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APPLICATION OF CHANNEL ESTIMATION TOUNDERWATER ACOUSTIC
COMMUNICATION

ABSTRACT

The underwater channel poses numerous challenges for acoustic communisatias:.
tic waves suffer long propagation delay, multipath and fading, limited bandwidth, and potentially
high spatial and temporal variabilityn additin, there is no typical underwater acoustic channel;
every body of water exhibits quantifiably different properti€ansequently, current moderns
implemented in hardware with a fixed, conservative set of transmission paraimatersften ilt
suited fora particular channel, resulting in performance that is far from optimum. Very little
work has been done in the area of channel characterization, especially for waters only several m
ters deep.As a result, network simulations often make conservativéoamgaccurate assym
tions about shallow underwater channels.

In this thesis the Hudson River estuary is characterized as an acoustic communication
channel. The analysis reveals that the Hudson is a multipath fading channel (Rician fading over
200 m and @mma fading over 505 m) with an extremely short coherence time of approximately
50 ms. A subset of the estimation techniques is then employed to develop a network simulation
and an adaptive, retime software modem.

The simulator converts a transmitgegicket into a modulated signal and digitally mixes it
with the channel estimates to produce a signal that approximates what would have been received
after transmission through the physical chanhen simulating a timévariant channel, the
achieved Hbierror rates are, on average, within 3.34% of those obtained by transmission through
the actual channelThe simulator is modular and can easily accommodate new channel estimates,
modulation schemes, receiver techniques, and alternate implementatitighesflayers in the

network stack.



In the software modem each packet is preceded by an acoustic signal that is used for i
pulse response estimatiomhe modem then processes the signal in real time and uses the inverse
impulse response to equalize ttteannel, allowing for the transmission of packets at higher data
rates with symbols whose duration is less than the multipath spread of the cHarmeime
invariant shallow water test channel, the modem correctly decoded packets at up tolé khps.

AWGN channel, the modemdbs BER approached the
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Chapter 1
Introduction

1.1 Applications of Underwater Acoustics

One of the earliest references to the existence of underwater acoustics appears in one of
Leonardo da ViUnck199E1 mo1i1 € 9 ® 0 k i3oa cawse yotr shjp tofsto,
and place the head of a long tube in the water and place the outer extremity to your ear, you will
hear ships at a great distance from you. o0
Richardson filed a patent apgtion with the British Patent Office for echo ranging with unde
water acoustics, but he did not implement his propihsatk 1996] Meanwhile, in the United
States, R. A. Fessenden designed and built a maaidransducer for both submarine signglin
and echo ranging which, by 1914, was able to detect an iceberg at a distance of tfdriokes

1996] Military applications of sonar were stimulated by the outbreak of the World War | and |,

t hough it wasnot u sanhging somaivas ableatd dffectivelywcbndat ¢he e ¢ h o

German Uboat[Urick 1996]. An underwater telephone, developed in 1945 in the United States
for communicating with submarines, was one of the first underwater communication systems
[Stojanovic 200B Today, underwatercaustics are used for communication in a broad range of

applications, mostly sensbased, including ocean sampling networks, environmental menito

ing, undersea explorations, disaster prevention, assisted navigation, speech transmission between

divers, disributed tactical surveillance, and mine reconnaissaddwilfliz 2005; Stojanovic
2003.

The Maritime Security Laboratory (MSL) at Stevens Institute of Technology has been
researching port security, with emphasis on detecting underwater threats irddonHRiver. A
hypot heti cal extension to the | abés effoorts

aid indetecting divers, surface swimmers, AUVs, and small surface boats. The nodes will gather

Mo f

Py



and process signals in real time and sendékalting information via acoustic links to a base
station with satellite or RF capabilities.

