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ABSTRACT

Underwater systems for ocean exploration
and monitoring consist of a mix of geograph-
ically distributed stationary infrastructure and
mobile units. The stationary infrastructure could
be bottom-anchored nodes and surface buoys
that are connected to a control center via cables
and in-air radio links. Both the stationary and
mobile units can be equipped with acoustic
communication modules for underwater wire-
less data transmission. With the backbone (cable
or radio) connection, those acoustic commu-
nication modules naturally form an underwa-
ter DAS. Similar to the DAS in terrestrial radio
networks, the underwater DAS supports larg-
er acoustic communication coverage and high-
er network throughput compared to the CAS.
Furthermore, the characteristics of underwater
acoustic channels, such as the frequency-depen-
dent signal absorption loss and the low sound
speed in water, lead to unique design challenges
and unforeseen opportunities in the underwater
DAS. This article examines both theoretical and
system design issues pertaining to the underwa-
ter DAS, including operation strategies, commu-
nication algorithms and mobile node positioning,
and pinpoints future research directions to fully
realize its potentials.

INTRODUCTION

The distributed antenna system (DAS) is a wire-
less communication architecture. It consists of
multiple geographically distributed wireless trans-
mission and reception antenna elements that are
connected to a central station via secondary links,
such as fiber and coaxial cables. The DAS archi-
tecture was originally proposed in the 1980s to
increase the coverage of indoor wireless com-
munication systems [1]. Since then, it has drawn
considerable attention in the wireless research
community. Relative to the centralized antenna
system (CAS), where the antenna elements are
closely spaced at the base station, DAS provides
higher throughput for the network with nomad-
ic users [2]. Various research topics on terrestri-
al radio DAS, especially DAS in cellular systems,
have been explored. They can be divided into
three categories:

+ Theoretical limits, such as capacity and spec-

tral efficiency analysis.
+ Deployment of distributed antenna elements
(DAEs) and resource management.

+ Coordinated multipoint transmission and
reception, such as dynamic transmission
(reception) point selection, joint transmission
(reception), and coordinated transmit sched-
uling and beamforming,.

Compared to terrestrial radio networks,
research on underwater wireless networks has
been progressing slowly. The water world is an
extremely dynamic and harsh physical environ-
ment, requiring a mix of in-situ and ad-hoc infra-
structures for observing the evolution or changes
across various spatiotemporal scales. Along with
spatially distributed stationary infrastructure,
autonomous underwater vehicles (AUVs) and
unmanned underwater vehicles (UUVs) are play-
ing an increasing role in underwater systems. The
stationary infrastructure elements and underwater
vehicles are often equipped with acoustic com-
munication capabilities. From the communication
perspective, they naturally form an underwater
DAS. However, the concept of underwater DAS
has not been formally laid out, and the corre-
sponding design challenges and opportunities
have not been systematically studied.

A general underwater DAS architecture is
depicted in Fig. 1, where the DAEs could be
surface buoys equipped with radio frequency
modems for high-data-rate in-air communica-
tions or bottom-anchored nodes connected via
fiber-optic links.m The two types of DAEs could
co-exist in a hybrid system where they are ulti-
mately connected at the control center. Each
DAE is equipped with an underwater modem
for wireless communication with submerged sys-
tem clients, for example, AUVs, UUVs, gliders,
or standalone stationary instruments. Due to the
high attenuation of radio waves in water, acous-
tic waves are used as the carrier for long-range
underwater wireless information transfer. Typical-
ly, the DAEs have virtually unlimited power sup-
ply, strong infrastructure support such as multiple
transmitters/receiving hydrophones, and high
processing capability. The underwater clients are
energy-constrained, and are usually equipped
with a smaller number of transmitters and receiv-
ers. For presentation convenience, in this article
we use AUVs to refer to all types of underwater
clients.

