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Underwater Acoustic Networks — Issues and Solutions
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Abstract- Underwater Acoustic Networks (UANSs) are very unique
and can be deployed for commercial and military applications. The
research of UANSs attracts increasing attention in recent years. This
survey paper first introduces the concept of UANs, and then reviews
some recent developments within this research area. It also lists some
practical and potential research issues of UANSs, ranging from energy
saving and deployment to different layers. Finally, some suggestions
and promising solutions are given for these issues.

Index Terms—Underwater Acoustic Networks, Underwater
Acoustic Communications, Energy Efficiency, Medium Access
Control, Cross Layer Design

1. INTRODUCTION

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.

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 UANSs
include but not limited to:

e 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 real-
time communication with submarines and autonomous
underwater vehicles in network configurations [33].

o Information collection for oceans, lakes, and rivers.
For example, synoptic and cooperative adaptive
sampling of 3D coastal ocean environment [24] was
performed by Odyssey-class AUVs [25]. Such kind of
activities could improve human ability to observe and
predict the characteristics of ocean/lake/river
environment.

e 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
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with traditional surveillance systems.

e 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 [26].
UANS can also be used to monitor ocean currents and
temperature change, e.g., the global warming effect to
ocean.

e Underwater explorations. Underwater explorations
are difficult for human beings due to the high water
pressure, unpredictable underwater activities and vast
size of unknown area. UANSs 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.

e Disaster prevention. By deploying Acoustic Sensor
Networks in remote locations to monitor undersea
activities, ocean-related disaster like tsunami and sea-
quake can be warned to coastal areas in real time when
it happens [27].

e 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 [28].

From a communication system aspect, underwater
environment is much different from its ground-based
counterpart.  Correspondently, the research of UANSs
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 45xﬁ dB per kilometer, 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 [31].

Optical signal is strongly scattered and absorbed
underwater [29]. 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) [23]. Thus, it is not a proper
tool for long-distance transmission underwater, or in a
not-so-clean water, e.g., shallow water, environment.



INTERNATIONAL JOURNAL OF INTELLIGENT CONTROL AND SYSTEMS, VOL. 13, NO. 3, SEPTEMBER 2008 153

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) UANSs can give real-time communication between the
underwater instruments and a control center 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,
UANSs 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
UANSs yet. The activity pursuing for standardization is
not very active.

In the rest of this article, we first define some concepts
related with UANs in Section 2, and then compare the
differences between UANs and ground-based wireless
networks in Section 3. In Section 4, we discuss some
essential issues with UANs. Finally, we conclude that
cross-layer design could be a proper solution to optimize
the resource utilization in UANSs.

2. Concepts and Definitions

Underwater Acoustic Networks, including but not
limited to, Underwater Acoustic Sensor Networks (UASNS)
[58] and Autonomous Underwater Vehicle Networks
(AUVNS) [59], are defined as networks composed of more
than two nodes, using acoustic signals to communicate, for
the purpose of underwater applications.

UASNSs and AUVNSs 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 a
sonar for underwater applications.  Acoustic signal
processing extracts information from acoustic signals in
the presence of noise and uncertainty.

3. Comparison between UANs and Ground-based
Wireless Networks

UAN is a new research topic and there are many
unsolved issues. As mentioned in the previous section, the
unigue 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:

1) Bandwidth is extremely limited. The attenuation
of acoustic signal increases with frequency and
range [30] [31] [34]. 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 [1] [37].

2) Propagation delay is long. The transmission speed
of acoustic signals in salty water is around 1500
meter/s [32], 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 characteristics of underwater
channels and has profound implications on
localization and time synchronization.

3) 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
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most to the time variability of shallow water
channel. In deep water, internal waves impact the
single-path random fluctuations [35] [36].

4) 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 [29].
The deployment cost is very high as well. An
oceanographic research vessel typically costs $5000-
$25,000/day depending on its size [38] 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, UANSs 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 [39] 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 [29]. 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.

4. lIssues of UAN research

We discuss the issues facing UAN researchers in the
following aspects: network topology, physical layer, MAC
layer, Network layer, and Application layer.

