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Swath Bathymetry Using Phase Difference:
Theoretical Analysis of Acoustical
Measurement Precision

Xavier Lurton

Abstract—The phase difference principle is widely applied the receivers, additive noise, and interference from the sea sur-
nowadays to sonar systems used for sea floor bathymetry. The face. This type of problem is met with special acuteness for in-
apparent angle of a target point is obtained from the phase (g forometric side-scan sonars and appears to be less penalizing
difference measured between two close receiving arrays. Here . .
we study the influence of the phase difference estimation errors for multibeam echosounders. These issues have been addressed
caused by the physical structure of the backscattered signals. in various previous works [4]-[6], but little has been published
It is shown that, under certain current conditions, beyond the about the essential precision bound to the physical constitution
commonly considered effects of additive external noise and base- ¢ achoes.

line decorrelation, the processing may be affected by thshifting . .

footprint effect this is due to the fact that the two interferometer In this paper, we propose an an.aly5|s OT the latter cause of
receivers get simultaneous echo contributions coming from depth measurement inaccuracy. Disregarding the problems re-
slightly shifted seabed parts, which results in a degradation of the lated to sea-surface interference [3], to transducer characteris-
signal coherence and, hence, of the phase difference measurement;jcg [4], to phase ambiguities [5], to sound speed profiles vari-

This geometrical effect is described analytically and checked with __. . .
numerical simulations, both for square- and sine-shaped signal ations [6] and to errors bound to ancillary sensors (sonar atti-

envelopes. Its relative influence depends on the geometrical con-tude, sound velocity at the array), we focus here on those prob-
figuration and receiver spacing; it may be prevalent in practical lems associated with the physics of the echo formation; in par-
cases associated with bathymetric sonars. The cases of square andicular, it is shown that, besides the usually considered perturba-
smooth signal envelopes are both considered. The measurements; ¢ yroyght about by additive noise and decorrelation due to

close to nadir, which are known to be especially difficult with . . .
interferometry systems, are addressed in particular. the baseline extent, a noticeable part of the phase fluctuations

Index Terms—Acoustic scattering, bathymetry precision, inter- Is due to the structure of the physical signal itself, through a

ferometry, multibeam echosounder, sea floor bathymetry, sidescan Shifting effect of the signal footprint, which is presented and dis-
sonar, sonar signal processing. cussed here. The specific problems associated with bathymetry

measurements perpendicularly to the seafloor, which are known
to be quite penalizing for interferometry systems, are also dis-

cussed in this respect.
ANY SONAR systems used nowadays for swath

bathymetry of the seafloor are based upon the interfer-

ometry principle: the elevation angle of a target on the sea floor
is measured from the phase difference between the signal®leasuring the phase difference between two close receivers
received on two separate receivers of the sonar arrays. Tisis commonly used method in sonar for target localization.
processing is more and more commonly used for side-schine very precisely obtained path length difference then al-
sonars, for which it provides an interesting complement tows one to estimate the target angular direction. Considering
their imaging capabilities at quite a low cost; however, it ithe bathymetric sonar configuration of Fig. 1, wherand B
also the working principle of many multibeam echosounderare point receivers (with spacingB = a) reached by signals
Overviews of the principles, historical development, anémitted from a target point/, the phase difference betweedn
applications can be found in classical papers by de Moustitid B is
[1], [2] and Denbigh [3].

The basic simplicity of such a measurement principle should Apap = k6R = kasiny = 27 @ sin vy (1)
not mask the difficulties associated with its practical realization.

Phase measurements are quite sensitive ones, leading to Iargﬁ.llgrek — (21/X) is the wavenumbe the wavelength§ R —

fluctuating results; the corresponding angle (and bathymetm _ 7B the path length difference) the interferometer

evaluation may pe quite imprecise. For instance, special C?iﬂaangle, andy = 6 — v the angle between the target direc-
must be taken with problems related to the phase responsg;gf 5 the interferometer axis; in the followingterferometer

axiswill refer to the median perpendicular ttB. The apparent
Manuscript received August 18, 1998; revised April 29, 1999, October é‘,ng|e,y is obtained from measurezﬁlwAB, finaIIy aIIowing to
1999, and January 24, 2000. . L . . . .
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Interferometer
axis

Sea-floor

Fig. 1. Geometry of angle and bathymetry measurement using phase difference.

be readily checked that the far-field approximation used in es- [ll. ANALYSIS OF MEASUREMENT PRECISION
tablishing the classical relatio.n (1) is of exc_ellent precision fg_(. Angle and Depth Errors
the case of interferometers with small spacing o ) ] o
When used in side-scan sonars, the phase difference is usuallj"€ @ngle error i is obtained from a differentiation of (1),
measured between two identical linear arrays, which sectidfi'acingy by ¢ — +; it becomes
correspond to pointd and B in Fig. 1. The synchronous time §A@ap A 1
series received on both sensors are processed for a phase differ- 60 = o o cos(6 — ) @)
ence (and hence angle) measurement, with little limitation on the
~ angle sector (the interferometer is usually baffled whether eaking clear that the angle measurement preciéiis pro-
select one side or the other 4f3). The same processing is apPortional to the phase difference precisithp 45 and is at its
plied in some multibeam echosounders [7]; for a given beam, thest for large values of
interferometry measurement is then performed insigsector * a/A, i.e., awide spacing compared to signal wavelength;
limited by the beam aperture. The receiving array is split into ¢ cos(f — 1), i.e., a target close to the interferometer axis.
two “subarrays,” each one forming a beam in the main lobe dihe angle errofé causes a depth estimation erfer given here
rection; points4 and B then correspond to the phase centers @k a relative value
Fhe subarray;. Mgre 'often, only the null phase difference angle 5x §Agap A tand
is seeked for in thisplit-aperture correlatoprocessing [8]. =tanf 60 = —
One major problem of the method is that the estimated direc- # 2r @ cos(0 —9)
tion @ is defined with some ambiguities due to the fact that t@]oww]g that a given ang|e or phase error is more pena”zing

phase is measuredodulo2. Hence thef solution is actually at grazing incidences and of less importance near nadir (where
a series ob,, such as: tané — 0).