Over the past decade, network systems for similar applications have been deployed.
example, e initial motivation for the Seaweb project was the need fde-atiea undersea isu
veillance in littoral waters by means of a deployable autonomous distributed system (DADS)
[Rice 200] . Seaweb 698 |l ed off a series of annual
advance the state tifie art in underwateacoustic communications. The goal of Seaweb 2008,
the latest of these experiments, is to provide surveillance of the Port of Long BE&R200R
The Persistent Littoral Undersea Surveillance Network (PLUSNet) is aimstitution program
sponsored ¥ the Office of Naval Research which aims to provide autonomous detection and
tracking of quiet submarine§fund 2006 While the network supports satellite or RF linkes b
tween nodes, acoustic links are reserved for nodes that do not have a surfatee peseust
maintain depth to carry out a mission. In addition, NATO recognizes the importance of detecting
submarines and other small submersibles and has established a research project forsReconnai
sance, Surveillance, and Undersea Networks (RENYD 2009. Among other goals, the plan
calls for fAapplied research into covert under ¢
research intousingLAW ased i nformation architectures. o

Though many of todayo6s e fbhsedaplisatioas; semed-i r e ct e c
cent ocean exploration/monitoring projects have made use of underwater communicaion. B
tween 1999 and 2002, the FrdResolving Observational Network with Telemetry (FRONT)
study was established to accomplish data telemetry and reomtel for a set of widely spaced
oceanographic sensors through the use of the Seaweb underwater acoustic Reoed2R(3.
Today, the South Florida Ocean Measurement Center (SFOMC) exists as an ongoing partnership

between the Navy and Florida AtlamtUniversity for oceanographic monitoring of the Florida



Straits Menezia 2003GulfBase 200B One aspect of this project is the development and use of
acoustic modems in shallow water for rale transmission of AUV observations to molaled

fixed batomreceiving and telemetry instrumentation.

1.2 Reasons for Acoustic Communication
While someprojectsdeploy underwater networks for ocean sampling, many others still
rely on conventional techniques. There are two standard methods for gathering océamograp
data that do not make use of acoustics. One such approach is to deploy tethered sénsors. A
though this method results in high throughput with virtually no bit errors, it is limited to short
distances in locations where the cables can be placed uratbdt The other widely useg-a
proach is to deploy underwater sensors that record data for a specified amount of time and then
arerecoveedupon completion of the task. With this method there are no bit errors, but there are
a significant number of dvebacks Akyildiz 2005]:
1. The (repeated) deployment and recovery of the instruments cangapensivedifficult,
or dangerous procedure.
2. The data processing cannot be performed in real time.
3. There is no interaction with the device after it is deployegening any finduning or
reconfiguration that might beecessary fomaintaining functionality
4. It might be difficult or impossible to detect the failure of an instrument until afterétis r
covered, possibly resulting in the failure of the entire mission
5. The amount of data recovered is limited by the storage space on the device itself.
Since both tethered and standalone devices have numerous disadvantages, mast underw
ter sensor networks employ a wireless physical layer with acoustic links. Two atbless/ne-
thods, radio frequency (RF) and optical transmission, have several limitations that prevent them

from being widely utilized in underwater channels, the most significant being short propagation



distance. While pure water is an insulator, mosidsdf water contain dissolved salts and other
matter, making them partial conductors. The level of attenuation of radio signals is directly pr
portional to the conductivity of the water. The attenuation of radio waves in water also rises with
an increas in frequency and is proportional tdQfwheref is the frequency in Hz, arslis the
conductivity of the water in mhos/meterBecause of the salinity levels, attenuation in sea water
is very high, and to communicate at any depth, it is hecessaietaery low frequencies (long
wave radio, 10° 30 kHz) where attenuation is on theder of 3.5 to 5 dB per meteBltler

1987.

Whil e Maxwell ds equations can be wused to
waves traveling in seawater, there haverbsome papers describing actual measurements of h
rizontal propagation. Propagation in seawater 76 meters deep at 7 MHz produced iagi@msm
distance of 460 meter&\[-Shamma'a 20Q4while propagation at 14 MHz was experimentally
shown to produce aansmission distance of only sometd@0 feet Biegel 1973 In both exe-
riments, propagation exhibited significant signal loss. For frequencies from2IMHz, the
total signal loss over 1 km is severe, ranging frad? to-166 dB JAl-Shamma'a 209. A more
recent experiment demonstrated that electromagnetic waves propagateddrdthr@eterswvith
a constant transmitter power of 100 m@g[la 2009.

