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Abstract—Low frequency propagation in shallow water is frequency f, the transfer functiond (f) between a source
described by modal theory. One challenge has been to extract X (f) at depthz, and a signal’(f) recorded on a receiver at

information about the modes in order to localize an acoustic 5 genth, separated by a radial distancecan be expressed
source and/or characterize the propagation medium. This article

presents a method for extracting modal arrival times using

a single receiver. This method is illustrated on experimental N edkrm ()7

small scale data recorded in an ultrasonic tank. Adaptive signal H(f)=~Q Z U, (f, 25) Vi (f, 21) —————e— (1)
processing, based on time and frequency warpings, is applied to — krm (f)r
overcome limitations given by time-frequency overlap of modal

field contributions. where N is the number of propagating modeg,,, the
modal depth function of mode., .., (f) the radial wavenum-

edm/4

|. INTRODUCTION :
ber of modem, and@Q = Tomoel) (with p(zs) the water

In this paper, we considere broadband propagation at I%nsity at the source depth).

frequency (0- 150Hz) in shallow water (0-400m) with a single The spectrumY'(f) of the received signal (recorded at
receiver. Although it is a classical configuration for undater depth z,) is given by Y(f) = H(f)X(f), with X(f)
acoustics, it is still a challenging problem when couplethwi the source spectrum (emitted at dept}). Considering an

single receiver. According to normal mode theory [1] [2)¢ thir, isive source (its spectrum is almost flat for the corrside

modal components comprising the pressure field pmpagﬂt@quencies), mearis(f) ~ H(f). In this case, signal in time

dispersively, both dlsp(_ersmg from one another accc?rdmg.gtJ #) is given by the inverse Fourier Transform B f). As
mode number (called intermodal dispersion) and dlsper5|51§f) is a sum of N terms, y(t) is also a sum ofV terms
individually according to frequency (called intramodaspier- written as:

sion). Due to these effects of dispersion, highly pronodnce N

at low frequency, arrival times of a given mode differing for y(t) = Z Am(t)ew'm(t) (2)
each frequency are used for localization or inversion sehem m=1

In shallow water and for a source/ receiver distance Sma'\%ereAm(t) can be interpreted as the instantaneous amplitude

than 20 km, modes are not well resolved and arrive togethgf the modem and @,, () as its instantaneous phase. As a
on the receiver. In this case, only few methods providingatter of simplicity, we rewrite Eq. (1) as

pseudo-automatic extraction are available in the liteeatind

. . . . . N
require iterative processing [3], [4]. We propose an auttma B i ()
estimation of the modal arrival times that requires no arprio Y(f)= Z Bin(t)e : ®)
information about the environment and its application on m=t
experimental small scale data. Both Y (f) and y(¢) are multicomponent and complex func-

In this paper, modal propagation (section Il) is brieflfions describing the same signal. They carry exactly theesam
reviewed, and it is shown that modal information is embeddéaformation.
in time-frequency domain although not easily accessible. | For each moden, a group velocityv,,, describing the
section IlI, signal processing tools as warping methodamet propagation speed of energy is defined as:
and frequency domains are presented as a solution to adapt of
the received signal to classical time-frequency represiems. Vgm (f) = 2m ok 4)
Then, section IV presents the estimation of the modal drriva o
time. Finally, last section presents the application of tHdS it depends both on frequengyand mode indexn, each
estimation scheme on experimental small scale data. frequency of each mode travels at its own speed (dispersive

propagation). To extract information of the single recdive

Il. MODAL PROPAGATION signal, the different modes have to be distinguished. Taaekt
In shallow water, for low frequency source, the most suéabinformation of the single received signal, the differentdes
propagation model is the normal mode theory [1]. For lave to be distinguished. If the distance between source and




receiver is big enough (more than 20 km in a classical shalldhat W, g and g have the same energy. This allows a warping
water waveguide), the modes are perfectly separated in tim#erpretation in term of unitary equivalence [6].
and no further treatment is needed. In our case of shortln our casey is the received signal (in time or in frequency
distance between source and receiver, modes overlappkd indomain), andr can be timet or frequencyf. Consequently,
received signal: for a given time, several modes coexist. Agrping is equivalent to stretch one axis of the sigratr
they also share a frequency band, it is not possible to separA To take benefits of time-frequency representations, \ugrpi
them, neither in time nor in frequency domain. is defined so that the modal structure becomes linear in the
To overcome this problem, the signal will be studied itime-frequency plan. A warped mode will be a straight line
the (joint) time-frequency domain. In fact, an Ideal Timethorizontal or vertical, depending of warping type) in the
Frequency Distribution [5] of the moddd ' F' D can be given time-frequency plan and classical time-frequency remase
using the notion of group delay;,: tions will easily be used. Time warping (means time axis
is stretched) makes all modes horizontal in time-frequency