(4)

A B. Phase Measurement Precision
. papt2nm
O = arcsin <—ka ) +7, It appears from (3) and (4) that the angle and bathymetry esti-

With7 =+ =92 —1.0.1.2. . 2y Mmation errors (strictly related to the acoustical measurement) are
’ ’ directly proportional to the phase difference measurement error.

To prevent this drawback (present as soon as the interferohfiS Point is now examined and analyzed. The basic theory of

eter spacing is wider thak/2), several strategies are possible€ target bearing measurement from the phase difference be-
In multibeam echosounders [7], the phase difference is md4€en signals on two subarrayp(it-aperture correlatoyis de-
sured between signals obtained inside a given formed beaffgloPed in Burdic’s book [8]. From his equation (13-104), con-
hence limiting the phase variations fter, +x] and avoiding S'de_f'ng an input signal-to-noise ratio (SNR) vailj@eglecting
ambiguities. Another procedure, actually used in many currdfif individual directivity factors of the subarrays (we are con-
side-scan systems, is to use two (or more) ambiguous imépenng here_z ideal point receivers, in a first step), anq replacing
ferometers with different spacings, providing different seriddSL/2 Spacing between the subarray centers by our interferom-
of angle solutions, among which only the common values af" SPacing, we readily obtain the phase difference standard

correct (see Denbigh [3]). A third way of improvement is t§l€viation as

measure the phase difference nmdulo2, but to “unwind” B
it, starting from an unambiguous measurement point and fol- RS \/g
lowing its evolution, imposing continuities at phase jumps (see,

e.g., [5]). In the following we shall not consider this issue anyhis classical result (found elsewhere with different ap-
more, and shall admit that angfeis measured without am- proaches, see, e.g., [9]) corresponds to stable signals on the
biguities. receivers. However, seafloor-backscattered signals are known

®)
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to be quite fluctuating. As a first approximation, the signal 100 \
amplitudes may be considered as Rayleigh-distributed. This is d (dB) \\
a correct hypothesis for deep-water low-frequency sonars [10]; 80 -\
on the other hand, we are aware that this is often not justified in N
the case of high-definition sonars [11], but we assume that the 60 NN 20
relevance of this classical model is sufficient for our purpose of 0 30 \\\\
accounting for the short-term fluctuations (speckle) perturbing
phase measurements. Under the Rayleigh-distribution hypoth- 20 §\>\
esis, it may be shown (see Appendix I) that the phase standard S~
deviation is increased by a factgf2; hence, we shall retain 0
in the following that the phase difference standard deviation is 0 100 200 300 x(m)400
related to the SNR by ()
1E+02
89 ©
Sp = \if 6) v P
Note that the SNR is to be considered at the output of the LE+00 - ////
arrays situated iod and B, henced = doG p whereGp is the LE-01 2 / P 30
array gain for each receiver of the interferometer, dnis the / ~
“physical” SNR at the input of the receivers. 1E-02 e
Accounting for the previous geometrical relations, the esti- V/
mation errors due to noise on measurements of angle and depth 1E-03 f
are finally 0 100 200 300 x(m) 400
(b)
1 A 1 1E+01
AR S s
sr=asp= S A L A tmb g A
mvdacos(@ —v)  gv/dacos(d —p) 1E-01 = //7,
50
The various causes of noise corrupting the signal are consid- 1E-02 A 30
ered and analyzed in the following paragraphs. /A/
It appears from (6) that acceptable phase difference fluctua- 1E-03 r
tions imply quite high SNR values (for instance, an rms phase
difference erroby = 10° corresponds to an SNR of 21 dB). 1E-04 ]
However, this may be improved by averaging successive mea- 0 100 200 300 x (m) 400
surement results. This processing may be performed before or LE401 ©
after the phase difference computation; for instance, the authors 5z (m) /
of [12], [13] propose to compute the phase difference from the 1E+00 //,/
weighted mean of complex time samples accounting for the //
SNR level. Moreover, the number of samples used in the filter 1E-01 7 ~
may be chosen in various ways: the averaging may be performed 50 //
on a number corresponding either to a constast(a solu- 1E-02 74
tion naturally used in multibeam echosounders, allowing one /// 30
to compensate for the degradation at low grazing angles) or to 1E-03
a constantAz (to keep a constant acrosstrack resolution). The 1E-04 W
effect of such an averaging will not be considered in the rest of 0/ 100 200 300 ¥ (M) 400

this paper. )

