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ABSTRACT

The estimation of the impulse response (IR) of appgation
channel is necessary for a large number of acoagications:
underwater communication, detection and localizatioetc.
Basically, it informs us about the distortions dafansmitted signal
in one channel. This operation is usually subjectatiditional
distortions due to the motion of the transmitteamhel-receiver
configuration. This paper points on the effectshef motion while
estimating the IR by matching filtering between trensmitted and
the received signals and introduces a new motianpemsation
method. Knowing the transmitted signal, the “app8repeed of
each propagation path can be estimated using wideambiguity
function [1]. Indeed, some interference appearshim wideband
ambiguity plane because of the multipath propagatf warping-
based lag-Doppler filtering method is proposed veilhy us to
accurately estimate the IR of the channel.

Index Terms— Acoustic signal analysis, Motion

compensation, Acoustic tomography, Time warpingrajoes.
1. INTRODUCTION

Generally, the estimation of the IR of one propagat
channel is done with the well-known matching filbgr
operation [2]. Since the motion of the transmittkannel-
receiver configuration is not knowa priori, the received
signal could be alternatively correlated with a ifgnof

reference signals that represents possible Dogpliés. The
set of reference signals should be defined forpalisible
velocities and time delays of the configuration. [Recently,
the Doppler effect consequences on the estimafigheolR

carrier-frequency shifts of the transmitted wavefoFor the
narrow band case, the correlation receiver hasfaaerece
set of signals composed by time-delayed and carrier
frequency-shifted versions of the transmitted dighaour
study, a multipath wideband ambiguity function Hzeen
introduced in order to take into account the effeuf the
motion in both the carrier frequency and the moiirtea
function for each path. In the wideband case, tireetation
receiver has as reference signals the time-delayddime-
compressed or time-expanded versions of the tratesmi
one. Interferences may appear in the wideband artpig
plane because of the multipath propagation whitdctf the
IR estimation. In this paper we introduce a newhoétfor
IR estimation in moving configurations, enablingalthe
classical acoustic inversion processes (ie, defgekrally
for motionless configurations). This method corssisif
warping-based lag-Doppler filtering which accunatel
separates each path in order to reduce interfesesmug get
correct IR estimations. The paper
follows. Section 2 presents the characterization thod
multipath environment in a moving configurationcen 3
describes the warping-based lag-Doppler filterifiche
Doppler effect removal technique is described ictisa 4.
Examples on simulated data are presented on sextidre
conclude in Section 6.

2. DESCRIPTION OF THE MOTION EFFECT IN A
MULTIPATH CONFIGURATION

In order to describe the motion effect in a mubitp
configuration, let us consider a motionless receed a

in low frequency shallow water environments has nberansmitter moving with a constant speed. We dediniene

described [1]. The considered processing methdd] iis the
matching filtering between the transmitted and iremk
signals. Traditionally, the time delay and Doppifects are
analyzed by the ambiguity function. If the signslnarrow
band, the conventional formulation of the ambigdityction

axis u for the emission (i.e. the time of transmissionyl &
for the reception (i.e the time of arrival), relhten the
following way:

u+T,(u) =t, (1)

is organized as

is appropriate. In this case, the effects of motignich are a WhereT(u) refers to the time of propagation of tiferay.
Compression in time for approaching sources and J,hls relation states that a Signal transmittechattimeu is
expansion for receding sources, are approximatesinasle  'eceived on thé" ray at the times plus the propagation time



along the™ ray. Li(u) is defined as the length in meters of thesource during the transmission can be neglectechamrd

i ray. With a transmitter moving with a constant speexhgl
axisx, (1) becomes

X, + L;(u)+vu
B @

wherex, is the position of the source wharr 0 andc is the
sound velocity (considered constant). To clariffations, we
introduce

u+ =t,

T, (u) = Ll_i(u)_ (3)
Some manipulations with (1), (2) and (3) yields to:
_ 1
u=(t-r, (“”[nvi ,C} 4)

The termz;(u) represents the time of propagation from th
transmitter to the receiver. It depends on the tislayu and
cannot be expressed with the time of arrival fbcates. The
term 1/(1+vi/c) is the classical compression or expansion i
the time domain induced by the broadband Dopplecefin
equation (4), it has been assumed that Dopplectatfepends
on each ray. As shown in the figure 1, the motienterv is
projected on the path of th8 ray with the declination angle
6; which leads to

v, = H\?HCOS(Q).