Two operational testbeds with the DAS archi-
tecture include a network deployed and operated
by the Atlantic Underwater Test and Evaluation
Center (AUTEC) [3] and the Ocean Technology
Test Bed (OTTB) [4] developed by the University
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of Victoria. The AUTEC network is located around
Andros Island near the Tongue of the Ocean,
Bahamas, and developed for testing, evaluation,
and underwater research [3]. It has 96 stationary
nodes that are fiber-connected, covering an area
of 30 km x 30 km with a water depth of about
1.5 km to 2 km [3]. Acoustic communications are
in extensive daily use between stationary nodes
and various underwater vehicles. The OTTB is a
multi-functional underwater test facility to serve
military, academia, government, and industry
needs [4]. It is located off the coast of Vancouver
Island, Canada, and resides in 80 meters of water.
The testbed contains five centrally-managed tow-
ers that are cabled together and communicate via
fiber optics, and covers two square kilometers of
the seafloor.

Compared to the underwater communication
system with centralized antennas, the underwa-
ter DAS requires higher deployment and main-
tenance cost. However, similar to the DAS in
terrestrial radio networks, the underwater DAS
supports larger acoustic communication coverage
and higher network throughput. The unique fea-
tures of underwater acoustic channels enable fur-
ther throughput improvement and other system
functions, such as communication secrecy and
mobile node localization.

Despite extensive research in radio DAS and
the existence of operational underwater testbeds
with spatially distributed elements, there has been
very limited study on underwater DAS. This article
discusses the design challenges and opportunities
in the underwater DAS from the perspectives of
operation strategies, transceiver algorithms and
underwater localization. Recent research address-
ing relevant challenges in similar system setups
will be described. Future research directions to
enhance the underwater DAS performance will
be highlighted.

UNDERWATER
DISTRIBUTED ANTENNA SYSTEMS

Acoustic wave is the main type of carrier for
underwater wireless communications. In this sec-
tion, we will provide an overview of underwater
acoustic channel characteristics and discuss sever-
al important design aspects pertaining to acoustic
communications in underwater DAS.

CHARACTERISTICS OF UNDERWATER ACOUSTIC CHANNELS

The unique features of underwater acoustic chan-
nels make an underwater DAS distinct from the
commonly studied terrestrial radio DAS.

Large Sound Propagation Delay: The prop-
agation speed of sound in water is about 1.5 x
103 m/s, five orders of magnitude lower than
the radio speed in air (3 x 108 m/s). For a trans-
mission distance of 1 km, the signal propagation
delay is around 0.67 s, which is on the order of
packet duration. As will be illustrated in later sec-
tions, such large signal propagation latency yields
both design challenges and opportunities.

Frequency-Dependent Signal Attenuation: Dif-
ferent from the terrestrial radio channel where
the major cause of signal attenuation is spread-
ing loss, underwater acoustic attenuation consists
of both spreading loss and absorption loss [5].
Specifically, for a transmission distance of d, the

Figure 1. A general underwater distributed antenna system (DAS). The nodes
anchored at the sea bottom are connected to a control center via cables.
The surface buoys can communicate using radios. There are three types of

traffic: AUV to DAS, AUV to AUV, and DAS to AUV.

acoustic attenuation in decibels is proportional to
[B x 10logo(d) + d x 10log1040a(f)], where the
first summand is the spreading loss that increases
logarithmically with distance, and the second sum-
mand is the absorption loss that increases linearly
with distance. The spreading loss exponent f is
practically taken as 1.5, much less than its terres-
trial radio counterpart that varies from 2 ~ 6. The
absorption coefficient a(f) increases drastically
with the frequency, leading to large attenuation
of high-frequency signals; see, for example, the
Thorp’s formula [5] for a(f). Consequently, com-
pared to terrestrial radio transmissions over the
same distance, underwater sound attenuates less
for near-range transmissions and more for long-
range transmissions, especially at high frequen-
cies.

Large Doppler Effect: Due to the low sound
speed in water, small platform motion and media
instability could lead to severe Doppler effect.
For instance, for a moving speed of 1 m/s, the
Doppler scaling factor is around 0.67 x 1073
in underwater acoustic channels and is around
0.33 x 1078 in terrestrial radio channels. A more
challenging underwater scenario occurs when
multiple signal propagation paths (e.g., the sur-
face-bounced paths) experience different Doppler
scaling factors. A path-specific Doppler rate vary-
ing from -0.5 m/s to 0.5 m/s is often observed in
field experiments with stationary transmitters and
receivers.