C. Additive Noise ) ) B )
o ) ) ) ) ] Fig. 2. lllustrations of the effect of additive noise: (a) computed SNR, (b)
Additive noise and its various causes (i.e., the sonar itself, fisase measurement error, (c) angle measurement error, and (d) altitude error
carrier, and the environment) will not be discussed here; only ¥iSus range. Input parameters: emitted level 23Q88/1 m;f, = 100 kHz;
luation of its influence is presented in Fig. 2. Let us considaywauone = 30 dBlkm; # = 50 m: 6 € [0°85°]; ' = 0.3 ms;
evaluation or Its intlu ISp ! 9. 2. u ’ I &Fay azimuth aperturk®; array directivity gain 30 dB; interferometer spacing
a 100-kHz sonar, located 50 m above the seafloor (the input pa= 2 and tilt angle¥ = 75°; backscattering strength in Lambert's law
rameters are detailed in the figure caption). Fig. 2 presents Bﬁi?—i”;)/ji/mz- The three curves correspond to noise levels of 30, 40, and 50
) : . dB/uPak/Hz.
evolution, with lateral range, of the SNR and the corresponding”
errors in phase, angle, and depth at three realistic levels of am-
bient noise. It makes clear that the quite high SNR values cofaad to very slight phase fluctuations. However, this is in com-

monly obtained at vertical and oblique angle20 to+100 dB) plete disagreement with practical experience. Hence, it has to



354 IEEE JOURNAL OF OCEANIC ENGINEERING, VOL. 25, NO. 3, JULY 2000

be admitted that other perturbation causes must occur, equiva- 8()
lently to a SNR degradation; such effects are described in the  gq 0 450 630 716 760 787 803
next sections. d (dB)

D. Baseline Decorrelation 60

All of the above considered the target as a single point scat-

terer, the dimensions of which have no influence on phase mea- 49 -
surement; however, the actual signal footprint extent for bathy-
metric sonars typically scales from around 10 cm up to several | : : : :
meters. The echo structure may then be dominated by contribu- 20 7 o S o
tions from individual or clustered scatterers; their summation re- ! : ; : '
sults in fluctuations in the measured phase difference, and hence
in the estimated angle. Even if the average observed direction is

. ) : . 0 50 100 150 200 250 300
given by the signal footprint center, the measured angle variance x (mj
(related to the scatterer spreading) may be noticeable. Known @)
in radar literature as “glint,” this effect in sonar bathymetry was a()
described and discussed in a paper by Jin and Tang [14] as the 450 630 716 760 787 805
baseline decorrelatiorffect. These authors expressed the av- : ‘ : : :
erage cross-correlatio 4 s3;) of signals received ort and B & (m)
as the integral of scatterers contributions along the insonified 0.15 -
seafloor segmenmhz; this finally results [14], after normaliza-
tion, in the following correlation coefficient, rewritten here

with our notations: 0.10 +
sinn
Y= 0.05 -
n= ka I cos B cotf cos(f — ). 9) : | : ; :
H 4 0.00 i : | i i

0 50 100 150 200 250 300

This decorrelation process corresponds to an equivalent@ENR * ()

iven b
g y )

d= . (10) Fig. 3. (a) Equivalent SNR and (b) depth measurement error caused by the
1-v baseline decorrelation effect for a 100-kHz interferometer 2X at H = 50
m and for two tilt angles of the interferometer: = 90° (solid line) and45°
The comparisons presented in [14] between the modedtted line). Note that the depth error does not depend on the tilt angle.

and experimental results show a good agreement for incident

angles between ?0and 80. However, the parameters of this IV. SHIETING FOOTPRINTEFEECT
configuration are quite particular, since they feature a lon
emitted signal (with'Z’/2 = 1.5 m) and a low sonar altitude
(5 m) above the seafloor, leading to a value of around 1.6 for1l) An Optical Analogy:A classical academic experiment in
(ka/H)(cT'/4) which is the dimensioning factor of in (9). optical interferometry is known as théoung'’s fringeslt con-

Now considering a high-frequency (100 kHz) bathymetrisists in emitting monochromatic light through an opaque shield
sonar system such as the one in Section IlI-C above, withth two close parallel slots; the radiation from these secondary
characteristicd” = 0.5 ms,a = 2)\, andH = 100 m, leads sources creates on a distant screen periodic interference fringes,
to a much lower value ofka/H)(cT'/4) = 0.025. At a given the geometry of which is easily computed using a classical de-
angle, this means an equivalent SNR increase of about B8opment identical to (1) for the phase difference. What is less
dB compared to the case in [14], sinde~ (6/5?), which, often emphasized is that the minimum-to-maximum intensity
of course, completely changes the potential influence of tlkentrast inside the fringes tends to decrease on both sides of the
baseline decorrelation effect. Fig. 3 presents the baselicentral fringe. This is due to the fact that the light source is not
decorrelation equivalent SNR values versus horizontal rangerfectly monochromatic, but features a finite bandwidth, and
for the system configuration given in Section 1lI-C and twdence a coherence duration (or equivalent length); therefore, off
interferometer tilt angleg. It makes clear that, whatever thethe interferometer axis, if the path difference from the two slots
angle, the equivalent SNR stays fairly high and is not likelio the screen gets comparable to this coherence length, the inter-
to really affect the phase measurement, except possiblyfetence phenomenon is degraded [15]. Itis thought that a similar
very short ranges for a tilted interferometer. Therefore, neithehenomenon is affecting phase difference measurements with
this baseline decorrelation effect, considered alone, can benterferometric sonars.

sufficient explanation for describing the phase fluctuations 2) Basic Presentationin the bathymetry sonar case, the
found in interferometric sonar data. practical phase-difference computation is performed at a

17
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where’’ is the signal duration. Note thdt may be either the
4 P actual emitted pulse length for classical narrow-band systems
or the equivalent duratidf ~ (1/B) (B being the bandwidth)
obtained after pulse compression for sonars using wide-band
modulated signals and a correlator in reception.