4.1 Network topology

Due to the uniqueness of underwater channels and
characteristics of acoustic signal, UAN network topology
is different from that of its ground-based counterparts.
However, the fundamental design goals are the same, i.e.,

providing reliable connectivity among nodes in the
network; increasing network capacity; and minimize the
energy consumption.

Basically, two types of network topologies can be used:
ad hoc mode and hierarchy mode. In the former one, nodes
are self-organized as a peer-to-peer network, as shown in
Figure 1. Peer-to-peer topology can be further divided into
point-to-point  connection  topology, and multi-hop
connection one. There is just one hop from a node to any
other node in the first type of connection, i.e., routing is
not necessary. In the latter one, other nodes are involved
to relay a data message from a source node to its
destination. In other words, routing is needed with this
second type of network topology. It is found that multi-hop
topology is more energy efficiency [50] [49] in ground-
based wireless networks. This conclusion needs to be
investigated and extended to UANS.
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Fig 1. An example of peer-to-peer topology.
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Figure 2 shows an example of hierarchy network
topology in which several levels of the structure are
deployed. Depending on the ways to place nodes (e.g.,
permanent or on-demand deployment), the time constraints
imposed by the applications, and the volume of data being
retrieved, different kinds of topologies can be applied to an
UAN.

4.2 Physical layer

It is the physical channel that makes UAN unique. The
characteristics of underwater channels are described in [1]
[37]. As discussed in Section 1, the majority of the
electromagnetic wave band has high attenuation in an
underwater channel. Only a small part of long-wave band
could go through it with relative less attenuation. For
example, 1-8 kbits/sec at 122 kHz ranges up to 6-10 m [2].
However, both large antennae and high transmitter powers
are required.
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Fig. 2. An example of Hierarchy topology.

Optical signal gets scattered badly underwater, and the
absorption is also high. Beside of these, optical wave
transmission requires high precision in pointing the
narrow laser beams. In very clean water, e.g., deep sea,
blue-green wavelengths may be used for short-range
connection. The advantage of optical signal lies in its
high data rate up to several Mbits/sec at rang up to 100
m [23]. For very short range connections of order 1-2 m
at standard IrDA, the rate can be achieved as high as
57.6kbps [2] [3].

Up to today, the only practical solution for
underwater communication with acceptable range is
utilizing acoustic signal, which travels underwater with
longer distance, less attenuation, and higher reliability.

However, available bandwidth is extremely limited
for acoustic signal. Similar to other kinds of signal
waveforms do, acoustic signal encounters attenuation
that increases with frequency in underwater
environment, as shown in Fig. 3 [40]. Absorption is
also increased with the range, which causes the
increasing drop of SNR when the range increases [37],
as shown in Fig. 4. According to [5], nearly no research
and commercial acoustic system can exceed 40km-kbps
as the maximum attainable rang and rate product, and it
is mostly applicable to vertical channels in deep water.
In [1], bandwidths are given for long, medium and short
ranges, respectively. For a very long distance at the
order of 1000 km, the available bandwidth falls below a
kHz; while only at very short ranges below about 100 m,
more than a hundred kHz of bandwidth may be available
[37]. Lack of available bandwidth is the biggest issue
for underwater acoustic communication /network.
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Compared with the speed of electromagnetic wave,
acoustic signal travels much slower in salty water
(approximately 1500 m/s, which is 2x10° lower than the
electromagnetic wave counterpart [32]). This causes
another big issue: very long propagation delay.
Additionally, Doppler shift has more significant impacts
subjects to the low velocity of acoustic propagation in
water [44].

High bit error rate is common in underwater channels,
due to the multi path interference and time-varying
nature of underwater acoustic channels. Multi-path
delay causes ISI. Compared with the one of the ground-
based radio wave counterparts, multipath spread
increases significantly. For example, in a shallow water
channel, 10 ms spread is common, which means more
than 100 symbol duration if the system is operating at a
rate of 10 kbps. Frequency-selectivity is caused by
multi-path interference. The mechanisms of multipath
formation are different in deep and shallow water, and
also depend on frequency and range of transmission.

