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Abstract - The field of underwater acoustic sensor
networking is growing rapidly thanks to the key role it plays
in many military and commercial applications. Among these
are disaster prevention, tactical surveillance, offshore
exploration, pollution monitoring and oceanographic data
collection. Moreover, unmanned or autonomous underwater
vehicles (UUVs, AUVs), equipped with sensors, will enable
the exploration of natural undersea resources and gathering
of scientific data in collaborative monitoring missions.
Underwater acoustic networking is the enabling technology
for these applications.

The objective of this paper is to understand several
fundamental key aspects of underwater acoustic
communications. Different architectures for two-dimensional
and three-dimensional underwater sensor networks are
discussed, and the characteristics of the underwater channel
are detailed. The main challenges for the development of
efficient networking solutions posed by the underwater
environment are detailed. This paper also presents a detailed
explanation of the sensor networks used in tsunami detection.
We then present an overview of the recent advances.
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II.. IINNTTRROODDUUCCTTIIOONN

Two thirds of the earth surface is composed of water.
Compared with our human being’s familiarity with land,
there are still many un-explored areas underwater. This
needs significant research efforts.

From a communication system aspect, underwater
environment is much different from its ground-based
counterpart. Correspondently, the research of UANs
becomes different and exhibits certain unique features. It
is because:

1) Acoustic signal is the only physical feasible tool that
works in underwater environment. Compared with it,
electromagnetic wave can only travel in water with short
distance due to the high attenuation and absorption effect
in underwater environment. It is found that the absorption
of electromagnetic energy in sea water is about 45× f dB
per kilometre, where f is frequency in Hertz; In contrast,
the absorption of acoustic signal over most frequencies of
interest is about three orders of magnitude lower.

Optical signal is strongly scattered and absorbed
underwater. There are some investigations about utilizing
optical signal for underwater applications. However, they
find out that optical signal can only pass through limited
range in very clean water environment (deep water, for
example). Thus, it is not a proper tool for long-distance
transmission underwater, or in a not-so-clean water, e.g.,
shallow water, environment.

2) Traditional underwater communication systems are
point-to-point based in most cases. In other words, a
network is not formed in such kind of systems. Resource
sharing is not a concern and most of the research is
performed for the physical layer. In contrast, the research

of UANs should always investigate how to optimize the
whole system performance across different layers. Upper
layer protocols, like resource allocation and collision
avoidance, could become the new research focus since
there are many nodes, instead of just two, to use the
resource in a network.

3) UANs can give real-time communication between the
underwater instruments and a control centre within a
network configuration. As a comparison, traditional ocean
monitoring system is usually implemented with three
steps: “deploy sensors, record the data and recover the
instruments”. It can cause long delays in receiving the
recorded data. Additionally, all data could be lost if any
serious failures happen before the recovery.

4) Compared with ground-based wireless networks,
UANs differ in many aspects, ranging from network
topologies to protocols of all the layers, thanks to the
completely different underwater environment compared
with the ground one.

5) There are no internationally accepted standards for
UANs yet. The activity pursuing for standardization is not
very active.

II. CONCEPTS AND DEFINITION

Underwater Acoustic Networks, including but not
limited to, Underwater Acoustic Sensor Networks
(UASNs) and Autonomous Underwater Vehicle Networks
(AUVNs), are defined as networks composed of more than
two nodes, using acoustic signals to communicate, for the
purpose of underwater applications.

UASNs and AUVNs are two important kinds of UANs.
The former is composed of many sensor nodes, mostly for
a monitoring purpose. The nodes are usually without or
with limited capacity to move. The latter is composed of
autonomous or unmanned vehicles with high mobility,
deployed for applications that need mobility, e.g.,
exploration. An UAN can be an UASN, or an AUVN, or a
combination of both. Acoustic communications, on the
other hands, is defined as communication methods from
one point to another by using acoustic signals. Network
structure is not formed in acoustic point-to-point
communications.
Sound travels through the water the best in comparison
with electromagnetic waves and optical signals. Acoustic
signal is sound signal waveform, usually produced by
sonar for underwater applications. Acoustic signal
processing extracts information from acoustic signals in
the presence of noise and uncertainty.

III. TRADITIONAL APPROACH

The traditional approach for ocean-bottom or ocean
column monitoring is to deploy underwater sensors that
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record data during the monitoring mission, and then
recover the instruments.
This approach has the following disadvantages:
 Real time monitoring is not possible. This is

critical especially in surveillance or in environmental
monitoring applications such as seismic monitoring.
The recorded data cannot be accessed until the
instruments are recovered, which may happen several
months after the beginning of the monitoring mission.

 No interaction is possible between onshore
control systems and the monitoring
instruments. This impedes any adaptive tuning of the
instruments, nor is it possible to reconfigure the system
after particular events occur.

 If failures or misconfigurations occur, it may not
be possible to detect them before the instruments are
recovered. This can easily lead to the complete failure
of a monitoring mission.

 The amount of data that can be recorded during
the monitoring mission by every sensor is
limited by the capacity of the onboard storage devices
(memories, hard disks, etc.).