Limited Communication Bandwidth: In the
radio DAS for cellular systems, the traffic is either
uplink, from users to the base station, or down-
link, from the base station to users. The uplink traf-
fic is well separated from the downlink traffic in
the frequency, time, or code domain. However, in
the underwater acoustic environment, due to the
frequency-dependent sound absorption, the com-
munication bandwidth is very limited. Underwater
nodes typically operate in the same frequency
band for both transmitting or receiving. Hence, all
types of traffic are mixed together within the same
frequency band.

DESIGN ASPECTS OF AN UNDERWATER DAS

The underwater DAS architecture is largely appli-
cation-dependent. The DAEs are deployed on sta-
tionary infrastructure units. The number, location
and geometric structure of stationary units, as well
as the mobility pattern of AUVs, are determined
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transmissions as a full-duplex virtual relay cooperation strategies and forward, and so on [12]
. " Channel and system
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At DAS Use of communication signals for * Multipath channel with « Precise timing [13]
localization and tracking « Spatially distributed DAEs large delay and Doppler « Sound stratification
Localization serve as reference nodes spreads compensation
and tracking On-demand localization supports Sound stratification * Non-straight line * Probabilistic data
At AUVs PP + Channel dynamics propagation association filter and

Table 1. A summary of design opportunities and challenges in the underwater DAS.

localization of all AUVs

by application needs, for example, in scientific
studies to achieve a desired spatiotemporal reso-
lution of water parameters of interest under the
geographic and budget constraints.

The acoustic transmission strategy to achieve
a large coverage and a high throughput depends
on the DAS architecture and the characteristics of
underwater acoustic channels. To support the three
types of traffic, AUV-to-DAS transmission, DAS-to-
AUV transmission, and AUV-to-AUV transmission,
each DAE can act as an information source (trans-
mitter), an information sink (receiver), or a relay
to assist AUV-to-AUV communications. A num-
ber of DAEs can simultaneously send or receive
multiple data streams in the multiplexing mode to
increase the system throughput, or simultaneously
send or receive a single data stream in the diver-
sity mode to improve system reliability, or com-
bine the above two modes using the space-time
coding techniques. For a given transmission strat-
egy, the challenges posed by underwater acoustic
channels need to be addressed during the acous-
tic transceiver design; typical challenges include
the multi-transmission asynchronism caused by the
large sound propagation latency and the transmit-
ter-receiver-pair-dependent Doppler scaling effect
caused by AUV mobilities.

« Qutlier range estimates particle filter [13, 14]

In addition, efficient and reliable communi-
cation in underwater DAS requires AUVs’ loca-
tion and velocity information. Given the large
attenuation of electromagnetic waves in water,
submerged underwater vehicles cannot access
services provided by the Global Positioning Sys-
tem (GPS). A system equivalent to the GPS can
be developed with the DAS infrastructure sup-
port, where each DAE possessing its own precise
location information can play a role akin to that of
satellites in space.

In the following sections, we will discuss the
design challenges and unforeseen opportunities
in the underwater DAS from three fundamental
perspectives: information-theoretic insights, trans-
ceiver design, and underwater localization. A brief
summary of the design challenges, opportunities,
and potential solutions is provided in Table 1. In
all discussions, the unique features of underwater
acoustic channels previously mentioned will be
revisited.

INFORMATION-THEORETIC CONSIDERATIONS

This section focuses on the system architecture
and transmission strategies, and discusses from
an information-theoretic perspective the design
challenges and opportunities raised by the atten-
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Figure 2. a) The simulated operational area. * marks the DAE locations in the DAS. The CAS has all antenna elements located at the
origin of the overall operational area. b) The per-user outage probability during multiuser transmissions. The users are uniformly
distributed within the overall operational area. The average transmission signal power to noise power ratio (TSNR) is 70 dB. c) The
per-user outage probability of two DAS structures at different TSNR levels.

uation characteristics and the large sound prop-
agation latency in underwater acoustic channels.
We would like to note that although theoretical
analysis of the system throughput can be carried
out in a way similar to that in terrestrial radio com-
munications when the channel state information
(CSI) is assumed, realistic evaluation of the capac-
ity of underwater DAS is not trivial due to the fast
variation of underwater acoustic channels, the
large channel temporal and frequency dispersion,
and the long signal propagation delay.