ITFD(w,t) = Z St + 7 ()], (5a) domain as a warped mode is now a pure frequency ; frequency
9 (oj; , warping (frequency axis is stretched) makes a mode hoatont
Tm(w) = —t = — , (5b) in time-frequency domain as the warped mode is now a Dirac
of Vgm (@) function in time.
where v,,, is the group velocity of moden. This ITF D, First, an adequate warping function has to be defined for

presenting the modal arrival times, carry information aboeach type of warping. In order to do so, as model of the envi-
the source localization (radial distancg and about the ronment is required, we choose the ideal waveguide. Indeed,
environment (via the group velocities which are relatedh® t exists an analytical formulation of the warping functionghis
wavenumbers). Equation (5b) assumes that source emissiase. Although the ideal waveguide modelisation is sirtiplis
time isto = 0. In other world, emission time and receptiorthe corresponding warping functions can be used on signals
time are supposed to be synchronized. recorded in more realistic environments. We will prove it in
Note that in an ideal waveguide (pressure release surfaget sections on experimental data.
and rigid bottom), previous equations can be explicitely eﬁ E .
pressed. In particular, phases of the signal, both in tinte an” requency warping

frequency domain are [2]: The aim of frequency warping is to undo intramodal dis-
; persion. The warping function defined as:
Pmt) =2 fené(t) , €)= —12;  (6a) () =P+ /2. ®)
) Wm = cm
O(f) = 27/ = f, (6b)
. e . _ depends on the mode number, which means that modes
with ¢, = r/c the time of first arrival on the receiver arfdh, have to be warped one by one. In an ideal waveguide, the

the cutoff frequency of moden. warped spectrum (for a chosen mo is then:
I1l. WARPING TRANSFORMATIONS W, Y (f) =D, (f)e?* </
Because of time-frequency representation inherent limita i Z D_(f)ejQTrgq/—f2+f3mfffi (9)

tions, automatic estimation of modal group delay is impassi :
. . . . i#m

without adapted signal processing. In our study, the reckeiv D | funcii iving th ‘ litude of

signal is transformed (warped) so that it can be represent Bere m('js a rdea gnctlr(])ns gl(\j/lng the SEeC rurfn_tamp| lf[ €o

using classical time-frequency representations. The aim € warped mode. For (n€ moden, the phase ot 1S spectrum

warping is to undo dispersion. To do that, warping transl’sorn?”%f is linear in frequency. This mode is a Dirac in time and

are based on a simple propagation model: the isovelocﬂg its ene(;gy IS ﬁon((j:entratedhon the ““‘F - .T/C VX_T:Ch h
waveguide. However, warping transformations are quite rgorresponds to the direct pat propagetlon t|me_. he other
des are also warped but they are still spread in time (and

bust. Warping can by apply with canonical parameters ﬁg ! ) ; L
any shallow water received signal, even when environme s different from a Dirac). Consequently, their amplgd

is unknown. Note that by nature, warping transformation(\sonS'der"’lbly smeller than the ar_nphtude_of the mmie
conserve energy and are invertible. So after warping transformation, a given mode is trans-

In our study, the received signal is transformed (warpe rmed into a I_Dirac, canceling dispersion effect. Note that
so that it can be represented using classical time-freque quency warping operates_, on th? epectrum of the.rece!ved
representations. Mathematically, the warping transfdionds S|gnz?: aed tQOes not require emission and reception time
mainly a substitution. Let consider a functigrof the variable synchronization.
x. The warped versioilV, g of g is given by: B. Time warping

dh(z) The aim of time warping is to separate modes in time
Whg(x) = ‘W‘ g[h(z)] (7)  frequency domain [7].

with h the warping function. The variable is substituted by For the ideal waveguide case, the warping function is:

h(z), and g[h(z)] is multiplied by the square root term so h(t) = /12 + (r/c)? = £1(2). (10)



We can notice that this warping function does not depend on V. APPLICATION TO EXPERIMENTAL DATA
the mode numbenm, which means that all modes are warped T, clarify the presentation, the previous algorithm is &bl

at once. In an ideal waveguide, the result of time warping i§n small scale experimental data. These data were recorded
N in an ultrasonic tank at Laboratoire de Géophysique Intetne
Wiy (t) = D Cp(t)e??™emt (11) Tectonophysique in Grenoble (France). Indeed, to charaje sc

m=1 in an underwater acoustics experiment, one only have to keep

. . the ratio distance / wavelenght. Thus, to go from the tanlesca
wlhe;e C’?(tg Vv h/g) Ag[h(t)] IS thehlnstantgneozs ar;:'to the oceanic scale, distance (water depth, source/s¥ceiv
_p'tu e of the warped mo . For €ach warped mode, t eseparation) has to be divided by a factdr, and frequency
instantaneous phaskr fc,,t is now linear in time as a pure o< o pe divided by the sanié

frequency. Therefore, the warped signal contains only pure

frequencies as every modes are transformed into sinusoidsExperimental protocol
(pure frequencies). Classical time-frequency repretiena 114 waveguide is made up from a water column over a

are adapted to represent it, and it will be very easy noWsinjess steel bottom. The waveguide parameters are then :
to separate warped modes with classical filters. Note that