Therefore, there is a need to deploy underwater
networks that will enable real time monitoring of selected
ocean areas, remote configuration and interaction with
onshore human operators. This can be obtained by
connecting underwater instruments by means of wireless
links based on acoustic communication.

Many researchers are currently engaged in developing
networking solutions for terrestrial wireless ad hoc and
sensor networks. Although there exist many recently
developed network protocols for wireless sensor networks,
the unique characteristics of the underwater acoustic
communication channel, such as limited bandwidth
capacity and variable delays, require for very efficient and
reliable new data communication protocols.

IV. SENSOR NODE

Fig.1. Sensor Node in wireless Sensor Network

A sensor node is a node in a wireless sensor network
that is capable of performing some processing, gathering
sensory information and communicating with other
connected nodes in the network.

Components
The main components of a sensor node are

a microcontroller, acoustic modem, sensor interface
circuitry, external memory, power source and one or
more sensors.
Controller

The controller performs tasks, processes data and
controls the functionality of other components in the
sensor node. While the most common controller is
a microcontroller, other alternatives that can be used as a
controller are: a general purpose desktop microprocessor,
digital signal processors, FPGAs and ASICs. A
microcontroller is often used in many embedded
systems such as sensor nodes because of its low cost,
flexibility to connect to other devices, ease of
programming, and low power consumption. A general
purpose microprocessor generally has a higher power
consumption than a microcontroller, therefore it is often
not considered a suitable choice for a sensor node. Digital
Signal Processors may be chosen for broadband wireless
communication applications, but in Wireless Sensor
Networks the wireless communication is often modest:
i.e., simpler, easier to process modulation and the signal
processing tasks of actual sensing of data is less
complicated. Therefore the advantages of DSPs are not
usually of much importance to wireless sensor nodes.
FPGAs can be reprogrammed and reconfigured according
to requirements, but this takes more time and energy than
desired.
External memory

From an energy perspective, the most relevant kinds of
memory are the on-chip memory of a microcontroller
and Flash memory—off-chip RAM is rarely, if ever, used.
Flash memories are used due to their cost and storage
capacity. Memory requirements are very much application
dependent. Two categories of memory based on the
purpose of storage are: user memory used for storing
application related or personal data, and program memory
used for programming the device. Program memory also
contains identification data of the device if present.
Power source

A wireless sensor node is a popular solution when it is
difficult or impossible to run a mains supply to the sensor
node. However, since the wireless sensor node is often
placed in a hard-to-reach location (underwater), changing
the battery regularly can be costly and inconvenient. An
important aspect in the development of a wireless sensor
node is ensuring that there is always adequate energy
available to power the system. The sensor node consumes
power for sensing, communicating and data processing.
More energy is required for data communication than any
other process. The energy cost of transmitting 1 Kb a
distance of 100 metres (330 ft) is approximately the same
as that used for the execution of 3 million instructions by a
100 million instructions per second/W processor. Power is
stored either in batteries or capacitors. Batteries, both
rechargeable and non-rechargeable, are the main source of
power supply for sensor nodes. They are also classified
according to electrochemical material used for the
electrodes such as NiCd (nickel-cadmium), NiZn (nickel-
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zinc),NiMH (nickel-metal hydride), and lithium-ion.
Current sensors are able to renew their energy
from solar sources, temperature differences, or vibration.
Two power saving policies used are Dynamic Power
Management (DPM) and Dynamic Voltage Scaling
(DVS). DPM conserves power by shutting down parts of
the sensor node which are not currently used or active. A
DVS scheme varies the power levels within the sensor
node depending on the non-deterministic workload. By
varying the voltage along with the frequency, it is possible
to obtain quadratic reduction in power consumption.
Sensors

Sensors are hardware devices that produce a measurable
response to a change in a physical condition like
temperature or pressure. Sensors measure physical data of
the parameter to be monitored. The continual analog
signal produced by the sensors is digitized by an analog-
to-digital converter and sent to controllers for further
processing. A sensor node should be small in size,
consume extremely low energy, operate in high volumetric
densities, be autonomous and operate unattended, and be
adaptive to the environment. As wireless sensor nodes are
typically very small electronic devices, they can only be
equipped with a limited power source of less than 0.5-2
ampere-hour and 1.2-3.7 volts. Sensors are classified into
three categories: passive, omni-directional sensors;
passive, narrow-beam sensors; and active sensors. Passive
sensors sense the data without actually manipulating the
environment by active probing. They are self powered;
that is, energy is needed only to amplify their analog
signal. Active sensors actively probe the environment, for
example, a sonar or radar sensor, and they require
continuous energy from a power source. Narrow-beam
sensors have a well-defined notion of direction of
measurement, similar to a camera. Omni-directional
sensors have no notion of direction involved in their
measurements.

The overall theoretical work on WSNs works with
passive, omni-directional sensors. Each sensor node has a
certain area of coverage for which it can reliably and
accurately report the particular quantity that it is
observing. Several sources of power consumption in
sensors are: signal sampling and conversion of physical
signals to electrical ones, signal conditioning, and analog-
to-digital conversion. Spatial density of sensor nodes in
the field may be as high as 20 nodes per cubic meter.