SYSTEM ARCHITECTURE

Underwater acoustic signal propagation suffers
both spreading loss and frequency-dependent
absorption loss. When the frequency is low and
the communication range is small, the effect of
absorption loss is small and the signal attenua-
tion is mainly caused by the spreading loss. In this
case, a CAS would suffice for underwater wire-
less data transfer. On the other hand, for a large
operational area or high carrier frequencies, the
absorption loss would be dominant. In this case,
using a DAS has an advantage over a CAS to
cover the large operational area.

To shed light on the performance of different
system architectures, we compare numerically the
outage probabilities of asynchronous multiuser
uplink transmissions in a centralized system and in
a distributed system, based on an analytical study
in [6]. We consider an operational area covered
by the hexagons in Fig. 2a. The ratio of the signal
bandwidth to the carrier frequency is set as 1/2.
To model the channel multipath fading and the
frequency-dependent transmission loss, we divide
the frequency band into three subbands, and
model each subchannel as a circularly symmet-
ric complex Gaussian random variable with zero
mean and a variance that is equal to the channel
attenuation loss. For each user, an outage occurs
when the instantaneous received signal-to-inter-
ference-and-noise ratio (SINR) after the maximum
radio combining is below 3 b/s/Hz. The outage
probability of each user is depicted in Fig. 2b. It
can be seen that due to the frequency-depen-
dent signal absorption loss, the outage probability
increases drastically as the frequency increases.
The DAS outperforms the CAS, and the advan-
tage is pronounced at higher frequencies.

We further compare the outage probabilities
of two DAS operational structures: a single-cell
structure where the overall operational area is
taken as one big cell with seven uniformly distrib-
uted users, and a multi-cell structure where each
hexagon in Fig. 2a is taken as one cell and one
user is uniformly distributed within each cell. In
real systems, the cell structure suggests the survey
regions of multiple AUVs. As shown in Fig. 2c,
as the transmission power increases, the multius-
er interference causes an error floor in the out-
age probability. Due to the frequency-dependent
absorption loss, the level of multiuser interference
decreases as the frequency increases, which leads
to a lower error floor for higher frequency signals.
Comparing the outage performance of the two
cell structures, the multi-cell structure has a lower
outage probability, benefiting from the further
separation of users, hence less multiuser interfer-
ences.

TIME-DOMAIN INTERFERENCE AND SIGNAL ALIGNMENT

When multiple transmissions are allowed and
have different intended receivers, the over-
all transmission throughput could be improved
through interference alignment [15]. However, it
typically requires the accurate CSI at all transmit-
ters and all receivers. In underwater systems, it
is difficult to obtain accurate CSI due to the fast
channel variation.

Thanks to the large signal propagation latency,
underwater channels offer distinct possibilities for
interference alignment. The idea is to appropriate-
ly schedule the packet transmission from multiple
transmitters, such that the interference packets
would overlap at a receiver and without contam-
inating the desired signal;? see an example in Fig.
3. In real systems, perfect alighment in channel
delays is difficult to achieve due to their arbitrary
values, but sizable gains have been shown possi-
ble through judicious transmission scheduling [7].

The large acoustic propagation latency and
the spatial distribution of DAEs can be exploited
to achieve other desired system features such as
communication secrecy. As shown in Fig. 3, with
an appropriate transmission schedule, AUV, can-
not overhear the transmission to AUV, as the
packets destined to AUV collide at AUV,. For
general underwater DAS, a thorough treatment of

2 A practical issue related to
the time-domain signal or
interference alignment is the
clock synchronization among
DAEs. Given the backbone
connection among DAEs, suf-
ficient clock synchronization
accuracy can be achieved for
the above purpose.
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transmission scheduling for communication secre-
cy can be found in [8], where a set of transmit
DAEs are optimally selected to superimpose their
transmissions at the eavesdropping node (e.g.,
the honest-but-curious AUV, in Fig. 3) to create
self-interference, while keeping the transmissions
well separated at the desired user (e.g., AUV; in
Fig. 3).