Even if nodes are not moving, surface wave, internal
wave, current, turbulence, etc., can cause the channel’s
rapid change with time. In addition to the time
fluctuation nature of underwater acoustic channels, the
Doppler shift is relatively high and hard to track due to
the low carrier frequency of acoustic signal. The ratio of
Doppler shift to carrier frequency in an underwater
acoustic channel is in the order of 10 - 10*. To make a
comparison, its ground-based counterpart is in the range
of 107 - 10°. Consequently, rapid fluctuation in
channel response and compression of signal waveforms
happen.
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Fig. 3. Absorption rate of acoustic signal undersea [40].
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Fig. 4. SNR vs. frequency and range undersea [37].

Research direction: In the last two decades, only two
fundamental changes were made in underwater acoustic
physical layers. The first one is the introduction of
digital communication techniques in early 1980’s (FSK)
and the second one is the implantation of coherent
modulation in early 1990’s (PSK and QAM) [5].
Equalization technology has also been introduced to
compensate ISl [33]; however, different numbers and
different placement of the equalizer tap coefficients are
needed for different ocean environments. Another way
to remove ISl is to use passive-phase conjugation (PPC)
[41]. A Decision Feedback Equalizer (DFE) using a

20

fixed set of parameters with minimal user supervision
has been introduced in [42].

Many research efforts are taken to solidify system
performance in different circumstance and increase data
rate for underwater communication network applications.
Such efforts include the research of multi-carrier
orthogonal modulation like OFDM (orthogonal
frequency division modulation), and multi-input multi-
output (MIMO), which takes advantage of the
independent channels created by different multiple paths
to increase throughput [6]. Channel capacity bound
analysis also attracts plenty of research interest [60].

4.3 MAC Layer

Due to the extremely-limited-bandwidth, relatively
long propagation delay and high-bit-error-ratio nature of
underwater acoustic channels, underwater nodes in an
UAN have to share the available resources. Medium
Access Control layer controls the nodes in an UAN to
access the underwater acoustic channel. It schedules
each node to access the physical medium and allocates
resources accordingly.

From the network’s aspect, MAC layer plays a critical
role in resource allocation, and ensuring the Qualify of
Service (QoS) and the whole system’s operation.
Physical layer tries to optimize the performance with
current channel condition and available resource, e.g.,
bandwidth. However, it should be MAC layer’s
responsibility to determine the resource that physical
layer could have and set up some of physical layer’s
parameters accordingly.

The existing MAC protocols for wireless networks are
classified into two categories: Serial Transmission MAC
Protocols (STMP) and Parallel Transmission MAC
Protocols (PTMP) [4]. STMP statistically multiplexes
traffic over a single channel and at any time point the
channel can transmit a packet of only one node. It is also
called a Single Channel MAC protocol. PTMP divides
available bandwidth into several parts and data can be
transmitted on each one in parallel. It is also termed as
Multi-Channel MAC protocol. Figure 5 illustrates the
difference between PTMP and STMP.

MAC protocols can also be divided into two
categories: centralized and distributed. The central
controller in a centralized MAC plays a key role in
determining which mobile terminal to access physical
resource. Mobile terminals can either be polled or
compete for resources, and the central controller makes
the final decision. For example, in a cellular network, a
Base Station (BS) decides which mobile terminal to use
a channel. It avoids signaling overhead like RTS
(Request-To-Send)-CTS (Clear-To-Send) dialog in
IEEE 802.11 DCF. A mobile terminal does not play
critical role in resource allocation. It can ask for more
bandwidth. However, it is the central controller who
makes the decision based on a few factors. Comparing
with a centralized MAC, there is no central controller in



INTERNATIONAL JOURNAL OF INTELLIGENT CONTROL AND SYSTEMS, VOL. 13, NO. 3, SEPTEMBER 2008 157

a distributed one. Usually, each mobile terminal
competes for physical medium access. It is flexible to
re-allocate the resource according to the status of each
mobile terminal. On the other hand, signal overhead
like RTS-CTS sometimes takes a considerable
percentage of available bandwidth.  One typical
example of distributed MAC protocol is IEEE 802.11
DCF [43] for both WLAN and ad hoc wireless network.