V. UNDERWATER ACOUSTIC SENSOR NETWORK

ARCHITECTURE

Since underwater monitoring missions can be extremely
expensive due to the high cost involved in underwater
devices, it is important that the deployed network be
highly reliable, so as to avoid failure of monitoring
missions due to failure of single or multiple devices. For
example, it is crucial to avoid designing the network
topology with single points of failure that could
compromise the overall functioning of the network.

The network capacity is also influenced by the network
topology. Since the capacity of the underwater channel is

severely limited, it is very important to organize the
network topology such a way that no communication
bottlenecks are introduced. There are several different
architectures for Underwater Acoustic Sensor Networks,
depending on the application:
o Two-dimensional UW-ASNs for ocean

bottom monitoring.
These are constituted by sensor nodes that are anchored
to the bottom of the ocean. Typical applications may be
environmental monitoring, or monitoring of
underwater plates in tectonics.

o Three-dimensional UW-ASNs for ocean column
monitoring.
These include networks of sensors whose depth can be
controlled, and may be used for surveillance
applications or monitoring of ocean phenomena (ocean
bio-geo-chemical processes, water streams, pollution,
etc).

o Three-dimensional networks of Autonomous
Underwater Vehicles (AUVs).
These networks include fixed portions composed of
anchored sensors and mobile portions constituted by
autonomous vehicles.

VI. TWO-DIMENSIONAL UNDERWATER SENSOR

NETWORKS

Fig.2. Reference architecture for two-dimensional
underwater networks is shown in the figure above.

A group of sensor nodes are anchored to the bottom of
the ocean with deep ocean anchors. By means of wireless
acoustic links, underwater sensor nodes are
interconnected to one or more underwater sinks (uw-
sinks), which are network devices in charge of relaying
data from the ocean bottom network to a surface station.
To achieve this objective, uw-sinks are equipped with two
acoustic transceivers, namely a vertical and a horizontal
transceiver. The horizontal transceiver is used by the uw-
sink to communicate with the sensor nodes in order to: i)
send commands and configuration data to the sensors (uw-
sink to sensors); ii) collect monitored data (sensors to uw-
sink).

The vertical link is used by the uw-sinks to relay data to
a surface station. Vertical transceivers must be long range
transceivers for deep water applications as the ocean can
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be as deep as 10 km. The surface station is equipped with
an acoustic transceiver that is able to handle multiple
parallel communications with the deployed uw-sinks. It is
also endowed with a long range RF and/or satellite
transmitter to communicate with the onshore sink (os-sink)
and/or to a surface sink (s-sink).

Sensors can be connected to uw-sinks via direct links or
through multi-hop paths. In the former case, each sensor
directly sends the gathered data to the selected uw-sink.
This is the simplest way to network sensors, but it may not
be the most energy efficient, since the sink may be far
from the node and the power necessary to transmit may
decay with powers greater than two of the distance.
Furthermore, direct links are very likely to reduce the
network throughput because of increased acoustic
interference due to high transmission power. In case of
multi-hop paths, as in terrestrial sensor networks, the data
produced by a source sensor is relayed by intermediate
sensors until it reaches the uw-sink. This results in energy
savings and increased network capacity, but increases the
complexity of the routing functionality as well. In fact,
every network device usually takes part in a collaborative
process whose objective is to diffuse topology information
such that efficient and loop free routing decisions can be
made at each intermediate node. This process involves
signalling and computation. Since, as discussed above,
energy and capacity are precious resources in underwater
environments, in UW-ASNs the objective is to deliver
event features by exploiting multi-hop paths and
minimizing the signalling overhead necessary to construct
underwater paths at the same time.

VII. THREE-DIMENSIONAL UNDERWATER

SENSOR NETWORKS

Fig.3. Reference architecture for three-dimensional
underwater networks is shown in the figure above

Three dimensional underwater networks are used to
detect and observe phenomena that cannot be adequately
observed by means of ocean bottom sensor nodes, i.e., to
perform cooperative sampling of the 3D ocean
environment. In three-dimensional underwater networks,
sensor nodes float at different depths in order to observe a
given phenomenon. One possible solution would be to
attach each uw-sensor node to a surface buoy, by means of

wires whose length can be regulated so as to adjust the
depth of each sensor node. However, although this
solution allows easy and quick deployment of the sensor
network, multiple floating buoys may obstruct
ships navigating on the surface, or they can be easily
detected and deactivated by enemies in military settings.
For these reasons, a different approach can be to anchor
sensor devices to the bottom of the ocean. In this
architecture, depicted in the figure above, each sensor is
anchored to the ocean bottom and equipped with a floating
buoy that can be inflated by a pump. The buoy pushes the
sensor towards the ocean surface. The depth of the sensor
can then be regulated by adjusting the length of the wire
that connects the sensor to the anchor, by means of
an electronically controlled engine that resides on the
sensor.

Many challenges arise with such an architecture, that
need to be solved in order to enable 3D monitoring,
including:
 Sensing coverage. Sensors should

collaboratively regulate their depth in order to achieve
full column coverage, according to their sensing
ranges. Hence, it must be possible to obtain sampling
of the desired phenomenon at all depths.