The footprint shift can be expressed as the variatioof the

Sea-floor impact point abscissa due to a position differeticecos ¢, a -
M N M sin ¢) between receiverd andB. It comes readily, in absolute
(@ (b) value, as

Fig. 4. (a) Propagation paths associated with a given target pdinThe
emitter being inA and the receivers idl and B, the path lengthstAM A and . —Htand + H
AM B are different. (b) Propagation paths associated with a given measureme‘?ﬂ: = |a-cosy an cos
time t: synchronous echoes ofi and B have to come from different target
pointsM andN such asAM A = ANB. (12)

2
) —(H+a-siny)?

given measurement time, between two signals which are t\p{gere the< sign accounts for the sign @t Equation (12) is

synchronous time series received fyand B. This processing more conveniently written, at oblique incidences, under the ap-

: ., . roximation
requires a sufficient coherence between these two signals. Ac-

tually, all of the above developments imply that the signals on ]

the two receivers only differ by their propagation range, hence %% ~ |a-cosyp —a-siny cotb] =

that their phase difference is a function only of the two path

lengths; in other words, at a given time, the two synchronousVVe consider now that the common part of the signal foot-

echoes should come from exactly the same scatterers. Tt raising synchronous signals drand B is effectively used

approximation may be unjustified. for the phase-difference estimation and is perturbed by the non-
Let us consider in Fig. 4(a) the geometry (in the verticfCMmMon scatterers, which contribution is perceived as noise.

plane) of propagation paths to a given target pdifiton the This approach holds if the following hypotheses are made:

seafloor. If A is the emitting point, the echo backscattered by ¢ the noncommon scatterer contributions are not correlated

M will obviously reach receivergt and B at different times, with the common ones;

since the path lengthd A7 A and AM B are not equal (except  * the common-part scatterers are, on the contrary, perfectly

if M is on the interferometer axis). Put differently, at a given ~ coherent on the two receivers (we neglect, at this stage, the

asin(Q — )

sin € (13)

measurement timé, synchronous signals received anand baseline decorrelation

B have to come from two separate target poifdlsand NV « the shiftis the same at both ends of the insonified segment;
such ast = (AMA/c) = (ANB/c); this is represented in  * the ensonified segment lengths are the same for both re-
Fig. 4(b). ceivers;

This elementary presentation is for the limit case of an ide- * the ensonification level is constant along the signal foot-
ally short signal, corresponding locally to a single point scat-  print (i.e., the signal envelope is square);
terer. In the real case of an interferometric sonar, one has to ac-* the average target strength of individual scatterers is con-
count for the signal duration: the actually insonified area posi-  stant along the line.
tion may slightly differ considering one receiver or the othemhen the equivalent SNR,; corresponding to the above shift
This will depend on the receiver spacing, on the altitude, aedfect is given by
on the incident angle. The effective signal footprint used in the

. . Az — bx

phase difference measurement is the common part of the two dy o ———
individual footprints; the noncommon parts (supposed uncor- bz
related) create parasite contributions intervening as noise. WeereAx andéx may be replaced by their respective expres-
shall first consider a purely geometrical analysis of this, thesions (11) and (12). Using the approximate form (13), (14) sim-
we shall present some numerical simulation results and discpéifies to
the consequences of this phenomenon.

(14)

cT

At~ 5 Tsin(@ — o]

_1 (15)
B. Geometrical Description

The complete configuration is presented in Fig. 5, allowing | NS quite simple result may be used for afirstdiscussion. The
the geometrical computation of the footprint positions assodlift effect is obviously more penalizing (i.e., corresponding to
ated to synchronous signals on the two receivers (more detaifelV’ €quivalent SNR) for

developments are given in Appendix Il).  a short signal (hence a small:): wide-band signals are
The signal footprint lengti\z is given, at oblique incidences unfavorable in this respect;
(see Appendix I1), by the well-known expression « directions away from the interferometer axéscontrario
along the axigf = ), the equivalent SNR tends to in-
ar finity, and the shift effect disappears;
r= 2|sin 6| (11) « a large interferometer spacinag
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Sea floor

Xep ol ‘_,“' Xt
0 Ax

() (b)

Fig. 5. Geometry of (a) the signal instantaneous footpkimtand (b) its shiftyz for separate receivers at a given measurement time.