TRANSCEIVER DESIGN

In this section, we focus on the challenges and
opportunities in the transceiver design for three
types of traffic: AUV-to-DAS transmission, DAS-to-
AUV transmission, and DAS-assisted AUV-to-AUV
transmission. Since DAEs typically have sufficient
power supply and stronger infrastructure support
than AUVs, most of the communication and pro-
cessing overhead can be shifted to DAEs.

AUV-10-DAS TRANSMISSION

Due to the broadcast nature of acoustic trans-
missions, the signal from an AUV can reach one
or multiple DAEs. In the scenario with a single
transmit AUV, single-DAE reception or multi-DAE
reception with the the maximum radio combining
can be performed. When multiple AUVs access
the medium simultaneously, the low sound speed
in water and the AUV mobility make the decoding
task nontrivial. First, due to the spatial distribution
of DAEs and the large sound propagation laten-
cy, it would be difficult to (quasi-)synchronize the
multiple AUV signals at all the DAEs. Second, the
transmission from an AUV could be compressed
or dilated. The Doppler scaling factor depends on
the projection of the AUV’s velocity onto a line
that connects the AUV and the receive DAE. Due
to different moving velocities of AUVs and the
geographic separation of DAEs, the transmissions
from different AUVs may have different Doppler
scaling factors at the same receive DAE, and the
transmission from one AUV may have different
Doppler scaling factors at different receive DAEs.

To address the asynchronism of multiuser
transmissions, an overlapped truncation approach,
as shown in Fig. 4a, was developed in [9] for trans-
missions modulated by the zero-padded orthog-
onal frequency-division multiplexing (OFDM)

technique. Each truncation retains the desired
OFDM block information from all the users. By
taking the aggregate co-channel interference
caused by the asynchronism as one interference,
the asynchronous multiuser problem can be con-
verted to a quasi-synchronous multiuser problem
with interference contamination. The algorithm
was evaluated in a two-user system based on data
sets collected in the MACE10 experiment [9]. Fig-
ure 4b shows the decoding performance of four
receiver algorithms. One can see that the con-
ventional multiuser reception approach without
interference cancellation almost fails completely,
and that the receiver with successive multiuser
interference cancellation via iterative forward and
backward message passing achieves an impres-
sive decoding performance [9].

To address the large Doppler deviation of
signals from multiple AUVs, a receiver front end
with multiple resampling branches has recent-
ly been introduced for both single-carrier and
OFDM-modulated multiuser synchronous trans-
missions [10, 11]. Each branch resamples the
received signal using the Doppler scaling factor of
a single user. Joint multi-user receiver processing
or the low-complexity single-user receiver process-
ing with successive multiuser interference can-
cellation can then be performed. For thorough
development and evaluation of the algorithms,
please refer to [10, 11].

Although iterative processing algorithms can
be designed, tackling both the aggregate co-chan-
nel interference and the Doppler deviation is a
computationally challenging task. In the present
context, the receiver processing can start from
the DAEs that receive signals with small temporal
misalignment levels and small Doppler deviations,
and progressively incorporate the signals received
by other DAEs that have large misalignment levels
or large Doppler deviations. Sequential multiuser
decoding and successive interference cancellation
will be major components in the receiver design.

DAS-10-AUV TRANSMISSION

The DAEs can cooperate for downlink transmis-
sions to AUVs. In the single-AUV scenario, a
trivial strategy is to select the DAE with the best
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Figure 4. a) Overlapped truncation of the received signal and the interference aggregation in a zero-padded OFDM-modulated asyn-
chronous N-user system. b) Receiver processing performance in an emulated experiment [10].

link quality for transmission. Several DAEs with
good link qualities can perform coordinated
transmission. However, due to the spatial distri-
bution of DAEs, signals from different DAEs may
have different propagation delays. In addition,
due to different AUV’s projected velocities,
those signals are subject to different Doppler
scaling effects. To facilitate the receiver decod-
ing at the AUV, delay and Doppler pre-compen-
sation can be performed at each transmit DAE,
such that at the receive AUV, signals from the
transmit DAEs are quasi-synchronous and have
similar Doppler effects.