. _ 1 .
time warping operates directly on the received signal in * Water column  sound speed = 1480 m.s™, density

— —3 ~
time domain, and required the reception and emission time p1 = 1000 kg.m ' depthp ~= 230 mm. 1
synchronization, « Bottom (stainless steel) : sound spegd= 5800 m.s -,

density p; = 7900 kg.m3.
IV. M ODAL ARRIVAL TIME ESTIMATION Source/receiver separation is ~ 112 cm. The source is

In this section, we present an algorithm to extract modi pulsive (central frequencyf, ~ 0.5 MHz, bandwidth
' P 9 ~ 0.4MHz), and sampling frequency 8, = 10 M Hz.

arrival times from a received signal by warping processinpne_ experimental waveguide can be considered as a Pekeris
and then build the time_-frequency pattern qf th? signal;he. . waveguide. By choosing the scaling factdr = 1000, this
ggljez:zi?:ctjegslirr]msetﬁtem% Ii)\;vr;zr?rzza;tae rglvaellgtcl)r?itiﬁ]stlmatl experiment corresponds to a classical low frequency at-sea
' experiment in shallow water. Figure 1 presents the tank used
1) Detection of the signal using frequency warping (diregby the experiment.
path arrival time estimation)
2) Modal filtering using time warping information (adap-
tive filtering)
3) Modal arrival times extraction

A. Detection of the signal using frequency warping

Frequency warping is blindly and recursively applied on
the spectrum of the received signal until a mode become as
a Dirac as possible. This mode in concentrated around time
t, = r/c while other modes are more spread in time. This
allow to estimate the time of first arrival and to synchronize
emission and reception times.

Fig. 1. The tank used for the small scale experiment
B. Time warping and modal filterin . . )
ping g Note that from now, time and frequency axis of the figures

The previous estimation allows to synchronize source agge scaled by a factaN = 1000 so that they correspond to
receiver times. Time warping can now be applied. Warpgfe classical oceanic scale.

modes ideally become pure frequencies. This is not true as _
warping model is based on ideal waveguide and recordBd Experimental results

signal often comes from a more complicated environement.pata were recorded on an 10 element horizontal array of
At worse, warped modes are more resolved on time-frequengydrophone, sampling the upper part of the water column from
domain than non-processed mode. They can easily be fife surface to the depth~ 150 mm. The corresponding field
tered using a simple time-frequency threshold. Each fitergs represented on Fig. 2. One can see that only mode 1 is
(warped) mode is then unwarped using the inverse tilgghtly resolved in time. Other modes can not be detected. T
warping. apply our estimation algorithm, we select the field recorded
on a single receiver (depth ~ 100mm). Figure 3 presents
the spectrogram of the original recorded signal. In thisetim

Modal arrival time estimation is done on each filtered modeequency domain, some mode can be seen but their pattern
using reallocated spectrogram [8]. This is a suitable tdwérv is not clear. We apply on this signal the modal arrival time
the modes are separated. estimation scheme presented in section IV.

C. Modal arrival time estimation
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Fig. 2. Field recorded in the tank using a vertical array Fig. 5. Spectrogram of recorded signal after time warpind.mddes can
be characterized as almost pure frequency structure.

120

3-Modal arrival time estimation : reallocated spectrogram

frequency (Hz)

0 0.2 0.4

Fig. 3. Spectrogram of the signal recorded on sensor at dejitmm and
corresponding estimated modal arrival times

06
time (sec)

0.8

of each filtered mode is computed, and the final result of
this estimation is superimposed on Fig. 3. One can see
that although modal resolution is pretty bad in the original
spectrogram, our method allows an accurate estimationeof th
modal arrival time. This processing has also been sucdbssfu
tested on synthetic dataset to test its precision. The crla
arrival time can be used as an input for geoacoustic inversio
as presented in [9].

CONCLUSION

This paper presents propagation based signal processing
tools. They allow passive estimation of modal arrival times
These arrival times carry information about environmerd an

1-Detection of the signal using frequency warping : €an be used in a single receiver inversion scheme.
figure 4 presents the spectrogram of the signal after frexyuen
warping. One can see that mode 2 is warped. This mode is

characterized and focused as a ™Dirac structure™ at tinges0 [1] F.B. Jensen. Computational ocean acousticsAmerican Institute of
Physics, 1994.

with an high level of energy, while mode 1 lays on its left angj |. Toistoy, C.S. Clay. Ocean acoustics Published for the Acoustical
mode 3 is on its right with a lower level of energy. Estimation Society of America by the American Institute of Physics NewkydyY,
1987.

of the arrival time is now greatly eased.
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