However, this last point should not be interpreted as gerposition of Rayleigh-like speckle caused by micro-rough-

argument in favor of small-spacing interferometers. It is wetless and a Gamma-law modulation by larger scale roughness.
known [see (3)] that measurement precision is better for witfde do not try to simulate such phenomena in a first step; it is
AB spacing, with an rms error itya. However, the shift effect thought that the speckle effect is the main contributor in the phe-
comes and somewhat limits this principle, since its equivalembmena studied here.
SNR is proportional tol/a and, hence, its corresponding Practically, the scatterer coordinates were taken here to be
measurement error tq/a. The shifting footprint does not normally distributed around a basic equidistant grid (here a 2-cm
cancel the interest (for accuracy) of using a wide interferometayerage spacing was used, with a standard deviation of 10%
spacing, but it brings the error down to a variationlifi/a  around this average grid). The amplitudes of the scatterers are
instead ofl/a. normally distributed (standard deviation of 10%) while their

Equation (15) also makes clear that the shifting effect is miphases are equally distributed @n2~]. Since the transverse
imum along the interferometer axig¢ = ). The consequencesdimension of the footprint is of little effect in the considered
are: problem of coherence loss, the phenomena are considered in the

« for a given interferometer tilt angle, the shift effect willvertical plane, with no azimuth dependence; this also limits the
be minimal for one given target ang|e; inverse|y, one md’?allsm ofthe Simulation, but is sufficient for CheCking the above
imagine tilting the interferometer in order to minimize th&oncepts of angle spreading and shifting footprint.
shift effect on the whole useful angular sector (see Sec-The first case presented here is for the same high-frequency
tion IV-E); system as that described in Section IlI-C but the sonar altitude

« multibeam echosounders with circular arrays [7] avoid tHé now 50 m. The results in Fig. 6 show a close agreement be-

shift effect, since the array portion used for beamformingveen the simulated phase standard deviation and the shifting

in a given direction is always physically facing this direcfootprint model result, while the baseline decorrelation model

tion. predicts very low values. Note the minimum value around 180
m, this range corresponding to pointing along the interferom-
eter axis.

The second simulation case features a different configuration

The above shifting footprint model is now checked againgfith a longer pulse duration which may be of a lesser concern
numerical simulations. We retained a straightforward concepdr actual bathymetry applications, but corresponds to a case of
based on a classical heuristical model of distributed targsievalent baseline decorrelation effect. The parameters are kept
points. A series of discrete scatterers is spread on the seaflgRf same, but the sonar altitude is now 20 m, the signal duration
line. At a given time (or horizontal range), the active scatterei$taken to be 5 ms, and the maximum angle is. 8%he result is
are determined for each one of the two receivers, using thgijen in Fig. 7. The simulated phase difference is seen to follow
spherical range. The contributions of the active scatterers gigte closely the prediction of the baseline decorrelation model,
then summed on A and B, and the phase difference betwegito a range around 100 m; beyond that, the shifting footprint
the resultant signals may then be computed. The simulatigflect prevails, and the numerical result is in good agreement
is run on a significant number (100) of realizations, and thgith the corresponding model. The interest of this particular
phase standard deviation is finally computed as a function gfnulation is to check at the same time that the two effects are
range. The results are then compared to the rms phase erggfgounted for in the simulation algorithm, that different regimes
computed from (6) with the SNR expressed according to (14)may occur with one or the other error cause prevailing, and that

or (9) and (10). a good agreement is found with both analytical expressions.
It is well known that such a heuristic description leads to a

Rayleigh’s distribution for the resultant signal amplitudes, Pres
vided that the signal length is sufficient to include at a given timée’
a large number of scatterers. While this model is well adapted toAll of the previous presentation was given for a square en-
signals from low-frequency sonars (typically 13 kHz), it is toaelope signal. This ideal configuration makes the comprehen-
rough for systems of higher frequency and resolution, for whigion and the analytical expression of the sliding footprint ef-

amplitude distributions (typically K-laws) are caused by the stiect easier, but may lead to its overestimation. Indeed, it is intu-

C. Numerical Simulations

Signal Shape Influence
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Fig. 6. Standard deviation of simulated phase difference fluctuations for an interferometer, compared to the shifting footprint analytieadhote, baseline
decorrelation effect. The parameters are the same as those in Fig. 2, @iffi°, 80°] and interferometer spacing= 2.
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Fig. 7. Standard deviation of simulated phase difference fluctuations for an interferometer, compared to the shifting footprint analytieahtote, baseline
decorrelation effect. The parameters are the same as those in Fig#6cHae, 85°], H = 20 m, andT = 5 ms: the baseline decorrelation here is prevalent for
ranges up to 100 m.

itively clear that in this case the “noise” energy associated withheres4 and sp are the instantaneous signals receivediat

the noncommon (transient) parts of the signal is higher than fand B. Considering that they are summations of backscattered

smooth-shaped envelopes. echoes from scatterers distributed on thaxis, they are ex-
Thus, we extend now the above model to arbitrary envelopeessed as

shapes. While for the square envelope simple geometrical

considerations were sufficient, for more complicate_d enve- sS4 :/ SA(x)P(x)eW(“”) do

lope shapes, one has to use the complete formulation of the z

field space correlation [16]. At a given reception tirethe

: L - Plr)edP@)—Apan)
cross-correlation coefficient is expressed as 5B / Sp(x)P()e dx

T

v={(shsn)/\/{s%s54)(s%sm) (16) = IAvan /m S;;(a:)P(a:)ej@(’”) dz (17)
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where P(x) is the scatterer amplitude distribution along the As an example, the case of a sine arch envelgfig¢) =
axis; similarly to square signal$,s(«) and Sg(x) delimit on sin(«t/T), with ¢ € [0, 7]) may be computed analytically with
thez axis the instantaneously active signal footprintsAcand little complexity. The correlation coefficient is

B, but now accounting for the amplitude modulations induced

by the signal envelope shape projected onto the seafi¢o}.is /T sin (Z t) sin (1 (t— T)) dt

the phase of the contribution emitted from poiréind received ur) = T T (24)
at A, while ¢(z) — Ap4p is the phase from the same contri- T LT

bution received aB. To simplify, we admit here that the phase /0 st (T t) dt

difference termAy 4 p is constant over the whole signal foot- ) . ) )
print width Az (the baseline decorrelation is neglected). Thé&/hile the denominator i§’/2, the upper integral is developed

cross-correlation may then be written as into the following expression:
(oo’ S an (™ sin (T dt
<s§sB>::b[f Sa@)Sp(\P@PE) 2@ gy gyt | () s (=)
z 18 (T —7) (WT) n T 5 (WT) ) (WT)
= — — — ) sin | —
(18) 5 cos T o cos T S T
S ) T | a/7T
Considering that the scatterers are uncorrelated and uniformly 5, S 7)
distributed, the scatterer average cross sec¢#ithy alongr may T 272
be taken out of the integral, and it becomes o < - W) (25)
(s%.sp) = (P?) / (Sa(z)Sp(z)) dz. (19) under the approximation thatstays small compared f6. The
P correlation coefficient is then
The x variations of the envelopeS,(z) and Sg(z) actually L—1— m2r? (26)
reproduce the time envelope of the signal projected onto the 277
s_eaﬂoor, Wlth a tm_1e delay betvyeen them c_orrespondlng to thRqd the equivalent SNR expression comes as
signal footprint shift. Note again that this time envelope may
equivalently be the actual emitted envelope of a narrow-band 4 — 2772 @7)
signal, or the envelope obtained after pulse compression of a st = 22

modulated signal. Finally, introducing the time signal envelo

Rf h ical i | 15), (27
S(#) and expressing (19) in the time domain gives order to have a geometrical expression analogous to (15), (27)

may be written as
T

2
s =P2/ S(#)S(t — ) dt (20) 2L
(sism) = (P) | S =7) di== (srma=a) - (28)
for a delayr corresponding to the shiftc and given by The most striking difference between (15) and (28) is the
angle (or, equivalently, horizontal range) dependencedthe
S T_&w (1) degradation off the interferometer axis is faster for a square en-
Az velope (insin™* (6 —¢)) than for a sine arch (isin™2(6 — 1)).

Fig. 8 presents the result of numerical simulations for this
signal shape (all the other parameters are the same as those given
in Fig. 6), compared with the analytical result (28). The latter
is found to provide a very good approximation. Fig. 9 presents

The normalized correlation coefficient between and s is
finally the autocorrelation function of the signal enveldfig)
for the delayr corresponding to the observation time

T the result corresponding to Fig. 7 (prevalent baseline decorrela-
/ S()St—7)dt tion regime) with a sine envelope signal. In both cases, the ana-
=" (22) lytical formula for baseline decorrelation was used here with a
/ S2(t) dt signal duration equal t@’/2, corresponding to the signal enve-
0 lope effective length. Itis seen that the prevalence of the baseline

decorrelation effect has been enhanced by the envelope shape,
compared to the result of Fig. 8.
Several conclusions are to be drawn from this comparison:

» smoothing the envelope shape noticeably decreases the

T Az footprint shift influence, compared to the square envelope

dyg=——-1=-—-1 (23) case, as it was intuitively perceived;
T bx e . .
* the proposed model of the shifting footprint may be readily

i.e., the result (14) of the above geometrical approach. How- adapted to this situation, provided that a simple expression
ever, besides this limit case, it is evident now that each partic- of the signal envelope autocorrelation function is avail-
ular signal envelope shape needs its own development. able;

and the equivalent SNR is given by (10).
In the case of a square envelope, witft) constant fort €
[0, T, one finds easily that (with the time or space formulations)
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« the range dependence of the effect is significantly differemhizing such a bathymetry error integrated all along the swath
from the square envelope case according to the envelopigth:
2~ max ¢ max
/ 822 dx = /
 min ¢ min

shape type.
) ) Using expressions aofz in (8) andd,; in (15) or (28), the
The equivalent SNR due to the shift effect depends on tB?obIem is then to minimize, according fothe integral:
pointing anglg# — /). This same angle is featured in (4) giving
the bathymetry error from the phase fluctuation. It is then inter- B fmax cin? 9| sin(f — )|
esting to see what should be the interferometer tilt agigian- A@) = /9 cost 6 cos2(f — )

2
L

— db. 29
cos2 0 (29)

E. Interferometer Tilt Optimization

de

(30)

min
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parameters of Fig. 8. The shifting footprint effect is prevalent up to 150 m;
0.6 beyond this range, the external noise (here 5Q:¢fk/Hz) imposes the SNR.
In this configuration, the baseline decorrelation effect remains negligible at all
Onax— 70" ranges.
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(b) This final expression is to be used in measurement precision

Fig. 10. Influence of the interferometer tilt angle (abscissa) on the avera?@timations' Note that the_ We_ake_St S_NR QOmPO”e”t pr_evails in
squared depth error (32), for various values of the extreme @qgle. Signal  (32). An example of application is given in Fig. 11, with the
envelopes are (a) square or (b) sine arch. Ordinate scales are arbitrary. same parameters as in Fig. 8.
Qualitatively speaking, two different SNR regimes are actu-
ally met here (sincéhe baseline decorrelatioaffect appears,
in this particular case, to remain negligible at all ranges).
fmax 4,2 fsin?(6 — ) » Near the vertical and at oblique anglds,; is very high.
A(p) = y cos? 0 cos2(6 — o) de (31) Hence,d,; predominates, and measurement fluctuations
are then due to the shifting footprint effect.
for a sine one. The solution obviously depends on the consid- * At low grazing anglesg.,; decreases down to the max-

for a square envelope, and

min

ered Sectoff.,in, Omax]- A NUMerical evaluation of this integral imum obtainable range. On the other hawdyg, is im-
on [0°, 8,,.x] gives an optimal tilt angle slightly below,,,. proving (with a strong maximum when pointing along its
(Fig. 10). This is intuitively satisfactory since the interferom-  axis); the ambient noise influence is then prevalent.

eter axis is then tilted in order to cancel the shift effect in the )

direction where the depth errors diverge the most severely. S&b- Near-Nadir Phenomena

sequently, the ideal tilt angle for an interferometer should cor- It is well known that phase-difference bathymetry suffers se-
respond to the direction of the maximum expected range, s@yus limitations near the direction orthogonal to the seafloor, re-
60° to 80°. One has to be careful that, even if maximum rangesilting in a blind track underneath the sonar. Actually, the phase-
should correspond to very shallow grazing angles, there is difference measurements close to the specular is subject to spe-
interest in setting the interferometer completely vertical, sino#ic problems, which are now analyzed. In the following, to re-
this could degrade the depth measurement near nadir, but alEp easy notations and terminology, the normal to the seafloor
because atlong ranges the additive noise effect may prevail upgh be denoted the “nadir” or “vertical” direction, with the im-

the shift effect, and minimizing the latter may then not be so crplicit assumption that the seafloor is flat and horizontal.

cial. Near vertical, the signal instantaneous footprint is at its
largest extent inz, and so is the angle spreading effect; the
F. Resulting SNR corresponding depth error is then
The above equivalent SN&; is to be added to the external 5 cr (33)
Zyert =

noise SNRd...+) and to the baseline decorrelation effect (char-

N
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Note that this last formula predicts a depth measurement ernoet when various points of the seafloor topography are seen si-
which has the order of magnitude of the equivalent signal lengtiultaneously at different angles, as it may be found in steep
cT/2. slope zones (canyons, ridges, cliffs). It seems that little can be

The footprint shift effect described above is also at its maxone to improve this situation, considering the simple interfer-
imum near nadir, as shown by (15), which gives for the equivameters used in side-scan sonars; the best solution for a correct
lent SNR (neglecting the interferometer tilt) processing of these situations seems to take advantage of the an-

o gular scanning provided by a multibeam array processing.
dyg — — — 1. (34)

2
“ V. SUMMARY

Note that this effect leads to a very important degradation ) ) ) )
when the interferometer spacing is of the order of magnitudeA" @nalysis of the physical causes of fluctuations in phase
of the equivalent signal length; possibly the footprints corrélifference measurements leads to the conclusion that, in many
sponding to the two receivers no longer have any common p£{gctlcal cases, the shifting footprint effect may be a very no-

The effect upon depth measurement error is finally as folloiiseable contributor, concurrently with the baseline decorrela-
for a square envelope: tion; the relative importance of the two effects depends on the

actual geometrical configuration. This is confirmed by numer-
ical simulations showing the relevance of the shifting footprint
concept and the validity of its analytical approximation.

The shifting footprint effect is bound to the echo physical
structure. Hence, it seems that little can be done against it. Prac-
tically, however, things can be bettered, the basic principle being
always to compensate on the receivers the time shift due to the
target observation tilt angle. A variety of solutions, actual or po-
tential, exists.

« Multibeam echosounders using a cylindrical array, for
which the interferometer axis always coincides with the
observed direction, do not suffer from the footprint shift
effect.

The other multibeam systems may get rid of the shift ef-
fect quite easily. The use of a V-shaped reception array,
e.g., tilted at 40 to 50° from vertical, should reduce the
shift effect. Also, delays between time signals on the two
subarrays can be compensated for during the beamforming

H A

cr a’
Ty ——1
2a

For a sine envelope, the corresponding results are

2
dsl - 1 <£>
2 \7ma
V2H )
bz = .
cr
With the parameters used in Section IV-C, this leads to a rel-
ative error for depth of around 5% (square envelope) to 2.5%
(sine envelope), which is clearly unacceptable according to the ¢
standard bathymetry requirements [17].
Practically, other effects intervene close to the vertical and
make the reality even more intricate.

» The SNR considering additive noise is then at a very sharp

bz = (35)

(36)

(37)

maximum, due to the fact that both the instantaneous in-
sonified area and the backscattering strength are at their
highest; this clearly appears in Fig. 2. This may lead to
problems in the receiver processing, where analog elec-
tronics and A/D converters may be unsuited for such high
dynamics. Current systems use time gain control devices
in order to avoid saturation bound to these signal peaks.

» Near vertical incidence, signal fluctuations are very
strong, due to the large extent of the backscattering area
which leads to a typical Rayleigh fluctuation regime;
also, the BS variations with angle are then quite sharp.

» The directivity patterns of the arrays used in side-scan
sonars are often designed to lower the received signal at
vertical, partly to avoid cross-talk between the two sides
of the sonar. Also, their response may be perturbed by their
mechanical environment, since they are usually mounted

operation, thus counteracting for the sliding footprint ef-
fect.

 For interferometric side-scan sonars, the problem is the

most difficult to solve, since they cannot take advantage
of beamforming for a first angle measurement. However,
it seems feasible to artificially point the interferometer
axis close to the instantaneous target direction by just de-
laying one of the two signals in order to correct the shift.
This implies performing a first approximate estimation of
bathymetry, then applying an artificial delay between the
two receivers depending on the raw estimation of the in-
stantaneous impact point angle, and, finally, computing
the final phase differences with a minimized sliding foot-
print effect.

APPENDIX |

on towed-fish flanks; the resulting masking effect mafSTIMATION PRECISION ON ARAYLEIGH-FLUCTUATING SIGNAL

create phase perturbations.

Let us consider the general problem of a parameter estima-

For sonar systems using phase difference measurementstli¢ \sing a stable signal corrupted with a Gaussian ndise,
poor performances associated with near-nadir bathymetry Bing the SNR. The estimated parametds then a Gaussian
due to the lack of across-track resolution at those incidencgsg,qom variable, whose variance is given by some version of
This maximizes the angle spreading and shifting footprint &fse cramer—Rao bound [8] under the form
fects, while it practically precludes the use of a sliding average
on the time samples because of the low number of available sam- K2

ples. Neither can these systems resolve time—angle ambiguities var(e) = —-

- (AD)
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where K depends on the type of measurement actually per-At sufficiently oblique incidences, a limited development of
formed (for instance, in the case of a phase difference measy#5) (consideringd? tan? § large compared to the other brack-

ment, K is simply equal toy/2). eted terms) leads to the well-known expression
Now, if the signal is fluctuating according to a Rayleigh’s T
distribution, it may be shown [9] that the estimation error is Az & e dl (A8)
no longer Gaussian, but follows a Student’s law whose density 2|sin |
function is which is simply the projection of the equivalent signal length
_ ¢T'/2 on the seafloor with respect to incident angle.
\/8 d 3/2 . . . .
ple) = X2 [2 4+ &2 _} ) (A2) The angle spreading corresponding to the footprint fize
K K? is easily obtained from the geometry of Fig. 5 as
The variance of this centered distribution is given by Af — % cos? 6. (A9)
> Vd d ] blique incidence, the previ ions lead
var(e) = Velg 2 & e2 (e (A3) In obligue incidence, the previous expressions lead to
K K?
- ¢’ cos?d
. I Abop) = — ———— A10
which is readily integrated by parts and becomes b 2 H|sind) (A10)
2|2 and, at the verticald — 0)
var(e) = —. (A4)
’ Ab.,; = arctan 0 U A (A11)
Hence, the standard deviation of the estimation error is in- vert = VH| VH
creased by a factoy/2 due to the Rayleigh’s law fluctuation ) ) ) )
compared to a stable signal. If the resultant signal is considered as coming from anywhere
inside theA#d angle sector, the observed angle will be a random
APPENDIX I variable, centered on the average anfde+ (A#/2)) and

equally distributed oveAf; hence, its standard deviation is
A#/+/12. Considering a supplementary degradation/@fdue

If the signal is emitted in the intervad, 7] (the following to the Rayleigh fluctuating character of signals (see Appendix
holds for a wide-band system afdis the signal duration after ), the final standard deviation in oblique incidence is

pulse compression), the active seafloor segment (along: the )
axis) instantaneously insonified at a given titne (2H/c)+1 so_ D0 _ T cos"d (A12)
depends on the equivalent signal leng#y2 and angled. Its V6 26 H|sin6)|

length (see Fig. 5) is precisely given by

GEOMETRICAL APPROACH OFANGULAR SPREADING

The corresponding error on depths then given by

Az =|zy — x4 57 — 260 = H tan 8 I cos? cr

cosf (A13)

2 1/2 26 H|sinf| ~ 216
| (Y e H tanf
- s T2 ) T T tan which does not depend on the sonar altitude and is maximum
" near the vertical.
Hcr Itisinteresting, in (9) for the baseline decorrelation, to feature
~ 2 2 _ ’ ’
~E {H tan”6 + COSQ} H tand (AS) explicitly the Az footprint extent
. ka Az 9
where thet depends on the sign of angle whose absolute n=gp 5 Cos 6 cos(6 — ). (A14)
value is related to timé and altitudeH by
Also, sincen is usually smalld is approximately equal to
ct-T) H (A6) 6
2 cosf’ d=—. (A15)

n

In the approximate form of (A5)*7* /4 has been neglected  Now, considering (7), giving the angle measurement error,

with respect to terms featuring. The Az maximal value is 4ng replacingl by the above expressions, it becomes
observed at the verticgh = 0) and is then
50 — n A 1 ¢ cos® 6

Ayer & [HTT2., (A7) T 7v6 a cos(6—v) 26 H|sind|

é/vhich is exactly the geometrical expression given by (A12).

(A16)

Actually, this value is doubled if no array directivity allows on
to discriminate the two sides of the swath near nadir, since the
pulse then covers both sides of the vertical. This diaphony risk
exists forcos > H/(H + ¢I'/2) (e.g., a limit angle of 7with The author wishes to thank C. Sintes (GESMA, Brest, France)
the numerical application of Section I11-C). for discussions about the work presented here, and for providing
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