(5)

source

receiver

Path of the ith ray

Figl. Evaluation of vector, from the motion vectov

As indicated by (5), each ray will be charactetizyy a
distinct Doppler effect defined by the spegdConsidering
several rays, thé" ray is an amplitude-attenuatea)( time
delayed and Doppler-transformed version of thestratied
signal e(t). With (4) the signal received from th8 ray is
expressed as

1
1+v /c

s, (t,u) = ai[ ] e((t - 7, (W))( ). ©)

The received signalt,u) is the sum of all thg(t,u) received
from each ray leading to the following expression

s(t,u) = Zg (t,u).

1
1+v

/c

)

We assume that the propagation time and the projecf
the motion vector are constant during transmissibhis
hypothesis stands valid as long as the distancee rhgdhe

with the distance source-receiver. By using the mete
formulations of the signal received for each rag a the
apparent speed (5), the formula (7) can be rewritte

[ L J e((t -7,)( L )J. (8)
1+ 1+

v cos(g,)/c v cos(6,)/c
This expression shows that the Doppler transfaomadf
the transmitted signak(t)) depends both on the speed of the
source and the angle of emissi@k) (vhich is different for
each path.

s(t) = a

3. WARPING-BASED LAG-DOPPLER FILTERING

The problem of the estimation of an IR with matchin
iltering is formulated and analyzed in this seotidt has
een explained that the received signal is defaswethe sum
of amplitude-attenuated, time delayed and Doppler-
Hansformed version of the transmitted signal. Assg the
transmitted signal is known, the propagation timnel she
velocity associated to each ray can be estimatedrbys
correlating the received signal with a set of refiee
signals. The set of reference signals is composeimne-
delayed and Doppler-transformed versions of thestratted
signal for all the range of time delays and spemqscted
[3]. The factor of contraction or expansion due the
Doppler transformation), satisfies
1

T 1evic 9)
The Doppler transformation factor of teray is introduced
asz; and satisfies (9) with the speedissociated to the same
ray. For each reference signal, the cross coroslats
expressed as:

U

©

R(z,v) = [s(t+7)p?e"(nt)dt, (10)

-0

where * denotes the complex conjugatistt) the received
signal ande(t) the transmitted one. Using the expressions of
the received signal in a multipath environmentagdl (7) in
(10) yields

R(,V) = a (7m)" [eln, (t+7-7))e’(p)dt. (12)
Local maxima of this correlation function are read
for each ray. For thé" ray, the maximum is reached when

the reference and the propagated signal are exaaiyed
in time delay and Doppler. It is assumed that s well
separated in time in the motionless case so therena
interferences between local maxima. The interfexsribat
could occur between local maxima are studied ingi3d
are not the purpose of this paper. The time of agagion
and the apparent speed of tfleray can be estimated once



the local maximum is detected. The wideband ambjigui
function used here is the square magnitude of (Th)s
representation can be compared with the classmhblgaity
plane except the Doppler effect, modeled as a cesspn
or expansion in time and not as a frequency shiftifigure

The speed/ is estimated as the coordinates of the absolute
maximum in the ambiguity plane and correspondshe t
apparent speed of the first path.

In this paper, we introduce a new Doppler compémsa
technigue estimating the apparent speed of eachTiag

2 shows an example of the wideband ambiguity planprinciple of the method is to be able detecting riexima
computed for one LFM (Linear Frequency Modulation)corresponding to each path in the broadband antpigui

received signal.
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Fig2. Ambiguity function of aLFM: Central frequensyl300Hz,
Bandwidth = 2000Hz, Duration = 4 sec. Transmitferes is
2.5m.s* and the time delay is 0.1 seconds.

In the multipath case, paths have different appgare
speeds and different time delays as illustratedigare 3.
Each path is seen as a sweep-like shape which dmeawth
the “distance” between the reference and the siedlispeed
and time-delay.

time-delay (seco

) speed (m.s-1)
Fig3. Ambiguity plane of a simulated multipath paggtion. The
relative speed = 8 knots and the distance sourmver is 500 m

4. DOPPLER COMPENSATION TECHNIQUE

In previous section, the wideband ambiguity functioas
been introduced in the context of multipath propaga
whenever the source is moving or not. A well knaonethod
of estimating the IR of one canal of propagationtds
compute the cross correlation between a set of-dieteyed
version of the transmitted signal and the receiveel. In [1],
this method has been shown to be equivalent togatie
values at a speed equal to zero for all the tinlaydan the
ambiguity plane and it has been shown to give a pBo
because the motion is not taken into account. In tie
uniform speed compensation, which enables recayeain
motionless IR from the ambiguity plane with a mayin
source, has been introduced. The uniform spe
compensation is defined as keeping the column astaat

speedV in the wideband ambiguity plane with the hypotkesi

of a source faraway from the receiver so that {heaeent

speed of each ray;] will be close to the one of the first path.

function so the motionless IR can be recovered. The
difficulty is that paths are very close and intezfeces
creating local maxima appear in the ambiguity fiorct If

one path is removed before computing the ambiguity
function then it cannot create any interferencenaihother
path and the next arrival should be detectable. Jdreeral
process of the motion compensation is explainedaby
scheme presented on figure 4.