Packet of Packet of Available
MT1 MT2 Bandwidth

\ 4

PTMP transmit a packet through the whole
available bandwidth; it can only transmit one
packet of a terminal at any time point

| Packet of MT1 | 4

| Packet of MT2 |

Available
| Packet of MT3 |

| Packet of MT4 |

STMP divides available bandwidth into several
parts and transmits packets in parallel

Fig. 5. STMP vs. PTMP.
MAC can also be divided as contention-based MAC

and non-contention-based one. In contention-based
MAC, mobile stations compete for medium access. This

kind of method is often deployed in a distributed system.

For example, the IEEE 802.11 DCF is used in WLAN or
ad hoc wireless systems. A system with a central
controller can use contention-based MAC as well. For
example, the contention mechanism is used for Non-
real-time Polling Services (nrtPS) in IEEE 802.16e
standards. However, these kinds of MAC usually do not
give QoS support for real-time applications. In a non-
contention-based MAC, a mobile terminal accesses
medium either by being polled or using reserved time
slot/bandwidth such that there is no competition among
terminals. It is usually deployed in a centrally-controlled
system. One typical example is IEEE 802.11 PCF.
Compared with contention-based MAC, real-time
applications are easier to be supported in non-
contention-based one.

Discussing the details of MAC protocols is out of the
scope of this article. Instead, we will introduce several
basic access techniques and analyze their pros and cons
if they are applied for UANS.

Frequency Division Multiple Access (FDMA) divides
the available bandwidth into several sub-bands and
assigns one of them to a particular user. The band is
used by this user only till it is released. FDMA has been
deployed successfully in ground-based radio networks.

However, FDMA may not be a good fit in underwater
environment. The available bandwidth is extremely
limited for acoustic signal underwater. If we divide the
band into several even smaller parts, the coherence
bandwidth of the transmission channel can be bigger
than an FDMA sub-channel. Correspondently, fading is
caused among users with different sub-bands [7].
Another issue is that the mechanism could be inefficient
in busty traffic [8] [9] [10] because the bandwidth is
fixed for each sub-band and can not be adjusted.

Time Division Multiple Access (TDMA) is another
basic access technology. In this technology, a time
frame is divided into multiple time slots and a slot is
assigned to one individual user. Each user transmits in
the assigned slot. TDMA has been widely deployed for
ground-based radio networks and several 2G cellular
network standards, i.e., GSM (Global System of
Mobility) [45], IS 136 [46], based on the idea of TDMA.
It is also used extensively in satellite communication
systems.

One advantage of TDMA is energy saving, which is
extremely important in underwater environment. Since
each user only transmits on its assigned slot and keeps
idle in other time slots, the transmitter could be turned
off during aforementioned idle period, such that energy
can be saved. Another advantage is its flexibility. The
same hardware can be used to transmit and no extra
hardware is needed for other operations, e.g., to add
another time slot for a user.

One of the disadvantages is its overhead. To avoid
collision from neighboring slots, guard times that are
proportional to the propagation time delay is included.
The overhead is found larger than that of FDMA [8].
Another drawback is that it is hard to achieve time
synchronization, which is a necessity for TDMA
technology, in an underwater environment, due to the
more significant difference in propagation delays.
Consequently, collisions happen and the system
throughput decreases.

Code Division Multiple Access (CDMA), which is
based on spread spectrum, is another widely deployed
access method. In contrast with FDMA and TDMA,
CDMA does not divide time or frequency. It allows
users to transmit all the time with all the available
bandwidth. Users are distinguished by allocating each
user a spreading code. This code is orthogonal with any
other spreading codes that other users take.

Basically there are two CDMA technologies: Direct
Sequence Spread Spectrum (DSSS) and Frequency
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Hopping Spread Spectrum (FHSS). In the former one,
original bits are spread by multiplying the spread code
directly (linear modulation); in the latter case, the carrier
frequency of a user is changed according to the pattern
of the spread code.