 Communication coverage. Since in 3D underwater
networks there is no notion of uw-sink, sensors should
be able to relay information to the surface station via
multi-hop paths. Thus, network devices should
coordinate their depths such a way that the network
topology is always connected, i.e., at least one path
from every sensor to the surface station always exists.

VIII. SENSOR NETWORKS WITH AUTONOMOUS

UNDERWATER VEHICLES

Fig.4. Reference architecture for sensor networks with
autonomous underwater vehicles

AUVs can function without tethers, cables, or remote
control, and thus have a multitude of applications
in oceanography, environmental monitoring, and
underwater resource study. Previous experimental work
has shown the feasibility of relatively inexpensive AUV
submarines equipped with multiple underwater sensors
that can reach any depth in the ocean.   Hence, they can be
used to enhance the capabilities of underwater sensor
networks in many ways. The integration and enhancement
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be as deep as 10 km. The surface station is equipped with
an acoustic transceiver that is able to handle multiple
parallel communications with the deployed uw-sinks. It is
also endowed with a long range RF and/or satellite
transmitter to communicate with the onshore sink (os-sink)
and/or to a surface sink (s-sink).

Sensors can be connected to uw-sinks via direct links or
through multi-hop paths. In the former case, each sensor
directly sends the gathered data to the selected uw-sink.
This is the simplest way to network sensors, but it may not
be the most energy efficient, since the sink may be far
from the node and the power necessary to transmit may
decay with powers greater than two of the distance.
Furthermore, direct links are very likely to reduce the
network throughput because of increased acoustic
interference due to high transmission power. In case of
multi-hop paths, as in terrestrial sensor networks, the data
produced by a source sensor is relayed by intermediate
sensors until it reaches the uw-sink. This results in energy
savings and increased network capacity, but increases the
complexity of the routing functionality as well. In fact,
every network device usually takes part in a collaborative
process whose objective is to diffuse topology information
such that efficient and loop free routing decisions can be
made at each intermediate node. This process involves
signalling and computation. Since, as discussed above,
energy and capacity are precious resources in underwater
environments, in UW-ASNs the objective is to deliver
event features by exploiting multi-hop paths and
minimizing the signalling overhead necessary to construct
underwater paths at the same time.

VII. THREE-DIMENSIONAL UNDERWATER

SENSOR NETWORKS

Fig.3. Reference architecture for three-dimensional
underwater networks is shown in the figure above

Three dimensional underwater networks are used to
detect and observe phenomena that cannot be adequately
observed by means of ocean bottom sensor nodes, i.e., to
perform cooperative sampling of the 3D ocean
environment. In three-dimensional underwater networks,
sensor nodes float at different depths in order to observe a
given phenomenon. One possible solution would be to
attach each uw-sensor node to a surface buoy, by means of

wires whose length can be regulated so as to adjust the
depth of each sensor node. However, although this
solution allows easy and quick deployment of the sensor
network, multiple floating buoys may obstruct
ships navigating on the surface, or they can be easily
detected and deactivated by enemies in military settings.
For these reasons, a different approach can be to anchor
sensor devices to the bottom of the ocean. In this
architecture, depicted in the figure above, each sensor is
anchored to the ocean bottom and equipped with a floating
buoy that can be inflated by a pump. The buoy pushes the
sensor towards the ocean surface. The depth of the sensor
can then be regulated by adjusting the length of the wire
that connects the sensor to the anchor, by means of
an electronically controlled engine that resides on the
sensor.

Many challenges arise with such an architecture, that
need to be solved in order to enable 3D monitoring,
including:
 Sensing coverage. Sensors should

collaboratively regulate their depth in order to achieve
full column coverage, according to their sensing
ranges. Hence, it must be possible to obtain sampling
of the desired phenomenon at all depths.

 Communication coverage. Since in 3D underwater
networks there is no notion of uw-sink, sensors should
be able to relay information to the surface station via
multi-hop paths. Thus, network devices should
coordinate their depths such a way that the network
topology is always connected, i.e., at least one path
from every sensor to the surface station always exists.

VIII. SENSOR NETWORKS WITH AUTONOMOUS

UNDERWATER VEHICLES

Fig.4. Reference architecture for sensor networks with
autonomous underwater vehicles

AUVs can function without tethers, cables, or remote
control, and thus have a multitude of applications
in oceanography, environmental monitoring, and
underwater resource study. Previous experimental work
has shown the feasibility of relatively inexpensive AUV
submarines equipped with multiple underwater sensors
that can reach any depth in the ocean.   Hence, they can be
used to enhance the capabilities of underwater sensor
networks in many ways. The integration and enhancement
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be as deep as 10 km. The surface station is equipped with
an acoustic transceiver that is able to handle multiple
parallel communications with the deployed uw-sinks. It is
also endowed with a long range RF and/or satellite
transmitter to communicate with the onshore sink (os-sink)
and/or to a surface sink (s-sink).