Iterative Construction
of the Motionless IR

Absolute Maxima
Detection

Broadband
Ambiguity

Path Modeling

For n paths

Extraction of the
Detected ray

Fig4. Motion compensation using the broadband auityig
function and time-warping filtering operators.

Time warping

First, the broadband ambiguity function is compued
the first path is detected as the coordinates efatsolute
maximum leading to the apparent speed and the disiey
of the first ray. At this point, the first ray dfié motionless
IR is recovered. The signal received for the figst is then
analytically modeled with formula (6). The next pge
consist in removing the detected ray and this cabhaaone
with classical filtering as paths are too close dram
another. The advantage of the time-warping [4] apen is
that the detected path can be represented as asmee
function which can be easily filtered without madlifg the
received signal. With its analytical expression dime-
warping operation, the detected path is removerth fthe
studied record and the inverse time-warping opemats
then applied. This leads to a signal containing paths
except the one previously detected. This proceapptiedn
times if one wants to recover an IR withays.

5.RESULTS

For this simulation, we consider a source movingrats',
at a depth of 32 meters and at a range of 500 snftan a

drophone located at 90 meters depth. The chalemh is
165 meters. The signal transmitted is a LFM witbeatral
frequency of 1300Hz, a bandwidth of 2000Hz andnaeti
duration of 4 seconds.



The figure 5 illustrates the first steps of thettmoe
introduced in previous section.
detection is represented with the star in the Hvaad
ambiguity plane (left part of fig. 5). We remarlsalthat the
two first paths are really close in the ambiguitsng which
creates interferences. Once the absolute maximuected,
the received signal is warped according to theamanheous
frequency law defined by (6). The right part of figure 5
represents the time-warped space representationewthe
first path is a pure sine. The signal receivedferfirst ray is
extracted with the band-pass filter defined bytthe dashed
lines represented on figure 5. This process alltmvdetect
the time delay and amplitude corresponding to it path
and to remove it accurately in order to examinetteely the
other rays. The signals obtained after the extactf the
first ray are shown in the ambiguity plane on fay@. It can
be seen that the first path is removed without fiyowj other
parts of the signal and the detection of the secoyd
becomes easier.

time-delay (sec.)
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. Representations of the ambiguity functiofft @ele) and of

the time-warped space (right side).
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Fig6. Ambiguity functions of the received signakeafextracting the
first path (left side) and of the signal extrachexin the first path.
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The results obtained on the simulated data arsepted
in figure 7. The picture on the top representsahwiguity
plane of the received signal where the detecteal imaxima
are represented with circles and the theoreticaitipos
(obtained from theoretical results) - with statscdn be seen
that the estimations matches the theory. The slitid
represented on the ambiguity plane is the line galhich
the values of the ambiguity function are kept fdwe t
estimation of the motionless IR with the new adapspeed
compensation method. The values of the ambiguitgtfan
are kept along the clear dashed line for the umfspeed

curves stand for the different estimation methddse zero

The absolute maximspeed compensation is represented with the cleteddine,

the uniform speed compensation with a dashed Inktlae
adaptive speed compensation with a solid line. ¥®eted,
the zero speed compensation leads to poor restilig w
motion is not taken into account. The uniform speed
compensation leads to a good estimation of thefitsbrays

but the amplitude and the time-delays obtained beased

for other one. Finally, the adaptive speed comp@rsa
proposed in this paper allows recovering a motssliR
very close to the theoretic one.
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Fig7. Estimation of the motionless IR obtained frdifferent
methods in the ambiguity plane and in the time doma

6. CONCLUSIONS

This paper introduces a new method which allows
recovering the motionless IR from an unknown camsta
motion of the transmitter-channel-receiver configian.
The method is based on the warping-based lag-Dopple
filtering of arrived signals. This new method canused for
active and passive tomography when the speed cfahee

is not well monitored and unknown, respectively.
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