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Abstract— The reliance of underwater network deployments on
specialized hardware for acoustic communication and modulation
has impeded wide scale deployments of underwater sensor
networks. This paper examines a system that integrates software
modems with generic speakers and microphones that are built-
in to sensor modules for establishing underwater acoustic links.
The system enables cheap and easily deployable underwater
sensor networks. Building on our recent field experiment in a
river, canal, pond, and swimming pool, this paper outlines the
technical and logistical challenges for deploying software-driven
underwater sensor network. The software modem design choices
include methods for signal modulation at the sender, and symbol
synchronization, signal filtering, and signal demodulation at the
receiver. Higher layer communication protocol issues for MAC
and routing are also discussed, with a focus on cross-layer design
to optimize the usage of scarce bandwidth and energy resources in
the system. Practical solutions to logistical deployment challenges,
such as waterproofing and casing, calibration, and fouling are
proposed. The design guidelines in this paper lay the groundwork
for further development of software-driven of underwater sensor
networks.'

I. INTRODUCTION

The design of underwater communication systems has so
far relied on expensive specialized hardware for acoustic
communication and modulation. The conventional reliance
on hardware acoustic modulation has stemmed from low
processing speeds that did not allow the modulation of acoustic
signals in software.

Software modulation and demodulation [3,4] is a recent
alternative approach which overcomes most of the drawbacks
of hardware modems. Recent advances in miniaturization and
circuit integration have yielded smaller and more powerful
processors that are capable of efficiently running acoustic
modulation and demodulation software. Software modulation
also provides a higher level of flexibility for on-the-fly tuning
of modulation parameters, such as the data transfer rate and
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symbol duration, to suit the variable conditions of a particular
deployment environment.

Coupling software modems with generic microphones and
speakers that are built-in to off-the-shelf sensor modules
eliminates the need for specialized communication hardware
and reduces system cost, facilitating the dense deployment of
motes to form underwater acoustic sensor networks. The use of
low power generic acoustic hardware and software modems for
underwater communication yields a low bit rate in the order of
tens of bits per second. The achievable bit rate of the proposed
system is sufficient for monitoring sensor networks, such as for
environmental or habitat monitoring. In monitoring networks,
the nodes sample their sensors and send the data once during
each update period, typically in the order of minutes. Since
each node must send only a handful of sensor values during
each update period, a data transfer rate in the order of tens
of bits per second provides more than enough throughput to
communicate all the sensor values during an update period.

The target network application is expected to consist of
general purpose sensor modules that use software modems
and generic hardware to communicate acoustically in shallow
water and send the data to the base station. Figure 1 sheds
more light on the target network application. We expect to
deploy a network consisting of tens to hundreds of sensor
modules in a shallow water environment. The sensor mod-
ules can communicate acoustically through wireless multi-
hop links. The modules periodically sample their sensors,
collecting physical indicator data such as temperature and
salinity, which influence pollution levels in the water. After
sampling their sensors, the nodes report their data to a surface
node nearby. The surface node, known as the base station,
consists of a portable computer or PDA with a water-immersed
acoustic transceiver that communicates with the underwater
nodes. The computer is also equipped with a long range
wireless broadband communication card that uses a cellular or
satellite connection. The computer streams the network data
towards a central database that acts as the main data repository.

The collected data will feed into a data repository that
archives historical data from the monitored area. The proposed
network deployment will stream near-real time data from the
aquatic environment into the data repository, providing pro-
fessionals in the water management and research communities
with access to sizeable and timely data from the water. The ap-
plication will also leverage existing environmental information



management platforms [5] for providing the tools necessary
for analyzing, displaying, and sharing the collected data.

The work described in this paper outlines the design con-
siderations for the development of software-driven underwater
sensor networks for monitoring pollution indicators in rivers,
lakes, estuaries, and coastal areas and subsequently providing
the data to environmental engineers in near realtime. While
recent surveys cover underwater acoustic networks [1] and
practical issues in these networks [2], the focus here is on
software-driven underwater sensor networks in shallow water.
In particular, this paper leverages our recent field experiments
to identify suitable design choices for the acoustic communi-
cation link including signal modulation, symbol synchroniza-
tion, filtering, and demodulation. The paper also visits MAC
and routing layer issues and proposes minimalist cross-layer
design to cope with limited bandwidth and energy resources
of underwater sensor networks. Our field experiments have
also revealed several logistical issues for underwater sensor
network deployments, including waterproofing, casing, cal-
ibration, and fouling. Concrete solutions to these logistical
issues are addressed.