Sensors can be connected to uw-sinks via direct links or
through multi-hop paths. In the former case, each sensor
directly sends the gathered data to the selected uw-sink.
This is the simplest way to network sensors, but it may not
be the most energy efficient, since the sink may be far
from the node and the power necessary to transmit may
decay with powers greater than two of the distance.
Furthermore, direct links are very likely to reduce the
network throughput because of increased acoustic
interference due to high transmission power. In case of
multi-hop paths, as in terrestrial sensor networks, the data
produced by a source sensor is relayed by intermediate
sensors until it reaches the uw-sink. This results in energy
savings and increased network capacity, but increases the
complexity of the routing functionality as well. In fact,
every network device usually takes part in a collaborative
process whose objective is to diffuse topology information
such that efficient and loop free routing decisions can be
made at each intermediate node. This process involves
signalling and computation. Since, as discussed above,
energy and capacity are precious resources in underwater
environments, in UW-ASNs the objective is to deliver
event features by exploiting multi-hop paths and
minimizing the signalling overhead necessary to construct
underwater paths at the same time.
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Fig.3. Reference architecture for three-dimensional
underwater networks is shown in the figure above

Three dimensional underwater networks are used to
detect and observe phenomena that cannot be adequately
observed by means of ocean bottom sensor nodes, i.e., to
perform cooperative sampling of the 3D ocean
environment. In three-dimensional underwater networks,
sensor nodes float at different depths in order to observe a
given phenomenon. One possible solution would be to
attach each uw-sensor node to a surface buoy, by means of

wires whose length can be regulated so as to adjust the
depth of each sensor node. However, although this
solution allows easy and quick deployment of the sensor
network, multiple floating buoys may obstruct
ships navigating on the surface, or they can be easily
detected and deactivated by enemies in military settings.
For these reasons, a different approach can be to anchor
sensor devices to the bottom of the ocean. In this
architecture, depicted in the figure above, each sensor is
anchored to the ocean bottom and equipped with a floating
buoy that can be inflated by a pump. The buoy pushes the
sensor towards the ocean surface. The depth of the sensor
can then be regulated by adjusting the length of the wire
that connects the sensor to the anchor, by means of
an electronically controlled engine that resides on the
sensor.

Many challenges arise with such an architecture, that
need to be solved in order to enable 3D monitoring,
including:
 Sensing coverage. Sensors should

collaboratively regulate their depth in order to achieve
full column coverage, according to their sensing
ranges. Hence, it must be possible to obtain sampling
of the desired phenomenon at all depths.

 Communication coverage. Since in 3D underwater
networks there is no notion of uw-sink, sensors should
be able to relay information to the surface station via
multi-hop paths. Thus, network devices should
coordinate their depths such a way that the network
topology is always connected, i.e., at least one path
from every sensor to the surface station always exists.

VIII. SENSOR NETWORKS WITH AUTONOMOUS
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Fig.4. Reference architecture for sensor networks with
autonomous underwater vehicles

AUVs can function without tethers, cables, or remote
control, and thus have a multitude of applications
in oceanography, environmental monitoring, and
underwater resource study. Previous experimental work
has shown the feasibility of relatively inexpensive AUV
submarines equipped with multiple underwater sensors
that can reach any depth in the ocean.   Hence, they can be
used to enhance the capabilities of underwater sensor
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of fixed sensor networks with AUVs is an
almost unexplored research area which requires new
network coordination algorithms, such as:
 Adaptive sampling. This includes control strategies to

command the mobile vehicles to places where their
data will be most useful. This approach is also known
as adaptive sampling and has been proposed in
pioneering monitoring missions. For example, the
density of sensor nodes can be adaptively increased in
a given area when a higher sampling rate is needed for
a given monitored phenomenon.

 Self-Configuration. This includes control procedures
to automatically detect connectivity holes due to node
failures and request the intervention of an AUV. AUVs
can either be used to deploy new sensors or as relay
nodes to restore connectivity.

Hereafter we analyze the factors that influence acoustic
communications in order to state the challenges posed by
the underwater channels for underwater sensor
networking. These include:
 Path loss
A. Attenuation. Is mainly provoked by absorption due to

conversion of acoustic energy into heat, which
increases with distance and frequency. It is also caused
by scattering an reverberation (on rough ocean surface
and bottom), refraction, and dispersion (due to the
displacement of the reflection point caused by wind on
the surface). Water depth plays a key role in
determining the attenuation.

B. Geometric Spreading. This refers to the spreading of
sound energy as a result of the expansion of the wave
fronts. It increases with the propagation distance and is
independent of frequency. There are two common
kinds of geometric spreading: spherical (Omni-
directional point source), and cylindrical (horizontal
radiation only).

 Noise
A. Man made noise. This is mainly caused by machinery

noise (pumps, reduction gears, power plants, etc.), and
shipping activity (hull fouling, animal life on hull,
cavitation), especially in areas encumbered with heavy
vessel traffic.

B. Ambient Noise. Is related to hydrodynamics
(movement of water including tides, current, storms,
wind, rain, etc.), seismic and biological phenomena.

