-term equation in Mackenzie (1981) and the
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Coppen’s model (Coppens, 1981) respectively. For a fair performance

comparison of all schemes, they should be evaluated using a common

and accurate sound speed model.

• Inter-node Time Synchronization

Localization schemes that rely on silent positioning to minimize com-

munication overhead assume that nodes are time-synchronized. How-

ever, unlike surface nodes that can be time-synchronized via GPS up-

dates, submerged nodes cannot be time-synchronized, and their clocks

are subject to skew as well as offset. Although time synchroniza-

tion protocols (e.g., in Syed and Heidemann (2006); Chirdchoo et al.

(2008b)) have been proposed for underwater acoustic networks, they

should be incorporated into localization schemes.

• Node mobility model

Node mobility due to water currents, which presents one of the greatest

challenges for underwater localization, has only been accounted for up

to various degrees. Although most schemes assume static nodes, the

LSL scheme assumes a simple (and unrealistic) mobility model, the

SLMP scheme considers mobility patterns taken from a seashore en-

vironment (Novikov and Bagtzoglou, 2006) while the DNRL and PL

schemes consider a meandering current mobility model (Caruso et al.,

2008), which is suited for large coastal environment. Based on actual

ranging experiments with acoustic modems in Mission Bay, San Diego,

the MASL scheme assumes a zero mean Gaussian model for ranging

errors resulting from node mobility. The above indicates that in differ-
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ent shore environments, node mobility exhibits different characteristics.

Moreover, to the best of our knowledge, equivalent mobility models for

deep sea environments do not exist.

• Impact of Medium Access Control

Another important challenge that has not been fully addressed is Medium

Access Control (MAC) to resolve contention, particularly in multi-stage

localization schemes for dense UWSNs. Although MAC schemes have

been proposed specifically for UWSNs (Molins and Stojanovic, 2006;

Chirdchoo et al., 2008a; Chen and Wang, 2007), to support multi-stage

underwater localization schemes, MAC schemes also have to coordinate

the node transmissions such that each ordinary node can receive the

required number of beacons from reference nodes as quickly as possible

while ensuring that reference nodes do not transmit beacons redun-

dantly. However, MAC protocols will inevitably introduce delays in

transmission, and affect the accuracy of localization schemes that rely

on two-way messaging. Thus, the trade-offs between communication

overhead, localization latency and accuracy introduced by the MAC

protocol has to be carefully evaluated.

• Impact of Channel Structure

The underwater acoustic channel is a frequency selective time-varying

channel. Since the localization process requires range measurement,

using either ToA, TDoA or RSSI techniques, the structure of the chan-

nel may affect the accuracy of the localization process. Since range is

measured based on the ToA of the direct path or its received power,
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it is essential to lock on the location of the direct path of the received

signal. Existing protocols, e.g., Cheng et al. (2008, 2009a), assume that

the direct path is the strongest path and thus it’s location is easy to

estimate. In fact, by using the UWB-SV model to characterize the un-

derwater acoustic channel, the authors in Cheng et al. (2008) attempt

to substantiate the above claim. However, multipath fading can lead to

destructive interference, and as a result, the energy of the direct path

of the channel’s impulse response is not always the strongest. This

effect was observed in real measurements taken from sea trials (e.g.,

Figure 3). Hence, designated mechanisms to lock on the direct path

are needed.

Range measurement relies on the premise that direct (LOS) signals

always exist. However, the presence of structures and obstacles in

the underwater channel may result in the loss of the direct signal, in

which case only NLOS signals are detected at the receiver. As a result,

NLOS signals can be mistaken for LOS signals and may significantly

impact the accuracy of distance estimation. In Diamant et al. (2010),

a hybrid algorithm that utilizes both RSSI and ToA measurements has

been proposed. The algorithm assumes that the power of the NLOS

signal is much more attenuated than that of the LOS signal due to

the target strength and spreading loss characteristics of the reflecting

surface, and classifies communication links as NLOS and LOS links

according to the relation between the ToA and RSSI measurements.

The algorithm was tested in a real harbor environment and showed

good performance. However, this algorithm relies on the existence of
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an attenuation model which might not be applicable to all environments

and thus more research should be done in this area.

• Performance Evaluation

Last, but not least, the proposed range-based and range-free schemes

have only been evaluated analytically or via numerical simulations (un-

der different scenarios) while finger-printing based schemes have been

evaluated in a water tank. For a fair evaluation of the schemes, they

should be evaluated using available simulators for underwater acoustic

networks (e.g., Harris and Zorzi (2007)) under a common simulation

scenario. Actual implementation and experimentation of the proposed

schemes in the sea is the natural next step to establish the feasibility

and actual performance achievable with these schemes.
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(a) 2D Network

(b) 3D Network

Figure 1: Communications architecture for UWSNs (Akyildiz et al., 2007).
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Figure 2: Classification of Localization schemes for Underwater Wireless Sensor Networks

(UWSN).
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Figure 3: Example of matched filter output to illustrate that direct path signal may not

be the strongest (Diamant and Horev, 2005).
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Figure 4: Relative SNR vs. carrier frequency and transmission distance. λ = 1.5 and α

calculated for 50 m depth, salinity of 38.8 ppt, and a temperature of 298.15 K.
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Challenges Desirable Properties

1. Underwater Environment
- reference node deployment in deep sea

- node mobility 

-inter-node time synchronization

-signal reflection due to obstacles and reflective 

surfaces

2. Underwater acoustic channel

- long propagation delay
- multipath fading and shadowing

- sound speed variation 

- highly unreliable and asymmetric SNR

- asymmetric power consumption

-low bit rate

1. Accurate

2. Fast

3. Wide Coverage

4. Low communication costs

5. Easy to implement and deploy

Figure 5: Mapping between the challenges and desirable performance of underwater local-

ization.
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(a) Reactive beaconing mechanism of UPS (b) Timing diagram of UPS

Figure 6: Illustration of (a) reactive beaconing mechanism and (b) timing diagram of

UPS (2D).
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(a) circle-based approach (b) hyperbola-based approach

Figure 7: Illustration of location estimation using (a) circle-based and (b) hyperbola-based

approaches (Bian et al., 2009).