The rest of the paper is structured as follows. Section II
discusses the technical design considerations of the software
modems in detail. It also touches on the higher layer commu-
nication protocol design, including cross-layer optimizations
for minimizing overhead. Section III presents the logistical
challenges faced during our field experiments and proposes
solutions for overcoming these challenges. Section IV con-
cludes the paper.

II. TECHNICAL CONSIDERATIONS

This section examines technical considerations for the estab-
lishment of wireless underwater acoustic communication links
through software, with a focus on the physical layer issues.
The latter part of the section briefly discusses higher layer
considerations.

A. Physical Layer

The physical layer design for our system involves both
communication and modulation. The communication hardware
is simply the microphone and speaker built-in to sensor nodes,
serving as receiver and transmitter respectively. The focus
then, is on signal modulation, which takes place through
software resident on the motes. Figure 2 shows the block dia-
gram for the communication system. The following discussion
explores the main components of Figure 2 separately.

1) Modulation: The first component of the acoustic com-
munication system is software modulation, that takes digital
data as input and modulates an acoustic signal with the data.
The potential choices of modulation schemes for software
modems include amplitude shift keying (ASK), phase shift
keying (PSK), and frequency shift keying (FSK). ASK varies
the signal amplitude to encode digital data into the sig-
nal. Propagation effects, interference, and frequency selective
fading in different underwater scenarios are variable and
unpredictable, which renders the use of ASK in low-power
underwater networks impractical. PSK encodes digital data by

changing the signal phase. A key challenge for using PSK
with off-the-shelf sensor modules is that typical PSK receivers
incorporate an array of receivers [2], an option that is not
available in off-the-shelf modules. Augmenting the sensors
with receiver arrays is not an option either, as it increases
system cost and violates the off-the-shelf design strategy.

In general, FSK uses 2V frequencies to encode NN bits per
frequency. The signal demodulation at the receiver can use
low complexity techniques, such as the Fast Fourier Trans-
form (FFT), to determine the frequency content of the signal.
By choosing a number of frequencies that have high signal-to-
noise ratio (SNR) for the channel and by ensuring sufficient
spectral separation between the frequencies, FSK can provide
robust underwater communication for low power transmissions
with minimal processing complexity at the receiver.

We recently performed an empirical study to investigate
the spectral properties of the underwater channel in a con-
trolled water environment [6]. The study used the Tmote
Invent from Moteiv [9] module speaker as the transmitter of
acoustic signals and a generic PC microphone as the receiver.
The components were waterproofed using off-the-shelf elastic
latex membranes that vibrate sufficiently to preserve most
the acoustic properties of the speaker and microphone. The
study evaluated the SNR of frequency tones between 400
and 6700 Hz at 100 Hz increments. The selection of the
100 Hz band separation between frequencies provides for
low complexity frequency detection at the receiver. Note that
narrower separation bands enable the use of more frequencies
within the same available bandwidth, which increases bit rates
but also reduces signal quality at the receiver. In general, there
is a tradeoff in digital modulation techniques between the
number of signal levels (in phase, amplitude, or frequency) and
the quality of the signal. In our case, increasing the number
of frequencies by using narrower frequency bands requires
the use of higher order filters or FFT transforms at the mote
to decode the signal. This is not feasible with the limited
processing power of the motes.

The study revealed that the channel, which includes the
speaker, latex membranes, the water, and the microphone,
exhibits the highest SNR at frequencies in the range of the
1000 Hz to 2500 Hz. The SNR drops steadily at frequencies
above 3 Khz. Building on these results, we designed a software
FSK modem that uses 8 frequencies in the 1-2.5 Khz range to
represent 8 symbols of 3 bits each. The testing of the modem
investigated 4 different bit rates from 6 bps to 48 bps, by
varying the symbol duration from 500 ms to 62.5 ms. The
experiment results revealed a low bit error rate for all data
transfer rates within a transmission distance of 17 m, which
was the size of the testing area.

The output of the modulator block is a modulated acoustic
signal that is then transmitted over the wireless medium
through the built-in speaker.