 Multi-path
A. Multi-path propagation may be responsible for severe

degradation of the acoustic communication signal,
since it generates Inter-Symbol Interference (ISI).

B. The multi-path geometry depends on the link
configuration. Vertical channels are characterized by
little time dispersion, whereas horizontal channels may
have extremely long multi-path spreads.

C. The extent of the spreading is a strong function of
depth and the distance between transmitter and
receiver.

 High delay and delay variance
A. The propagation speed in the UW-A channel is five

orders of magnitude lower than in the radio channel.

This large propagation delay (0.67 s/km) can reduce
the throughput of the system considerably.

B. The very high delay variance is even more harmful for
efficient protocol design, as it prevents from accurately
estimating the round trip time (RTT), which is the key
parameter for many common communication
protocols.

 Doppler spread
A. The Doppler frequency spread can be significant in

UW-A channels, causing a degradation in the
performance of digital communications: transmissions
at a high data rate cause many adjacent symbols to
interfere at thereceiver, requiring sophisticated signal
processing to deal with the generated ISI.

B. The Doppler spreading generates: i) a simple frequency
translation, which is relatively easy for a receiver to
compensate for; ii) a continuous spreading of
frequencies, which constitutes a non-shifted signal,
which is more difficult for a receiver to compensate
for.

C. If a channel has a Doppler spread with bandwidth B
and a signal has symbol duration T, then there are
approximately BT uncorrelated samples of its complex
envelope. When BT is much less than unity, the
channel is said to be under spread and the effects of the
Doppler fading can be ignored, while, if greater than
unity, it is overspread.

D. Most of the described factors are caused by the
chemical-physical properties of the water medium such
as temperature, salinity and density, and by their
spatio-temporal variations. These variations, together
with the wave guide nature of the channel, cause the
acoustic channel to be temporally and spatially
variable. In particular, the horizontal channel is by far
more rapidly varying than the vertical channel, in both
deep and shallow water.

IX. MAJOR CHALLENGES

UAN is a new research topic and there are many
unsolved issues. As mentioned in the previous section, the
unique underwater environment is the root cause of these
issues.

An underwater acoustic channel is different from a
ground-based radio channel from many aspects, including:

A. Bandwidth is extremely limited. The attenuation of
acoustic signal increases with frequency and range.
Consequently, the feasible band is extremely small. For
example, a short range system operating over several tens
of meters may have available bandwidth of a hundred
kHz; a medium-range system operating over several
kilometers has a bandwidth on the order of ten kHz; and a
long-range system operating over several tens of
kilometers is limited to only a few kHz of bandwidth.

B. Propagation delay is long. The transmission speed of
acoustic signals in salty water is around 1500 meter/s,
which is a difference of five orders of magnitude lower
than the speed of electromagnetic wave in free space.
Correspondently, propagation delay in an underwater
channel becomes significant. This is one of the essential
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characteristics of underwater channels and has profound
implications on localization and time synchronization.

C. The channel impulse response is not only spatially
varied but also temporarily varied. The channel
characteristics vary with time and highly depend on the
location of the transmitter and receiver. The fluctuation
nature of the channel causes the received signals easily
distorted. There are two types of propagation paths:
macro-multipaths, which are the deterministic propagation
paths; and micro-multipath, which is a random signal
fluctuation. The macro-multipaths are caused by both
reflection at the boundaries (bottom, surface and any
object in the water) and bending. Inter- Symbol
Interference (ISI) thus occurs. Compared with the spread
of its ground-based counterpart, which is on the order of
several symbol intervals, ISI spreading in an underwater
acoustic channel is several tens or hundred of symbol
intervals for moderate to high data rate in the horizontal
channel. Micro-multipath fluctuations are mainly caused
by surface wave, which contributes the most to the time
variability of shallow water channel. In deep water,
internal waves impact the single-path random fluctuations.

D. Probability of bit error is much higher and temporary
loss of connectivity (shadow zone) sometimes occurs, due
to the extreme characteristics of the channel.

The practical deployment and design of UANs face
some special challenges:

First, the cost of manufacturing, deployment,
maintenance and recovery of underwater equipments is
much higher than that of the ground-based counterpart.
For example, an acoustic modem with a rugged pressure
housing costs roughly $3000, and an underwater sensor
can be even more expensive. Supporting hardware, e.g., an
underwater cable connector is often more than $100. The
deployment cost is very high as well. An oceanographic
research vessel typically costs $5000- $25,000/day
depending on its size and the operation is weather
dependent, which makes the situation even worse.
Recovery can also be expensive.

Second, energy saving/efficiency is a critical issue for
UAN. Because of the high cost of re-deploying underwater
equipment, UANs are usually designed in such a way that
they can work properly underwater as long as possible.
Saving energy to make equipments run longer is a
necessary consideration when we design protocols. For
example, a coordinated sleeping MAC protocol is
proposed in to save energy in UANs.

Third, UANs deployment can be much sparser
compared with ground-based radio networks. It is very
obvious since underwater equipment is expensive and the
ocean area that needs to be surveyed/monitored is usually
huge. It brings changes and new challenges for the
network topology design and maintenance.