Due to the diverse locations of AUVs, the DAE
coordination mechanism for joint transmission to
multiple AUVs is much more involved than that
in the single-AUV scenario. Applying the time-do-
main interference alignment concept from above,
an ideal scenario is that each AUV receives a
“clean” copy of the Doppler-pre-compensated
signal destined to itself in one time slot, and has
the signals destined to other AUVs overlapped as
much as possible in a different time slot. To this
end, a judicious design of the DAE-AUV associ-
ation and the transmission schedule is essential.
Since the AUVs and DAEs could have arbitrary
geographic locations and hence arbitrary signal
propagation delays, a loose time-domain align-
ment of interfering signals would be more practi-
cal in real systems.

DAS-AssISTED AUV-T0-AUV TRANSMISSION

In addition to being information sources or sinks,
the DAEs can assist AUV-to-AUV communica-
tions. An example is shown in Fig. 5, where one
DAE close to the source AUV is fiber-connected
to another DAE that is close to the destination
AUV. The two DAEs can collaborate to relay the
message from the source to the destination. Spe-
cifically, the signal received at the first DAE, which
tends to have a large strength, can be instantly
sent to the second DAE via the fiber connection.
The second DAE then relays the signal to the
destination. We note that in practice more DAEs
could cooperate as relays.

Compared to a typical three-node relay
network where the relay mainly operates in a

DAE,

pAe

_ — — —» (O Destination AUV
pAe

— — » Acoustic links
Fiber-optic connection

Source ALV © — — — —
~
~

DAE,

Figure 5. An example of DAE-assisted AUV-to-AUV transmissions.

half-duplex mode, the fiber connection allows
the DAEs to function as a large-aperture full-du-
plex virtual relay where receiving and trans-
mitting can happen simultaneously at different
locations. Take the setup in Fig. 5 as an example.
If the signal from the source AUV is above the
noise level at the destination AUV, the second
DAE’s transmission can be superimposed on
the source signal at the destination AUV, using
the delay-and-Doppler pre-compensation tech-
niques. Otherwise, the second DAE can adopt a
variety of relaying strategies in the literature [12],
for example, amplify and forward (AF), decode
and forward (DF), and compress and forward
(CF), where the relayed signal is separate from
the source signal.

LOCALIZATION AND TRACKING

AUV localization and tracking are important for
system operation in unknown environments. For
the underwater CAS, the antenna array can mea-
sure the range and the direction of the AUV to
be localized, and use the two types of measure-
ments for AUV positioning. However, this method
suffers reduced accuracy as a small angle mea-
surement error could cause a large position error
at far distances. When high positioning accuracy
is required, geographically separated reference
nodes need to be deployed. In the underwater
DAS, the DAEs can serve naturally as the refer-
ence nodes without requiring extra infrastructure
support.
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Due to the geograph-
ical separation of
DAEs, the large sound
propagation delay
and the large Doppler
variation caused by
AUV mobilities pose
grand challenges for
transceiver design. Addi-
tionally, the channel
multipath effect, sound
stratification, and chan-
nel dynamics render
localization and tracking
in underwater DAS
nontrivial.

LOCALIZATION AND TRACKING AT DAS
Consider the first scenario where the localization
is performed at the DAS. One localization bea-
con message can be sent from the AUV to be
localized. The differences of arrivals at spatially
separated DAEs can be used to localize and track
the moving vehicle [14]. Consider the unknown
3-D coordinates and the clock offset between the
AUV and the DAS. The time measurements from
at least four DAEs are needed.