2) Symbol Synchronization: The transmitted signal is re-
ceived by the microphone at another node, on which the soft-
ware then proceeds in the decoding process. Essential to acous-
tic communication with software modems is the ability of the
receiver to synchronize to the first symbol of an incoming data
stream. Traditional symbol synchronization approaches rely on
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the transmission of a predefined sequence of symbols, often
referred to as a training sequence. The conventional approach
makes two assumptions about the communication channel
that do not hold for software-driven acoustic communications,
namely: (1) a bit rate at least in the order of tens of kilobits
per second; (2) a bit error rate (BER) in the order of 10~
or lower. Software-driven acoustic communication, both aerial
and underwater, supports lower bit rates that range between
tens to hundreds of bits per second [4,6-8]. In addition, the
bit error rate of software-driven acoustic communication is
several orders of magnitude higher than the radio frequency bit
error rate. The higher bit error rate in acoustic communications
tends to cause loss of training sequence symbols, preventing
proper symbol synchronization. Furthermore, providing high
redundancy in the training sequence to mitigate training sym-
bol losses is not an option for the narrow usable bandwidth
of software-driven acoustic communications.

We recently proposed and tested the S* synchronization
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mechanism [11], that uses Short Signature Synchronization
Symbols (S%) to align symbol boundaries at the receiver. The
design of the signature symbol aims at a high probability of
correlation at the receiver even in cases of partial loss of
the symbol and at low probability of false synchronization
with ambient noise or data symbols. To this end, the symbol
features include two square waves, with each square wave
transmitted at a predefined frequency, separated by a predeter-
mined guard time. The use of two frequencies for the signature
symbol mitigates the effects of frequency selective fading
or interference. The signature symbol guard time duration is
chosen so that it is not equal to, and not a constant multiple
of, the inter-symbol guard times to avoid high correlation
with data symbols. In sum, the signature symbol features that
promote high correlation at the receiver despite potential signal
losses are the two frequencies, the duration of the square wave
signals, and the guard time.

The output of the S* provides the index of the first data
sample in the received signal.

3) Filtering: The receiver then proceeds to filter the re-
ceived signal. Filtering the acoustic signal at the receiver
minimizes the effect of out-of-band noise on the decoding
process. A suitable choice of filtering method depends highly
on the processing capability of at the receiver. Our system
currently provides two filtering methods, with the first method
employing narrow bandpass filters at the relevant frequencies.
The second filtering method applies a Fast Fourier Trans-
form (FFT) to the received signal and examines the signal
amplitude at the FFT samples corresponding to the relevant
frequencies.

The narrowband filtering method provides a finer signal
quality as it only focuses on the frequencies of interest and
excludes all interference outside this spectrum. The superior
performance of the narrowband filtering method comes at the
cost of higher processing activity at the receiver. In fact, the
narrowband filtering method is suitable for running on a PC or



a PDA that acts as a base station for the underwater network,
as in Figure 1.

The FFT method can run on the motes themselves as it
lower processing complexity. Running the FFT method on
motes enables the deployment of a multi-hop network where
nodes can autonomously decode, process, and relay received
signals. The FFT method provides a coarser signal quality than
filtering since it does not exclude interference from outside the
frequency spectrum of interest.

4) Demodulation: The filtered signal then proceeds to the
demodulator component. The demodulator begins examining
the signal at the first data sample, which has been determined
by the S* block. Starting at the first data sample and taking
the number of samples that corresponds to one symbol, the
demodulator determines the frequency component with the
highest amplitude within this window, and outputs the data
symbol corresponding to the highest frequency. For subsequent
bits, the demodulator shifts the start sample of the previous
symbol by the symbol length, and repeats the process of
determining the strongest frequency component.

B. Communication Protocols

The design of the higher layer communication protocols
for this system should adopt a minimalist approach to avoid
creating high overhead in this bandwidth and energy limited
system. The MAC protocol design for underwater sensor
networks cannot exploit traditional low duty cycle protocols
for terrestrial sensor networks. The reason is that the energy
cost of transmission is generally much higher than the cost
of signal reception in underwater networks, whereas the cost
of transmission and reception is almost the same in terrestrial
sensor networks [13]. Thus, signal transmissions dominate the
energy consumption profile of underwater nodes. As such,
the MAC protocol design should minimize control overhead
messages, such as RTS and CTS, rather than implementing
sleep policies. One possibility for our system is to use burst
tones at the beginning of transmission to reserve the channel.
In particular, the S* preamble can serve as a burst tone for
reserving the channel at the MAC layer.

For routing data towards the surface node, our communi-
cation system advocates the use of short multi-hop links for
deploying dense underwater sensor networks. Keeping in line
with the system’s minimalist approach, the network should
make use of simple multi-hop routing techniques, such as the
directed broadcast with overhearing method of MERLIN [14].
The relatively low cost of receiving signals actually favors the
use of overhearing. Our recent study on the upper bounds for
transmissions in directed broadcast networks with overhearing
has shown that this method has only few redundant packet,
resulting in low overhead for large networks.

The proposed communication protocol design concepts ex-
ploit cross-layer interactions [15] to optimize the use of band-
width and energy resources for this system. The use of the S*
preamble from the physical layer to reserve the MAC channel
exemplifies one cross-layer design coupling mechanism to
limit overhead. Another example is overhearing packet at the
MAC layer to suppress the transmission of duplicate packets.

We expect that further cross-layer optimization opportunities
will arise as the project advances.

The multi-hop topology of our network aims at limiting
disruption to marine wildlife. Sending high power sound
waves underwater has implications for marine wildlife, such
as whales and dolphins. Recently, there have been several
incidents in which whales or dolphins were disoriented and
stranded because of human noise pollution resulting from
sonar, oil exploration, and shipping [10]. Avoiding adverse
effects on marine biology is a major consideration for envi-
ronmental preservation. Because our network relies on multi-
hop short range low power links between sensor nodes, it
minimizes sound interference with the marine wildlife.

III. LOGISTICAL CONSIDERATIONS

Underwater sensor network deployments involve a plethora
of logistical challenges, which include waterproofing and cas-
ing, calibration, and fouling. The following discussion visits
each logistical challenge separately.

A. Waterproofing and Casing

The most common waterproofing method for underwater
communications hardware is to place the hardware in a
custom-designed waterproof case with a special air-locked
hole for the hydrophone and transducer that are in contact
with the water. The cost associated with the material and
design of the custom-designed casing strategies significantly
increases system cost and discourages large scale deployments
of underwater sensor networks.

Our project’s design strategy advocates the use off-the-
shelf components not just for communication and sensing, but
also for the protection and waterproofing of the components.
As such, our design places the sensor nodes in elastic latex
membranes that are cheap and readily available on the mar-
ket. The latex membranes take the form of a balloon that
is sealed to waterproof the sensor nodes. Since the sensor
module includes the speaker and microphone, these acoustic
communications components are also fully enclosed within the
latex membranes. The elasticity of the membranes ensures that
the acoustic waves transmitted by the speaker are transferred
to the water through the elastic membrane. At the receiver
side, the membranes vibrate upon the reception of an acoustic
signal, transferring the signal to the interior of the membrane
where the microphone can detect it.

The use of the latex membranes causes relatively small
reductions in signal amplitude. Our recent study [12] compared
the suitability of two membranes for waterproofing the sensor
nodes: (1) a vinyl membrane; and (2) a latex membrane.
Table I illustrates the percentage of correctly received symbols
for bit rates ranging between 6 bps and 96 bps for both
membranes. The vinyl membrane experiments were conducted
with a generic PC speaker as a transmitter, while the latex
membrane experiments were conducted with Tmote Invent
speakers of comparable power rating. The results in Table I
show that the latex membrane has a better coupling with the
water, yielding a notably lower bit error rate at the higher
transmission rate of 48 bps.
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Transfer 6 12 24 48 96
rate (bps)
Latex mem. | >95% | >90% | >81% | >79% N/A
Up to 17m
Vinyl mem. N/A | >290% | >78% | >35% | >10%
Up to 10m
TABLE I

COMPARISON OF THE PERCENTAGE OF SYMBOLS CORRECTLY RECEIVED
FOR THE PC SPEAKERS AND TMOTE INVENT EXPERIMENTS

B. Calibration

Our field tests in different bodies of water, including swim-
ming pools, ponds, rivers, and canals, have revealed a distinct
background noise and interference pattern in each case. For
instance, the primary noise source in swimming pools is water
pumps, whereas the noise sources in a river include currents
and wildlife activity. The dependance of the noise profile on
the deployment environment requires calibration steps, which
could be manual or automatic, prior to placing the sensors in
the water. Fortunately, the implementation of modulation and
communication in software provides maximum flexibility for
performing on-the-fly calibration.