Fourth, nodes in an UAN should have mobility in some
application scenarios. As mentioned before, the
manufacturing and deployment cost of underwater
equipment is high, and in many cases, the area of interest
in underwater environment is vast. Nodes with mobility
are often required due to that reason.

Fifth, underwater equipments are easily to be damaged

due to fouling and corrosion from the hostile underwater
environment. It impacts the operation life of an UAN and
should be taken into consideration.

X. DIFFERENCES WITH TERRESTRIAL SENSOR

NETWORKS

The main differences between terrestrial and underwater
sensor networks are as follows:
 Cost

While terrestrial sensor nodes are expected to become
increasingly inexpensive, underwater sensors are
expensive devices. This is especially due to the more
complex underwater transceivers and to the hardware
protection needed in the extreme underwater
environment.

 Deployment
While terrestrial sensor networks are densely deployed,
in underwater the deployment is deemed to be sparser,
due to the cost involved and the challenges associated;
to the deployment itself; in the underwater
environment.

 Power
The power needed for underwater communications is
higher than in terrestrial radio communications due to
higher distances and to more complex signal
processing at the receivers.

 Memory
While terrestrial sensor nodes have very limited storage
capacity, uw-sensors may need to be able to do some
data caching as the underwater channel may be
intermittent.

 Spatial Correlation
While the readings from terrestrial sensors are often
correlated, this is more unlikely to happen in
underwater networks due to the higher distance
among sensors.

XI. APPLICATION SCENARIOS

The research of Underwater Acoustic Networks (UANs)
is attracting attention due to their important underwater
applications for military and commercial purposes. More
and more research interest and efforts are shifting to this
area in recent years. The broad applications of UANs
include but not limited to:
 Information exchange

Information exchange among nodes that are within the
range of the network, or outside the network with the help
of, e.g., a gateway, or a switch center. The primary design
goal of communication networks is for exchanging
information. In an UAN, exchanging information among
nodes is one of its essential applications. An example is
that underwater Internet, in which users can share
information without tether, will become realistic instead of
just a dream, if UANs are deployed. Another important
application is realtime communication with submarines
and autonomous underwater vehicles in network
configurations.
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 Information collection
Information collection for oceans, lakes, and rivers. For

example, synoptic and cooperative adaptive sampling of
3D coastal ocean environment was performed by Odyssey-
class AUVs. Such kind of activities could improve human
ability to observe and predict the characteristics of
ocean/lake/river environment.
 Surveillance

It includes surveillance, reconnaissance, targeting, and
intrusion detection. By using different types of sensors, an
UAN can achieve more accurate and classification of low
signature targets compared with traditional surveillance
systems.
 Environmental monitoring

Pollution in near-shore oceans is an urgent issue and
needs close watch. UANS can perform different kinds of
pollution monitoring, e.g., chemical, biological, nuclear,
and oil leakage pollutions in bays, lakes, or rivers. UANs
can also be used to monitor ocean currents and
temperature change, e.g., the global warming effect to
ocean.
 Underwater explorations

Underwater explorations are difficult for human beings
due to the high water pressure, unpredictable underwater
activities and vast size of unknown area. UANs can help
us explore the underwater world that we are not familiar
with. Such kinds of activities include exploring minerals
and oilfields, determining routines for laying undersea
cables, etc.
 Disaster prevention

By deploying Acoustic Sensor Networks in remote
locations to monitor undersea activities, ocean-related
disaster like tsunami and seaquake can be relayed to
coastal areas in real time when it happens.
 Mine detection

An UAN can detect mine efficiently by using acoustic
sensors and optical sensors together. An AUV network
infrastructure is introduced for mine countermeasure
operations in.

XII. APPLICATION IN UNDERWATER SEISMIC

MONITORING

A. Current Tsunami Warning Systems
 Buoy – Bottom Pressure Recorder System (Tsunameter)
 Satellite Network
B. Buoy – Bottom Pressure Recorder System
(Tsunameter)

The Bottom Pressure Recording (BPR) detects greater
water pressure when a passing tsunami increases the
height of water above it. The surface buoy receives
transmitted information from the BPR via an acoustic link
and then transmits data through a satellite link to central
stations.
 Importance

From historical studies, it is clear that all earthquakes in
tsunamigenic source regions can not trigger tsunamis. In
order to confirm whether the earthquake has actually
triggered a Tsunami or not, it is essential to measure the

change in water level in the open ocean with high
accuracy in real time. Bottom pressure recorders are used
to detect the sea level changes near to tsunamigenic source
regions and consequent propagation of Tsunami waves in
the Open Ocean.
 Network setup

As part of the Indian Tsunami Early Warning System, a
real time network of Deep Ocean Assessment and
Reporting System has been established by National
Institute of Ocean Technology (NIOT). The network is
designed to detect, measure and monitor tsunamis.

The network comprises of 12 BPRs transmitting real
time data through satellite communication to NIOT at
Chennai and INCOIS at Hyderabad simultaneously for
processing and interpretation.

