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Abstract—The development of positioning systems using un- be anchored at a fixed position, and the other two could
derwater acoustic is a new research field. One of the main freely move through the sea surface. The acoustic signals
advantages of such a positioning system over absolute ones iSyre coded using orthogonal Complementary Sets of Sequences

that an external infraestructure is not needed, because only CSS) allowing the simult . f the f b
distances between the buoys are used to obtain their positions.( ), allowing the simultaneous emission of the four buoys

In this work, a relative positioning system using underwater Eventually, the signals will reach the buoys, where through
acoustic is presented. This system consists of four buoys thata correlation process the times of flight from each other

emit an acoustic signal, coded with orthogonal Complementary puoy are estimated. These times of flight are fed to the

Set of Sequences. (CSS). The times of flight are then obtained byMuItidimensionaI Scaling technique algorithm (MDS), wiic
means of correlation processes. The use of orthogonal CSS also ’

allows the emission from the four buoys simultaneously. When calculates the pOSItIlonS of the .buoys' .
the times of flight are obtained, the position of the buoys can be  In chapter Il a brief description of an underwater acoustic
computed with the Multidimensional Scaling technique algorithm  propagation model can be found. The positioning system is
(MDS). Some simulations of the performance of the system are described in chapter I, where the configuration of the oy

also presented. . e .
Index Terms—Underwater acoustics, relative positioning sys- as well as the coding scheme and the positioning algorithm

tem, CDMA ultrasonic signals are revised. Chapter IV shows some simulated results for a
particular environment and different configurations, veaesr
|. INTRODUCTION chapter V outlines the conclusions and future work.

Underwater acoustic systems have experienced a growing
interest since a few decades ago. Using these systems, endl. UNDERWATERACOUSTIC PROPAGATION MODEL

vironmental parameters can be monitored, submerged robots ) o
and vehicles can be controlled and sonar experiments ardn order to obtain realistic simulated results, an undegwat

performed. To sum up, it is an inexpensive way to implemeAfOUStic propagation model has been developed and used to
a communication system in this medium and the most genef&iculate the physical properties of the received sigriaiere
solution, due to the high atenuation suffered by electroma@® four main effects that are calculated by the propagation
netic waves in water. model: multipath structure, sound speed profile, trangomiss

In the last years, some works dealing with positionin{pSS and Doppler spread.
systems using underwater acoustic have appeared [1] [2]As the sound waves propagate through the sea following
Those works were about absolute positioning systems, dferent paths, several signals will arrive at the receieach
which the positions of the buoys were obtained from a G them following a different path with different arrivahties,
signal, using this information to localize later some sutged  interfering among themselves: this is the multipath strreet
objects. This structure is obtained by a ray tracing technique, that

In sonar or positioning systems, an accurate measure of f@@siders the energy of the wave to be confined in different
time of flight of the signal is needed in order to obtain a godegths, or rays [5].
estimation of the position of the target. One way to achieve The sound speed is calculated using the UNESCO standard
this accuracy is by coding the emitted signal [3] and obtajni equation [6]. The variations in sound speed with depth pi®vi
then the time of flight by means of a correlation procestie sound speed profile. If there were no change in the sound
This solution has been widely used in airborne systengfeed value, the rays would follow a straight line [7]. Hoaev
but there are few references for water environments. Usiifgthere were a change in the value, they would curve due
underwater acoustic, a system with such characteristins ¢a Snell law. This consideration is crucial for the correct
be found in [4], where a signal was coded and correlated Gglculation of the multipath structure.
the receiver. However, the use of coded signals in underwate Transmission loss gathers all the energy losses that the
environments and especially, in positioning systems usiagoustic waves suffer as they travel through the mediumed&hr
underwater acoustic, has not been explored enough. causes of energy loss are considered in the model: geosaietric

In this work, a relative positioning system is presentedpreading, absorption loss and rebound loss at the sunfate a
This system consists of four buoys. Two of them need the bottom.