52



Reference Node Ri:

1. broadcast i, (xi,yi,zi), 

Ordinary node S:

1. broadcast li, (xi,yi,zi) for all 

Ri U Ni

1.Estimate (xS,yS,zS)

2. update 

time

Iteration i

Iteration i+1 (up to N)

wakeup

requ
est

response

Ri S

(a) Timing diagram for messaging in LSL and SLMP (b) Two-way messaging for 3DUL and AUV-aided localization

Figure 8: (a) Timing diagram of LSL and SLMP and (b) two-way message exchange for

3DUL and AUV-aided localization.
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Figure 10: Illustration of AUV-Aided localization.
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Figure 12: Illustration of Localization with Directional Beaconing (LDB).
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Challenges addressed 

Underwater Environment Underwater acoustic propagation 

No. Scheme Remarks 

Infrastructure / 

initial 

reference 

nodes needed 

Node 

Mobility 

No inter-

node time 

sync needed 

NLOS Sound 

speed 

variation 

Transmission 

losses 

Silent 

Positioning 

Static References

1 UPS Requires seabed reference � �   �

2 E-UPS Improves performance of UPS in harsh channel 

environment  

�   � �

3 WPS Improve localization uniqueness of UPS with 

additional reference 

�   � �

4 HYP Hyperbola-based approach to improve likelihood of 

location estimation over circle-based approaches 

�    �

5 PBL Uses probability models for measurement noise to 

improve localization accuracy 

4 (including 1 

underwater) 

�    �

6 UPS Projection-based approach to map 3D localization 

into 2D problem 

     �

7 3DUL Improves on USP in terms of (i) sound speed 

estimation and (ii) by not requiring inter-node time 

sync through 2-way messaging 

� � �   

8 LSLS Improves on USP with desirable properties of UPS 

3 surface 

references only 

� � �

9 LSL Hierarchical localization that considers simple 

mobility model in the performance evaluation 

�     �

10 SLMP Improves LSL with predictable mobility pattern in 

sea shore environment 

Surface buoys 

and submerged 

anchors �     �

11 L-S Performs joint localization and synchronization 5  �    �

12 GPS-

less 

2D localization with respect to single initial 

reference 

1       �

13 MASL Accounts for measurement errors due to node 

mobility during localization epoch 

4 (including 1 

underwater) 

�     �

Mobile References

14 AUV-

Aided 

Single AUV uses 2-way messaging and assumed its 

position underwater is known accurately 

1 AUV  �     

15 DNRL Dive-and-Rise beacons with meandering current 

node mobility model 

�     �

16 PL Multi-stage DNRL  

Surface buoys 

with DNR 

mechanism �     �

17 LSL-

DET 

LSL with DNR using Detachable Elevator 

Transducers 

Surface buoys 

with DETs 

     �

Table 1: Extent to which range-based schemes have addressed challenges of underwater

localization.

58



Mechanism to control error propagation in multi-stage localization schemes S/No Scheme 

Criteria for ‘new’ reference node qualification Selection of ‘new’ reference nodes for localization 

1 USP Nil Nil 

2 3DUL Robust Virtual Anchors Plane Nil (Reference nodes have finite lifetime) 

3 LSLS Maximization of coverage 

4 LSL Minimization of error (confidence threshold) 

5 SLMP Minimization of error (confidence threshold) Time-stamp and confidence threshold 

6 L-S Nil Nil 

7 GPS-less Nil Maximization of coverage 

8 MASL Nil Nil 

9 PL Depth criteria Hop-count and time-stamp threshold  

Table 2: Mechanism used by multi-stage schemes to trade-off between minimizing error

propagation and delay while maximizing coverage and energy efficiency.
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Simulation scenario Localization performance S/No Scheme 

Vol. (m
3
) No of nodes No of initial reference nodes Comm. Costs. Coverage time Accuracy 

1 USP 100x100x100 1000 3 surface 3 msg/node 28% 35 iterations 0.43 

2 LSLS 100x100x200 2000 3 surface 5% active 5%  0.25 

3 3DUL 100x100x100 500 3 surface 8 msg/node 44%  0.03 

4 LSL 1000x1000x600 250 25 60/node 80% 3000 sec 0.4

5 SLMP 100x100x100 500 50 8 msg/node 30%  0.16 

6 AUV-aided 1000x1000x120 150 1 70 msg/node 40% 3600 sec 0.167 

7 DNRL 1000x1000x600 250 25 5 msg/node 80% 3500 sec 0.23 

8 PL 1000x1000x600 250 25 8 msg/node 80% 2500 sec 0.6 

9 LSL-DET 1000x1000x1000 250 37  57%  0.0167 

Table 3: Comparative performance of range-based underwater localization schemes.
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