Each BPR is strategically placed at 30 minute and 60
minute tsunami wave arrival times (from hypothetical
tsunami sources), so that they offer sufficient warning time
and redundancy. At the same time, they are far enough
from the earthquake zone so that the tsunami wave signal
can be clearly distinguished from the seismic Rayleigh
wave. In addition to Indian BPR network, INCOIS is also
receiving real time data from internationally coordinated
networks like DART (Deep Ocean Assessment and
Reporting Tsunamis) in Indian Ocean via Internet.
Currently, NIOT has deployed four BPRs out in Bay of
Bengal and two BPRs in the Arabian Sea.
 BPR Configuration

Each BPR system consists of an anchored sea floor
Bottom Pressure Recorder with acoustic link to a
companion Moored Surface Buoy for real time
communications and is designed to detect and report
tsunamis if the pressure fluctuations are above a preset
threshold. The BPR operates in one of two data reporting
modes: a low power, scheduled transmission mode
Normal mode, samples for every 15 min and transmits for
every 1 hour and a triggered event mode called as
Tsunami Response Mode, samples for every 15 seconds
and transmits for every 5 minutes. The BPR uses a
piezoelectric Pressure transducer to make 15 seconds-
averaged measurements of the pressure exerted on it by
the overlying water column. The Tsunami detection
algorithm running in the BPR generates predicted water
height values with in the tsunami frequency band and
compares all new observed samples with these predicted
values. If two 15-second water level values exceed the
predicted values greater than the threshold (30 mm), the
system will go into the Tsunami Response Mode. An
acoustic link transmits data from the BPR on the sea floor
to the surface buoy. The data are then relayed via a
satellite (e.g. INSAT) communication finally to the
Tsunami Warning Centre. Each BPR system has two-way
communication link and thus able to send and receive data
from Tsunami Warning Centre.

The data centre at INCOIS is equipped with state-of-the-
art computing hardware for data reception, INSAT two-
way communication hub, data processing & visualization
and dissemination facilities. The BPR can be accessed
from warning centre remotely at any point of time and
perform the functions like trigger the BPR into tsunami
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response mode, inspecting the state of health, requesting
the tsunami response mode data from BPR etc.
 GPS in Tsunami Detection

Currently, estimating the magnitude of earthquakes
accurately takes around 1 hour or more. In the case of
tsunami detection, where time is of essence, measuring
seismic activity as quickly as possible is of utmost
importance. An earthquake's true size and tsunami
potential can be determined using Global Positioning
System (GPS) data up to only 15 min after earthquake
initiation, by tracking the mean displacement of the Earth's
surface associated with the arrival of seismic waves.

A GPS wave meter monitors waves and tide levels in
real-time by measuring the vertical fluctuations of a buoy
(GPS wave meter) floating offshore using a GPS satellite.
Since fluctuations in the offshore sea level caused by a
tsunami can be observed, the meter will be of use to the
Meteorological Agency in preparing tsunami-related
information.

In the Great East Japan Earthquake, multiple GPS wave
meters detected tsunami approximately 10 minutes before
they reached the coast. GPS wave meters are therefore
expected to be useful for the early observation of tsunami.
 Advances

In March 2011, a magnitude 9.0 subduction earthquake
struck the northeastern coastal region of Japan. Though
damage was widespread from the earthquake and resulting
tsunami, it was significantly lessened due to monitoring
and data analysis that helped prepare citizens for such
events. The earthquake that struck Japan was the worst
seen in that country for over 300 years (with a local
magnitude of 8.9). But the loss of life was likely limited
by two vital early warning technologies: a new earthquake
alert system, and ocean-based tsunami warning system.
The earthquake warning system, which has never been
triggered before, automatically issued alerts via television
and cell phones shortly after the first, less harmful, shock
wave was detected, providing time for many people to
prepare for the more powerful shock wave that followed.
It also caused many energy and industrial facilities, and
transportation services to shut down automatically. A
string of detection buoys in the Pacific Ocean detected the
tsunami that resulted from the earthquake, sending
warnings of possible catastrophe to many different
nations.

Another example of recent initiatives is the joint IBM
and Beacon Institute, Beacon, NY announcement of a
$15M funding plan from state and corporate sources to
create an environmental-monitoring system for New
York’s Hudson River by turning the 315 miles of the river
into a distributed network of sensors that will collect
biological, physical, and chemical information and
transmit the data to a central location to be processed by
IBM’s data management center.

XIII. CONCLUSION

This paper analyses the uniqueness of underwater
acoustic channel. We presented an overview of the state of
the art in underwater acoustic sensor network. We

described the various underwater network architectures
and the challenges posed by the peculiarities of the
underwater channel with particular reference to
monitoring applications for the ocean environment. We
discussed characteristics of the underwater channel and
outlined future research directions for the development of
efficient and reliable underwater acoustic sensor networks.
This paper has also shown in detail that Wireless Sensor
Networks can be used for successful and timely detection
of tsunami and hence limiting loss of lives and property.

The ultimate objective of this paper is to encourage
research efforts to lay down fundamental basis for the
development of new advanced communication techniques
for efficient underwater communication and networking
for enhanced ocean monitoring and exploration
applications.
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