In the sea, swell must be considered. This swell is assumedhperature is the annual mean for the approximate latitude
to be dependent on wind speed, causing a moving reflectiohComodoro Rivadavia, using the Levitus Atlas [10].
point and, as a consequence, a Doppler spread in the surface-
reflected signal. This Doppler spread will worsen the prof® €oding scheme
erties of these signals. Lastly, all of the signals are &ffitc  To obtain the times of flight between the different buoys
by an additive white gaussian noise. All of these effects amore accurately, the acoustic signals are coded with Cemple
put together, obtaining a set of arrivals that will intefext a mentary Sets of Sequences, CSS [11].
certain times and with certain amplitudes. In this particular case, as the system consist of four buoys,

Considering this propagation model, the simulations olfsur orthogonal CSS are needed. Thus, the sum of the cross-
tained with the relative positioning system proposed areemacorrelation signals in each buoy would be ideally zero. gver
accurate and closer to reality. A more exhaustive desoriptibuoy emits a complementary set of four sequences, each
of the model can be found in [8]. of them of length 64. These sequences are interleaved and
modulated in BPSK with a carrier frequency 26 kH z. All
the buoys are supposed to be perfectly synchronized, thus
emitting at the same time.

In this chapter, the entire positioning system operation is Then, every buoy will demodulate the received signal, which
described. First, the environmental and system propeaties will consist of the signals from the other three buoys. These
presented. Next, the coding scheme based on CSS is reviewgghals will have been affected by the phenomena described i
and finally the MDS algorithm is described. chapter Il. When the received signal is demodulated in a buoy,
it is correlated with the codes of the other three, obtaining
then the correlation peaks, that will provide the times @i

The relative positioning system consists of four buoys. TW@y the signals from each buoy. The measure of the time of
of them need to be anchored at a fixed position, and the otlcmadht is done from the maximum amplitude peak. Knowing
two could freely move through the sea surface. One of buojs times of flight and the sound speed value, the distance
is considered the origin of the coordinate system, and so jgtween the buoys can be obtained. As the correlation peak is
position will always be(0, 0) m. obtained when the entire coded signal has passed through the

At 1 meter depth in each buoy there is an hydrophonggrrelator, the temporary length of the emitted sigralu.,
acting both as an emitter and receiver. These hydrophores @i st be substracted to obtain the correct arrival time. Thus

supposed to send an omnidirectional signal in the horitontfe distance between two buoys j), di;, can be obtained
plane, but this signal is limited betweeir20° in the vertical from (1) as follows:

plane. Fig. 1 shows the configuration of the relative positig
SyStem. L. . . . . dij = (tij - tcode) *Ct (1)
The positioning system is simulated to be deployed in the
coast of Comodoro Rivadavia, Argentina. This city has a Wheret;; is the time of flight obtained by the maximum
latitude of —45.8647°, and a bottom depth of 6 meters, fewamplitude correlation peak and is the sound speed at the
kilometers out to sea. This bottom is supposed to be santlydrophones depth. As the depth is small and the sound speed
with a density of1941 kg - m~3 and a sound speed ofwill be nearly constant, considering this particular vatuevill
1749 m - s~—*. A salinity of 34.19/ and a pH of7 are also not provide a noticeable error.
considered, as well as a water densityl024 kg- m—3. These .
values are between the most common that one can encoufiteMDPS @gorithm
in this medium [9]. The water temperature is assumed to be ofln order to obtain the position of the buoys, the MDS
8.1°C, and is a constant value in all the water column. Thiechnique has been used [12]. This is one of the simplest
algorithms for relative positioning systems, but it prasd
good enough results for the first approach to the problem.
The position of the buoys are calculated knowing all the

P ¥ /K distances between them, which were obtained by (1). All the
) (

distances are collected in the matbx as can be seen in (2):

IIl. DESCRIPTION OF THERELATIVE POSITIONING
SYSTEM

A. Environmental and system properties

diy diz diz dig
da1 daz daz doy @
d31 dzz d3z dig
dyr daz daz dyy

6m D=

A change in the coordenate system is applied to this matrix,

5 obtaining another oneB, where now all the distances are
referred to the centroid of the geometrical figure drawn by