The advantages of CDMA are:

a) It has higher channel efficiency, thus, higher
throughput. CDMA has been shown to provide
up to 1.5 times the capacity compared with
TDMA and 4.6 times compared with FDMA in
ground-based cellular systems [11].

b) CDMA is very effective against jamming, multi-
path interference, and any interference that
appears deterministic [12].

c) Concurrent transmissions in one channel without
either accurate time scheduling such as in TDMA
or individual allocation to specified frequency
bands as in FDMA can also be achieved in
CDMA.

d) It is flexible to switch from signal to signal for a
transmitter or receiver by changing spread codes.

e) In a DSSS system, fine time resolution of the
spreading codes provides the possibility of
coherently combining the multipath arrivals using
Rake receiver. If the resolvable multipath
components fade independently, it is possible to
extract a time diversity gain present in the
channel [8] [13].

f) CDMA technology provides security protection
for transmitting information.

Due to the aforementioned reasons, CDMA
technology has been used widely for ground-based
wireless networks, especially for cellular networks and
military networks. It is one of the popular standards of
2G cellular networks: 1S-95 [14], and recently deployed
3G systems, e.g., CDMA 2000 [15] and University
Mobile Telecommunication Systems (UMTS) [16], and
in 4G systems when combined with OFDM technology
[51] [52].

However, a multi-user CDMA system needs good
power control strategy to work properly. Otherwise, the
near-far problem could deteriorate its performance [8]
[47]. Power control is easily implemented in ground-
based radio networks, but it is hard to do so in
underwater environment. How to implement power
control to reduce interference level is a difficult but
must-solve issue to deploy CDMA technology in UANS.

Orthogonal Frequency Division Multiple Access
(OFDMA) is one of the recently proposed multiple
access methods. It is the main choice for future
broadband communication networks, e.g., WiMAX,
LTE (Long Term Evolution), and IEEE 802.11n. There
are some research activities to apply OFDMA to
underwater acoustic applications [53] [54] [55] [56].
Most of the research focuses on its “modulation” aspect
instead of its “multiple-access” aspect. In other words,
OFDMA is regarded as a modulation technology there.

Spatial Division Multiple Access (SDMA) can be a
promising candidate, too, if multiple antenna elements
can be deployed on the nodes of an UAN. Similar to
CDMA, with different spatial signature sequences, users
can transmit simultaneously over the entire frequency
band and still could be distinguished at the receivers
[48]. SDMA and CDMA can be combined to optimize
the multiple access performance.

4.4 Network Layer

If the network range is not large and one hop is
sufficient to deliver information, then there is no need
for relaying message. Otherwise, when it increases such
that single-hop transmission is insufficient, multi-hop is
needed to relay information from source to destination.
It is also shown that multi-hop delivery is more energy-
efficiency in underwater network than single-hop
delivery does [57].

The network layer determines the path from a source
node to the destination one when multi-hop is needed.
Basically, there are two methods of routing. The first
one is virtual circuit routing and the second one is
packet-switch routing.

In virtual circuit routing, the networks use virtual
circuits to decide on the path at the beginning of the
network operation. In packet-switch routing, every node
that is part of the transmission makes its own routing
decision, i.e., decides its next hop to relay the packet.
Packet-switch routing can be further classified into
proactive routing and reactive routing protocols. Most
routing protocols for ground-based wireless networks
are packet-switch based.

Proactive routing protocols attempt to minimize the
message latency by maintaining up-to-date routing
information at all times from each node to any other
node. It broadcasts control packets that contain routing
table information. Typical protocols include Destination
Sequence Distance Vector (DSDV) [17] and Temporally
Ordered Routing Algorithm (TORA) [18].

However, proactive routing protocols provoke a large
signaling overhead to establish routes for the first time
and each time the network topology changes. It may not
be a good fit in underwater environment due to the high
probability of link failure and extremely limited
bandwidth there.

In contrast, reactive routing protocols only initiate a
route discovery process upon request. Correspondently,
each node does not need to maintain a sizable “look-up”
table for routing. This kind of routing protocols is more
suitable for dynamic environment like ad hoc wireless
networks [61, 62]. Typical protocol examples are Ad
hoc On-demand Distance Vector (AODV) [20], and
Dynamic Source Routing (DSR) [19].

The shortage of reactive routing protocols is its high
latency to establish routing. Similar to its proactive
counterpart, flooding of control packets to establish
paths is needed, which brings significant signal
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overhead. The high latency could become much
deteriorated in underwater environment because of the
much slower propagation speed of acoustic signal
compared with the radio wave in the air.

Virtual-circuit-switch routing protocols can be a better
choice for underwater acoustic networks. The reasons
are:

a) Underwater acoustic networks are typical
asymmetric instead of symmetric. However, packet-
switched routing protocols are proposed for
symmetric network architecture;

b) Virtual-circuit-switch routing protocols work robust
against link failure, which is critical in underwater
environment; and

c) Virtual-circuit-switch routing protocols have less
signal overhead and low latency, which are needed
for underwater acoustic channel environment.

However, virtual-circuit-switch routing protocols
usually lack of flexibility. How to adapt some degree of
flexibility into virtual-circuit-switch routing protocols is

a question that needs to be answered by UAN network

layer research.

4.5 Application Layer

The research of application layer protocols for UANSs is
a brand new topic. The purpose of application layer is to
provide a network management protocol that makes
hardware and software detail of the lower layers
transparent to  management applications. The
functionalities include:

1) Identifying communication partners;

2) Determining resource availability; and,

3) Synchronizing communications.

Some examples of application layer protocols for
ground-based wireless networks are Telnet, File
Transport Protocol (FTP), and Simple Mail Transfer
Protocol (SMTP) [21].

Not much effort has been made to address the specific
needs of the underwater acoustic environment. Instead
of designing a complete new set of protocols, we can
modify existing protocols of ground-based wireless
networks to meet the UAN needs. Thus, it is a necessity
to understand the application areas and the
communication issues for UANs, and to apply its
uniqueness into the existing application protocols.

5. Proposed Solutions

To improve network efficiency, cross-layer
approaches are proposed for ground-based wireless
networks [63]. In this kind of mechanism, a joint design
of different network functionalities, e.g., from modem
design to MAC protocols, from channel coding to
routing methods, is enabled. Such methods can
overcome the disadvantage of lack of sharing
information among layers. However, it becomes more

challenging since it requires insight knowledge across
different layers and collaborations among different areas.

As mentioned in Section 3, compared with ground-
based counterpart, UANs suffer from much smaller
bandwidth, longer propagation delay and worse channel
stability. To make the network in sub-optimal mode and
make efficient utilization of the extremely limited
resource, a cross-layer deign is a valuable solution. It is
a difficult task since a through understanding among
different layers is required.

There is not much research effort of cross-layer
design for UANs up to date. One example is that R.
Jurdak et al. propose a method to estimate the battery
lifetime and power cost for shallow water underwater
acoustic sensor networks for civilian application by
interacting between physical and MAC layers [22].

Due to the economic concern and the complex
underwater environment, an UAN should have the
capacity to adjust itself to the changing environment.
Correspondently, the topology and protocol design
should be able to self-adaptive if environment changes.

Energy efficiency is critical to an UAN’s life and
normal operation. The protocol design of an UAN
should always take this into consideration. Another
promising research direction is energy re-generation
underwater. For example, we can wuse the
current/turbulent/internal wave undersea to re-charge
batteries, or take advantage of solar energy near the sea
surface.

6. Summaries

This paper reviews the recent research development of
Underwater Acoustic Networks (UANS). It analyzes the
uniqueness of underwater acoustic channel first. Several
practical issues of UANSs are then raised, ranging from
network topology, power efficiency, physical layer,
MAC layer, network layer to application layer. To use
the scare resource more efficiently, it is shown that cross
layer design can be a proper approach for UANS, due to
its optimization prospect.
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