A central issue for calibration is the frequency-selective
noise in the deployment environment. The choice of frequen-
cies for the S* synchronization symbol must avoid frequencies
with high noise in a particular deployment environment. The
selection of the S* frequencies is critical for proper system
operation, as choosing unsuitable frequencies causes large
synchronization errors, resulting in many bit misalignments.
Similarly, it is also important to to choose data symbol
frequencies that avoid the high noise frequencies.

The selection of the suitable frequencies for S* synchroniza-
tion and the data symbols can be done automatically. During
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an initial setup phase, one node, typically the base station,
can be designated as a calibration receiver, and another as
a calibration transmitter. Upon deployment, the designated
transmitter sends an apriori known calibration signal that
includes a diverse set of S* symbols with different frequency
combinations, followed by a sequence of frequency tones that
covers all the possible symbol frequency tones. Another set of
54 symbols serves as a post-amble to conclude the reference
signal. The designated receiver processes the calibration signal
by comparing the processed signal against a locally stored
version of the reference signal. The receiver then selects the
frequencies that have been received with the highest SNR,
and transmits a short broadcast message indicating these
frequencies to the other nodes.

Another calibration issue is ensuring that the stored S* sym-
bol at each node is representative of the symbol as it is received
in the current deployment environment. Our field experiments
have shown that the structure of a received S* symbol with the
Tmote Invent microphone in air is different than the structure
in water. As Figure 3 shows, the structure even varies across
different water media, depending on the current, depth, and
suspended solids in the water. For instance, the envelope of
the S* symbol differs significantly when the signal is received
in the river (Figure 3(b)) and in the pond (Figure 3(d)). The
plots in Figure 3 illustrate that the relative amplitude of each
of the square signals changes depending on the medium. Other
signal artifacts, such as impulses at the beginning or end of the
signal, are also dependent on the deployment environment. As
such, each node should store at least one instance of the S*
symbol as it is received in the current deployment environment.
This maximizes the probability of successful correlation and
synchronization through the S* mechanism.



C. Fouling

Fouling is a process by which marine wildlife, such as
barnacles, zebra mussels, weeds, and algae attach themselves
to still object in the water. Fouling is an important con-
sideration for the deployment of underwater sensors that
remain stationary in the water for prolonged periods. For this
project, avoiding fouling effects is especially important since
the attachment of organisms to the membrane could limit or
change the membrane’s vibration characteristics. Traditional
anti-fouling approaches include the use of special copper-
based paints to prevent the attachment of organisms to boat
bottoms. Current research focuses on developing alternatives
to paint-based solutions, which are harmful to the ambient
environment. For example, Port Zlande in New Zealand is
developing a way to strip layers of dirt from boat hulls which
is absolutely safe for the environment [16].

Our project aims at protecting the environment, and not
damaging it in the process, so we intend to adopt one of the
emerging anti-fouling techniques. One interim solution under
consideration is to place the nodes in the latex membranes and
then to fix the membranes inside a resilient cubic plastic box
whose purpose is to shield the nodes from fouling and other
hazards in harsh underwater environments. The surfaces of the
plastic box would be perforated to maintain acoustic coupling
between the box contents and the outside medium.

IV. CONCLUSION

This paper has presented the lessons learned so far from
our field experiments with software-driven underwater sensor
networks. The main technical challenges include the design
and integration of the modulation, synchronization, filtering,
and demodulation techniques for the software modems. The
design of higher layer communication protocols for this system
should also adopt a minimalist approach to minimize control
overhead. This requirement will likely benefit from cross-
layer design to enable various layers to better coordinate their
functions. Logistical considerations for underwater networks
depend on the deployment environment. We have identified
common logistical considerations low-power underwater net-
works, which include the need for resilient waterproofing and
casing, calibration, and anti-fouling measures. Our initial ex-
periments in various bodies of water have exposed the benefits
of using software modems for underwater communications
capable of functioning on off-the-shelf multi-purpose sensors.
The design guidelines in this paper lay the groundwork for
further development of software-driven of underwater sensor
networks.
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