Figure 1. Positioning system configuration the buoys. The position of the buoys can be estimated by




factorizingB using Singular Value Decomposition (SVD). Fi- w=01mis

nally, the positions are referred back to the original cowt wf ‘ 55%:% ‘ ]
system. A more detailed explanation of this algorithm and an I I DI 1
example of its use in a relative positioning system in ain ca o = . e
be found in [3]. s | ULl
gl DI I =l ]
IV. RESULTSOBTAINED WITH THE RELATIVE g 1
POSITIONING SYSTEM g o - . -
In this chapter, some results for the proposed positioning <407 ‘ oo Ry 2
system are presented. The buoys are supposed to be deploy: -G ]
in the coast of Comodoro Rivadavia, whose environmental L l m . =1l

values where previously defined. The four buoys are in the '6 *s\R (@8) *
following positions(z, y): (0,0) m, (0,500) m, (350,275) m
and (480,400) m.

First, a characterization of the system will be presented,
where the distance errors between real and estimatedgositi
are given for different values of signal-to-noise ratio N system, where the main source of errors would be the lack of
and wind speedyw, for a particular position of the buoys.wind speed, that would create a perfect reflection surface.
Lastly, some simulations of the positions obtained by the raative Positioning System
proposed system are shown.

Figure 2. Average absolute error obtained for the charaetwn

In all the cases studied, the buoys are in the same position
that in the characterization of the system. Different valoé

wind speed and SNR are tested as an example of the relative
Due to the statistical properties of the dynamic effect gfositioning system.

swell and the SNR, a characterization of the system hasin the first case, a SNR of dB and a wind speed of
been performed. In this work, the SNR is definedi&&gNo, 3.3 m . s~ are used. The result obtained by the MDS
being £}, the energy per bit andV, the noise power spectralglgorithm can be seen in Fig. 3 (a), where an absolute error
density, assuming an additive white gaussian noise. A lehdipf 11 ¢m is obtain in the worst estimation.
simulations have been run for the same values of wind speedn the second case, a SNR 8fdB and a wind speed of
and SNR, and nine different cases have been consideredy, . s—1 are considered. The result obtained by the MDS
obtaining for each one of them the average absolute errord@orithm is shown in Fig. 3 (b). In this case, a larger error
the position of the buoys and its standard deviatien, appears. The worst absolute error has a value of afibut,
The SNR values used werk5 dB, 3 dB and —6 dB, which corresponds to a percent errorso3%.
obtaining then a strong signal in the first case, a consitierab The third case considers the same value of wind speed than
amount of noise in the second case and a very unfavorathe previous simulation], m-s~*, and a SNR of) dB. Thus,
situation in the third case, where the noise power is greatge effect of the SNR can be seen with respect to the same
than signal power. As for the wind speed, three values werglue of wind speed. The result is represented in Fig. 3 (), a
used:0.1 m-s~', 3.5 m-s~ " and7 m-s~!, obtaining then a shows a better estimation than the preceding case, due to the
situation with almost no wind speed in the first case, a mediwatistical effect of the dynamic effect of swell. For thensa
value for the wind speed in the second case, usually foundviind speed value, the results will depend on the atenuatidn a
Comodoro Rivadavia, and a remarkable wind speed in the thjgHase shifts that the acoustic waves suffer. These magsitud
case. are statistically modelled, so they change from one siriarat
The results are shown in Fig. 2. The values for the first buay another, even for the same wind speed value.
are not given, as this buoy is the origin and it is always glace As expected, following the results from the characterarati
at (0,0) m, with no error associated. Knowing the position 0bf the system, the SNR is not a parameter as crucial, witkgin th
the buoys, it has been tested that the further they are wilimits considered, as the wind speed. The main source oferro
respect to the origin, the larger the average absolute eri®the wind speed and the signal degradation it introducles. T
becomes, as one could expect. There is an improvement onwest absolute error is abo@t3 m.
system’s performance for higher values of SNR: the averageThe last simulation uses a SNR @fdB and a wind speed
errors tend to become smaller as the SNR is higher. Anothar0.2 m-s~!, which is one of the worst cases that can occur:
expected result, although less intuitive, is that for largdues a small value for the wind speed. The result obtained by the
of wind speed, the average absolute error becomes smal@bS algorithm is shown in Fig. 3 (d), which is a good result
This behavior is due to the energy loss produced by surfafce the bad conditions considered. In this particular cdse,
rebounds, which will cause a smaller multipath effect, asemoworst absolute error i4.86 m.
arrival paths are highly atenuated. From these resultsiibea  In all the representations, the position of the first buoy has
concluded that multipath effect is the main handicap of theeen omitted, due to its constant position(@t0) m.