Furthermore, since the DAS monitors all the
communication traffic, once a communication
message is successfully decoded, the transmit-
ted waveform can be perfectly reconstructed. It
can then be treated as a known probing signal
for positioning. This approach based on the “sig-
nal of opportunity” allows the DAS to integrate
localization, tracking and communication, with-
out any change to the AUV. In addition, since
the communication waveform contains the iden-
tity information of each AUV, such a positioning
system can work even when multiple AUVs are
transmitting at the same time, a feature that is not
available for positioning based on narrowband
pingers. As a result, all the AUVs can be constant-
ly monitored at the cost of an increased process-
ing load at the DAS.

LOCALIZATION AND TRACKING AT AUVS

Consider the second scenario where the localiza-
tion is done at the AUV. An AUV may rely on a
non-acoustic method such as an inertial system
for navigation. Once in a while, the AUV needs
the help of the DAS to recalibrate the inertial
system for improved localization accuracy. In an
on-demand localization scheme [13], an AUV can
request a localization cycle by requiring the DAS
to send out several beacon messages from multi-
ple DAEs in a certain order. By comparing the dif-
ferences of arrivals of the returned messages, the
AUV can localize itself [13]. In addition, all the
other AUVs in the DAS that listen to the messages
can locate themselves. Hence, one localization
cycle can support the localization of all passive
units. In a buoy-based DAS where the clocks of
DAEs might not be accurately synchronized, an
asynchronous on-demand localization solution
[13] can be carried out, where the DAE reacts to
the received signal from the previous DAE trans-
mission and schedules its own transmission after a
pre-specified reaction time.

CHALLENGES

Based on the range difference of an AUV to mul-
tiple DAEs, the localization algorithm that con-
siders the clock bias between the AUV and the
DAS has been well developed. Pilot tests of AUV
self-localization based on four surface nodes have
been carried out in swimming pools and in a lake,
where the root mean square error of the posi-
tion estimate is about 0.5 meter in the pool and
about 5 meters in the lake [13]. In a swimming
pool test, a DAS consisting of four surface nodes
can track a moving AUV with an error around 5
meters [14].

To reach a desirable accuracy, underwater
localization faces the following challenges. First,
underwater acoustic channels have multiple
paths (e.g., several or tens of paths) with large
delay spreads and Doppler spreads. The first path

is often not the strongest path, and the correla-
tion-based peak-finding method often identifies
a strong non line-of-sight path. Second, sound
waves do not necessarily travel in straight lines,
as the water medium can be inhomogeneous and
the sound speed varies depending on environ-
mental parameters, for example, the temperature,
pressure and salinity. Ignoring this stratification
effect could lead to considerable bias in the range
estimates. Third, due to channel variability and
interferences, underwater acoustic links are not
stable. Some of the range estimates could be so
poor and should be treated as outliers. Advanced
tracking algorithms that can deal with outlier esti-
mates by treating those as false alarms or clutters,
are needed.

CONCLUSIONS

Although practical underwater systems often
deploy distributed transceiver elements, there is a
lack of systematic study of underwater distributed
antenna systems. This article provided a formal
description of the underwater DAS, and discussed
its design challenges and unforeseen opportuni-
ties from three fundamental perspectives: theoret-
ical insights, transceiver design, and underwater
localization. In particular, the information-theo-
retic analysis revealed that the optimal antenna
deployment and system operation depend on the
signal frequency and the size of the operation-
al area. Due to the geographical separation of
DAEs, the large sound propagation delay and the
large Doppler variation caused by AUV mobili-
ties pose grand challenges for transceiver design.
Additionally, the channel multipath effect, sound
stratification, and channel dynamics render local-
ization and tracking in underwater DAS nontrivial.
Nevertheless, the DAS architecture and the char-
acteristics of underwater acoustic channels open
up an array of research opportunities: time-do-
main interference alignment and signal alignment
to improve system throughput and to achieve
communication secrecy, harvesting the full-duplex
feature of cooperative DAEs for relay operations,
and leveraging the concept of “signal of oppor-
tunity” for localization and tracking. Innovative
research exploiting the design opportunities is
needed to fully realize the potential of underwa-
ter DAS.
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