Because of scattering and absorption, optical systems are also limited to short distances.
Scattering reduces signal levels and limits the maximum data rate when multipath stretches the
time of a pulse to that of the bit time. Infrared modulation cannot be used underwater,asince w
ter is not transparent in that region of the spectrum. Visibili the Irish Sea, for instance, is
typically 0 meters and only 1 2 meters at beddue to suspended matter in the wdhaw

2006] Replacing infrared LEDs with high power blue and green LEDs has been stated to pr

! mhois a unit of electrical conductance, equal to one ampere per volt.



duce bandwidthup to 312.5 kbits/se[Schill 2004. This result was achieved in a round pool at

a distance of approximately 2 meters. The latest demonstrations have proven that aptical co
munication at 1 Gbit/sec through anter water pipe with up to 36 dB of narrswam exti-

tion is possble [Hanson 200B Since it is difficult to perform such experiments in the ocean,
most underwater optical propagation measurements are performed in a lab tank, leaving the eff

cacy of such systems in natural environments yet to be explored.

1.3 Principles of Underwater Acoustics Relevant to Communication

Acoustical transmission is more flexible than other approaches, as it can be deployed in a
wide variety of configurations, including networks consisting of both mobile and stationary
nodes. It is not, heever, free of complexity. In fact, certain aspects of underwater acoustic
communications are more difficult than those of RF terrestrial networks, especially highggropag
tion delay. In general, underwater acoustic communications are influenced byissimsnoss,

bubbles, stratification, multipath propagation, Doppler spreaide,and high propagation delay.

Figure 1-1: Spherical and cylindrical spreading. Sound generated by the sound source, shown as the
white dot in the center, begins by spreading out uniformly in all directions. The intensity of the
sound decreases rapidly as it spreads out from the sphere with radig, to the one withs. The sound
can no longer spread out uniformly once it reaches the surface and floor of the water, and begins to
spread out cylindrically, radiating horizontally away from the source. The intensity of the sound
decreases more slowlas it spreads from the cylinder with radiusc, to the one with ¢ than when it
spreads out from the sphere with radiuss, to the one withs [URI 2008].



Transmission loss describes the weakening intensity of sound over a distance amd is co
prised of lossefrom both spreading and attenuation. Spreading loss is a geometrical effect that
represents the weakening of soundheswavemoves outward from the source. It can be further
classified as spherical spreading, cylindrical spreading, or a variant \ejperpes somewhere
between the two. Spherical spreading is omnidirectional, where the sound intensity decreases
with the square of the range. Cylindrical spreading, on the other hand, takes place in horizontal
channels, where the pressure of the soumgyanversely with the randg&rick 1996] Figure
1-1 depicts the differences between the two types of spreading. Attenuation loss encompasses the
effects of absorption, scattering, and leakage out of a sound clidrniokl1996] Absorptiona
true loss of acoustic energy that results from the conversion of that energy into heat, accounts for
the majority of attenuati on. Marsh and Schul |
cient in sea water is often used for frequencies betwdetd and O0. 5 MH zr; whi | e
mula better describes the attenuation of low frequency sounds, in the range of 100 Hz to 3 kHz
[Brekhovskikh 200B The attenuation coefficient produced by both formulas is expressed in
dB/km for a frequencyin kHz; hove v e r Mar sh and Schul kinds forr
the salinity and hydrostatic pressure of the body of water. Since attenuation increases rapidly
with frequency, there exists an upper limit on the frequency used for a link of a given distance i
a digital communication system.

Bubbles produced by breaking waves at the surface can influence the propagation of high
frequency signals. No bubbieduced losses were discovered for waves produced wiitd
speeds of 6 m/s or lesBrgisig 2006 However, with faster wind speeds, losses increased as

wind speed increased, with 20 dB loss reported for a wind speed of 10 m/s.



Figure 1-2: Shadow zones (white areas) created by the refraction of wavesdeep water

Stratification, the separation of a body of water into layers of similar densities, can also
greatly impact the availability of an acoustic link. Fluctuations in the sound speed within-a cha
nel cause the refraction of signals, which in tigad to shadow zones, areas nearly void of
acowgtic signal. This shadow zone phenomenon occurs in large bodies of water at a depth of
5000 m and distance of 100 km as well as in shallow regions of about 100 m in depth and 3 km
across Preisig 2006 Figurel-2 shows the refraction of waves in a deep water environment with
a Munk soundvelocity profile’ [Munk 1974]and the shadow zones created by fhizpagation

pattern.

2 The sound velocity profile, sometimes called the sound speed ppiditethe velocity of sound as a function of
depth. The velocity values are often derived from salinity, temperature, and depth measurements. The Munk profile is
a canonical sound velocity profile that illustrates features typical of deep water environments.













































































































































































































































































































































































































































































































































































































































































































