A. Characterization of the system behavior
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Figure 3.

V. CONCLUSIONS

In this work, a relative positioning system based on ungy;

Positions obtained by the MDS algorithm

ments,”| EEE Journal of Oceanic Engineering, vol. 30, no. 1, pp. 153—
164, January 2005.
A. Alcocer, P. Oliveira and A. Pascoal, “Underwater astizipositioning

derwater acoustic has been presented. This system has beensystems based on buoys with GPBbceedings of the Eighth European

simulated and characterized for different ranges of SNR a
wind speed, showing a generally good performance in sp

of the important multipath effect that appears when the wind

speed has a value of few meters per second. Also, it is
important to note that the positioning algorithm used in thef4

simulations is one of the simplest ones, the MDS algorithm,

which provides good results as a starting point, but a bett

performance could be achieved.

be improved using more complex algorithms, or combining

MDS with other techniques to refine the results, such as the]

Levenberg-Marquardt algorithm.

ACKNOWLEDGMENT

This work has been possible thanks to the support of the
Spanish Ministry of Science and Innovation (TIN2009-1411411]

C04-01/04), and the University of Alcal(FPI fellowship).

REFERENCES
[1] N. H. Kussat, C. D. Chadwell and R. Zimmerman, “Absolute posing

of an autonomous underwater vehicle using GPS and acoustsuneea

(20]

(12]

g

%

As a future work, some improvements could be made intgs]
the system. Instead of using 4-CSS of length 64 as the coding
sequences, it can be studied which sequences are bettt su'ttn

for this kind of system, and another coding schemes apart
from CSS can be looked for. The final estimated positions calfl

Conference on Underwater Acoustics (ECUA 2006), 2006.

Carlos De Marziani, Jés Urdia, Alvaro Herrandez, Manuel Mazo,
Juan Jess Garga, Ana Jingnez Marn, Maria del Carmen &rez
Rubio, Fernand@lvarez and Jos Manuel Villadangos, “Acoustic sensor
network for relative positioning of nodes3ensors, vol. 9, pp. 8490—
8507, October 2009.

] D. R. Haller and D. D. Lemon, “Sidescans sonar detectiafiopmance

with prn coded signals,Proceedings of the OCEANS 1993, pp. 237—
242, October 1993.

P. C. Etter,Underwater Acoustic Modeling and Simulation. New York:
Taylor and Francis, 3a ed., 2003.

Communication Technology, “Technical
Speed of sound in sea-water,”
tec.com/Library/TechnicaPapers/speedsw.pdf.
F. Fahy and J. WalkeiFundamentals of Noise and Vibration.
Spon Press, 1998.

J. Aparicio, F.J.Alvarez, A. Jinénez, C. De Marziani, J. Uie, C.
Diego, “Underwater channel modeling for a relative positigrsystem,”
Proceedings of the 2011 OCEANS Conference, June 2011.

F. B. Jensen, W. A. Kuperman, M. B. Porter and H. Schm@tmpu-
tational Ocean Acoustics. New York: Springer-Verlag, 2000.

National Oceanographic Data Center, “Cli-
matologial atlas of the world ocean,”
ftp://ftp.nodc.noaa.gov/pub/data.nodc/woa/PUBLICANS/levitus
_atlas 1982.pdf.

C. C. Tseng and C. L. Liu, “Complementary sets of sequehdEEE
Transactions on Information Theory, vol. 18, no. 5, pp. 644-652,
September 1972.

W. S. Torgerson, “Multidimensional scaling: |. theoryjch method,”
Psychometrika, vol. 17, no. 4, pp. 401-419, December 1952.

guides:
http://ww.comm-

London:



