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Abstract—A low signal to noise ratio (SNR), single-receiver,
broadband, frequency coherent matched-field inversion proce-
dure that exploits coherently repeated transmissions to improve
estimation of the geoacoustic parameters recently has been
proposed. The long observation time creates a synthetic apertar
due to relative source-receiver motion. However, the inversion
performance degrades when source/receiver acceleration ex3st
This paper extends the broadband synthetic aperture geoacotis
inversion to approach cases where the source/receiver radial
velocity changes. When this situation exists, it is demonstrated
that modeling acceleration is critical for correct inversion. This
is done in simulation and real data analysis of low SNR, 100-900
Hz LFM pulses from the Shallow Water 2006 experiment.

I. INTRODUCTION

A single-source and receiver, broadband, frequency cahe
matched-field inversion procedure that exploits coheyenst
peated transmissions to improve estimation of the geogicous
parameters in low SNR was proposed in [1]. The long obser-
vation time creates a synthetic aperture due to relativeceeu Il. THEORY
receiver horizontal motion. Though successful, the apgras
limited to constant source/receiver radial velocitieserEfiore,
the assumptions are violated in the region near the clos®§
point of approach (CPA) or when the radial velocities change The waveguide Doppler effect due to source and/or re-
Depending on the CPA distance, this CPA region spans frgifiiver motion on a signal propagating in a range independent
tens to hundreds of meters. This paper extends broadbayaveguide was derived by Schmidt and Kuperman [3][4].
synthetic aperture geoacoustic inversion to cases where Bach horizontal wavenumber or mode will undergo a dif-
radial velocity of the source/receiver changes. The methodferent Doppler shift. The scenario considered is depicted i
demonstrated with low SNR, 100-900 Hz LFM data from thkig. 2. Based on constant source/receiver velocity andndept
Shallow Water 2006 experiment. The improved method is wéPnstraints, the waveguide Doppler shifted field via a nérma
suited for rapid environment assessment using a horizgntanode representation is [1]:

Fig. 1. llustration of AUV-based geoacoustic inversions

A. Waveguide Doppler theory model for radial velocity and
geleration dynamics

accelerated source and receiver as depicted in Fig. 1. The je—i%
source or receiver may be towed horizontally by a ship P(r, 2, w,) %FZS(wgk"))
or an autonomous underwater vehicle (AUV). Alternatively, mp(zs) _
battery powered acoustic source may be dropped onto the Uy (20, ) U, (203 0 )e”’“”“ (1)
ocean bottom to aid AUV-based geoacoustic inversion [2]. Y T
The theory of waveguide Doppler and modal propagation i
: d . ) ) ere
briefly reviewed in Section I, followed by the formulation &
. . . ) . wln) = b — kp(vs — vy) (2)
of the inversion problem. Simulation results are preseired s oS s rh
Section Ill. Section IV presents results from the analysis o b~ krn 3)

experimental data. (1— 2=y

Urn



[
Qo
Vg1 (ro, 2) 5 g
c
‘Fd(psl (2) v Pr1 Zyw g e
Tl =] 9
(0, z) 8 5
-7 (o]
- water » .
. c; 0 } Time O [Timé
density Psed slope s hsea ! =
. . i z
attenuation  rseq €y = ¢1 + Shgeq sediment |-~ o H g
= P o
Q I >
. <] T =
density  ppo Co 2 \ 3
attenuation a;,; bottom | .-~ = ! by ; :
- ©0 2o | i Time
g 3! *
Fig. 2. Horizontally stratified ocean with a horizontally niy source and 3
receiver. The source is moving at velocity; and bearingps, while the
receiver is moving at velocity, and bearingp,. The range origin is defined
as the source position at time zero when the source beginsmitimg. Fig. 4. Source range and radial velocity curves near clgssat of approach

(CPA)

and functions [5]. An approximate and practical approach is
to assume multiple short pulse transmissions, see Eq. (4),
where the source/receiver velocities can be assumed pexew
) constant but linearly changing from pulse to pulse, as an
.~ Static approximation to a constant acceleration. Therefore, #ld fi
e can be generated for each pulse and coherently combined for
P pulses to form the overall received spectrum. Substituting
Egs. (4) and (2) into Eqg. (1) and introducing pulse dependent
radial velocities,

moving UVgq
source

Fig. 3. Top view of a constant velocity source with changiadial velocity

due to the geometry of source/receiver position —iz
U(r, z,wy) & —— Z Z exp(iw-(p — 1)T})
and p Zs p=1n=1
1knpTo;
P (A P P
. x S. wgk’“p) U, (z;wr )V, (26 Wy ) ———— 5
=Y expliw(p - )T,)S.(w), (4) (s )W (50 )Wz or) Zms - )
=1
where
k, and ¥, are the modal wavenumbers and modal func- wWFnP) = o — ke (Vep — Urp), (6)
tions evaluated at propagation frequenciesFor numerical
efficiency, constructing the field in Eq. (1) is facilitateg b Ky A krz 7 @)
some approximations to the propagation modal wavenumbers P ﬁ)
and functions that are computed instead from(see Eqgs. 1
P Qm( d Vsp = VUs1 + (p - 1)TTaS7 (8)

and 3).u,, = dkd(r 3 is the nth modal group velocity and
krn = kn(w,) is the nth modal wavenumber, both evaluated Vrp = vp1 + (p — DTvay, 9)
atw,. S(w) is the source spectrum d? pulses representing
the amplitude and phase of the moving point souf¢eis the a1
pulse repetition interval (PRI) anfl.(w) is the spectrum of To, if p=1,

the common or r_epeated source tr.ansmlssn@ns the source- Top ro + 377 1 To(vyj —vs;), i p=2,....P.
receiver separation at= 0. In a typical geoacoustic inversion =

experiment, the source traverses past the receiver as shown In Eq. (7), the horizontal wavenumbey,, is a function

Fig. 3. The source path does not intersect with the receivdrmode and pulse number (pseudo-time dependence). Hence,
for safety reasons. When the source is near the receiver (Chare are also mode and pulse number dependent frequency
region), the radial velocity, will change even though the mappings when tracing back to, to construct the field at
source is moving at constant velocity (see Figs. 3 and 4). w, (see Eq. (6)). The velocities,, andv,, are modeled to

The source range near the CPA, where the radial veloclgve constant acceleration. Though not done here, it is also
changes significantly, ranges from tens to a few hundrepsssible to model non-constant accelerations using thplsim
meters and is a function of CPA distance. In order to perfor@PA model in Fig. 3 that require the inversion of CPA distance
meaningful inversion near the CPA, acceleration needs itotial rangery; and anglesps; and .. It is noted that the

be modeled. However, modeling acceleration is non-triviaddividual pulses are propagated in the forward model lgefor
as it results in time-dependence in the modal wavenumbéesing coherently combined.

(10)



B. Likelihood and cost functions
The broadband data model for frequency-coherent match-

TABLE |

BASELINE MODEL PARAMETERS

field based geoacoustic inversion is [1] Model parameters value
y = aE({)d(m) + w = ab({, m) + w, (11) Source range at= 0, ro (m) 600
T . Source depthzso (M) 30
wherey = [y(wr1)...y(wr5)]" is the fast Fourier trans- Receiver depthz,o (M) 45
form (FFT) of the observed time series synchronized to gourqe fad'g_' \I/eloflt}';fso ("2/33) 1(-)9
. . . . . eceiver radial velocCityy,o (m/s
the pulse transmission fay discrete frequgnue&y is the Source accelerations, (m/s?) 0.006
complex scalar factor for unknown amplitude scahng and Rev accelerationg,. (m/s?) 0
a frequency independent phase shii(¢) = diag[e’“r1¢ Water depthz., (M) 80
...€“r18] where ¢ is the timing error between the source ggg:mzm ggggi‘f;;ed (“(“g)/cmg) lzg
and receiver clocks. The corresponding modeled/replidd fie Sediment attenuat‘féﬁ%ed (dB/)) 0.2
d(m) = [¢(wy1,m)...9¥(w,7,m)]" is generated using Eq. Sediment top velocitye; (m/s) 1630
(5) with vectorm. m is a subset of forward model parameters Sediment velocity slopes (1/s) 0
. . . N Bottom density,op0¢ (g/cm?) 2.1
that are being optimized (see Figs. 2 and 3). The distributio Bottom attenuation.qvy.; (dB/) 0.2
of the error vectorw = [w(w,1)...w(w,.;)]T defines the Bottom velocity,c;, (m/s) 1740

likelihood function and determines the uncertainty of the
model parameters in inverse problems.

I accel. assumed

Following [1], the optimized inversion parameters obtdine gz;cl;'ivé;sljzmed
via the maximization of the log-likelihood function are 05k
m =argmax | InL ,m} ‘
{Ea }]WL %,m |: (5 ) 025 20 5
- z_ (m)
— arg min [Jlnﬁ(g,m)+J(1m—1nJ+1)+1n|cw|} y
&,m
= arg min {10 log, D(&, m)] (12) 05
&m z
where the cost function g % 5 20 0 s 20
~ = h__(m)
Ho—11 2 k=] sed
m C b @
d(¢,m) = ﬂH(g.’fl) =1- — ‘.:Vf1 WH"|*1 (13) = 1
y'Cw'y y"Cw yb"Cyw'b E
is the normalized covariance-weighted Bartlett functitm. =05
y1C,'b, the correlation between the measured and tl o ‘ ‘ ‘ ‘
replica spectrum is inversely weighted by the noise spettru 1500 1550 o i) e 1o
1
I11. SIMULATION 1r
This simulation section shows that taking into considerati 05
acceleration is critical and necessary for correct ineersihe '
ocean model is illustrated in Fig. 2. The model paramete ob—  uME. _FE. - . ‘
are tabulated in Table I. Based on the theory, this simulati 1700 1750 o s 1850 1900

models a constant velocity moving source that is slowingrdov

radially with respect to the static receiver fbr= 64 pulses.

These range-independent parameters were based on previ@i$. Histograms of four-parameter inversions for replisith and without

SW0S inversion results [G7]8]S], The source is a 100-90043 Sestraior, Ths Mon Care Suon oresots 206 pofe

Hz LFM pulse with 1 s pulse width and PRI. Colored noise

was generated using the measured power spectrum of SW06

noise data. The frequency sampling interval is 5 Hz as doggsumed that the acceleration is known and modeled in the

in [1]. The forward model used is KRAKEN [10]. replica. The second Monte Carlo simulation was done where
In this simulation, only four representative parameterfe acceleration is not modeled in the replica. While the first

(2s, hsea, c1 @ndcey,) Of various sensitivities were chosen tavionte Carlo simulation correctly estimates the parameters

keep the parameter search space small. The inversions waeesecond Monte Carlo simulation deviates from the correct

optimized using a genetic algorithm (GA). The values of thgarameter values.

GA parameters are as follows: population size, 16; selegctio

0.5; crossover, 0.8; mutation, 0.1; iterations, 8; and lfsra IV. EXPERIMENTAL DATA ANALYSIS

populations, 8. Their parameter estimate distributioespéot- The SWO06 experiment was carried out near the shelf break

ted in Fig. 5 as histograms. The first Monte Carlo simulatioon the New Jersey continental shelf from July to September



39.05

N
o
o
o

R/V Knorr GPS
VLAL

SHARK

WP5

WP6

R/V Knorr @ 2040Hrs

R/V Knorr GPS
1500 - - —— 2040 UTC 64 s data

1000 -

000 m x

3]
o
o

GPS range (m) to VLAL

2
2
(=] —
3 £ 0 :
G = 20:30 20:40 20:50
3 3 Time (hhmm)
< 39.025 g .
£ 3 g 4
g s s
£ @
S E
2
§
¢
8
g & :
& 20:30 20:40 20:50
~73.05 73025 Time (hhmm)
Longtitude (E) (dec. degrees)
Fig. 7. R/V Knorr Telemetry
Fig. 6. SWO06 experiment site, bathymetry, source and recegitipns on
JD238 (26 Aug 2006) 2000-2059 UTC. TABLE Il
SWOBDATA INVERSION PARAMETERS SEARCH BOUNDS AND RESULTS
FORP = 64.

2006. A data set was chosen with a linearly changing radial

velocity moving source and static receiver over a range-inde Lower ~Upper — with — without
Model parameters bound boundas opt. as opt.

pendent track, see Figs. 6 and 7. The acoustic data is frem

a 44.6 m deep single receiver, Channel 8 of a vertical linesrc range at = 0, 7o (m) 555 625 600 582
array (VLA1). On JD238 2040 UTCt(= 0), 64 LFM pulse S[:Cv %eepttf;fs ((mm)> a P 323 301
(100—900 Hz) transmissions were made_fr_o_m a 3Q m dee_p iming ‘;rr;frf (msec) _50 50 20 _9
15 source towed by the R/V Knorr at an initial radial velocity Src vel.,vs (m/s) 1.6 2.1 1.9 1.8
of 1.6 m/s and acceleration 6£0.006 m/& with respect to 3&&2:332"?}? (méi > 107?) R AU g’gz
VLAL. The LFM pullse width is 1 s and is r_epeated every eory Cogf. s _50 50 36.3 29.5
second. Correspondingly, the towed source displacemeht wi EOF2 coef. —25 25 8 10.6
respect to VLAL or synthetic aperture is (1.6 m/s64/2 x ~ EOF3 coef. -0 10 3.2 2.7
0.006 m/2 ))x 64 s= 90 m long. The RV Knorr GPS Cara 60¢h —oo 0 09 ol
©. _'ong. ) EOF5 coef. -10 10  -18  —41
range to VLAl was 525 m with a CPA distance of 410 m EOF6 coef. —6 25 —2.1 -1.3
and the source is known to be trailing 115 m behind the?sgg- ggg&psed (((%(}r:\l;) 0(1)01 2-35 ll-i 112
., . - . Oge . . .
ship's GPS mast. Based on the ship and VLAl positionsgey’ o, Vol e (mis) 1500 1700 1638 1683
the search bounds for the actual source to VLA1 distance aed. vel. slopes (L/s) -10 10 7.1 0.2
t = 0 is estimated to be 555-625 m. Due to the lack of CTDSed. thicknessa.q (m) 10 40 26.2 23.4

) X ) : Bot. vel. 17 1 1 1797
measurements during this period and location, sound spee@t vel.,, (/) 00 900 805 9

profile inversion was included using empirical orthogonal
functions [11][6][7] (EOFs) based on sound speed profiles

: 4 Table Il tabulates the inversion results using the waveguid
S;Z‘? [ci]enved from thermistors along the SHARK array (S?)eoppler model with and without acceleration modeled for the

64 LFM pulses. For the waveguide Doppler model with accel-
eration results, the estimated sediment thickness, \glaad
density are consistent with other published results [63[3]
The inversion search bounds were set for the forward mogslthe VLA1L site.
depicted in Fig. 2 based on the background information atScatter plots can be used to compare sensitivities and esti-
the experiment site. These are tabulated in Table Il. The Ifation uncertainties between the two inversions. Fig. 8sho
parameter matched field inversion algorithm used here isthashe scatter plots for selected parameters of the cost fumcti
on a multi-step approach [1]. GA performed the minimizatiomalues plotted for waveguide Doppler with and without accel
of the cost function Eq. (12). The values of the GA parameteesation model evaluated in GAP(= 64 pulses). The scatter
are as follows: population size 512, selection 0.5, cramsowplots provide information about the real sensitivities bé t
0.8, mutation 0.02, iterations 32 and parallel populationmrameters by observing the envelopes of the scatter glots.
12. Pre-processing of the single receiver data include LFgwer and sharper minimum usually indicates lower estiomati
pulse matched filtering for coarse synchronization and daisé funcertainty. The inversion is also sensitive to sourceatadi
Fourier Transform (FFT) of the 64 s data is carried out teelocity and acceleration (2nd row of Fig. 8(a)). However,
obtain the measured field in the frequency domain. the inversion’s 1.9 m/s source initial velocity result doex

A. Matched-field geoacoustic inversion
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Fig. 9. SSP inversion results using SWO06 experimental datafanrd 64 [11]
pulses using waveguide Doppler with acceleration and witlacceleration.

agree with the 1.6 m/s velocity estimated from the GPS ship
track. The waveguide Doppler with acceleration scattetsplo
also show a lower minimum cost value indicating that it is
a better model than the model without acceleration. Without
the acceleration model, there are different velocity maniior
individual pulses as their source radial velocity rangesnfr
1.9 to 1.6 m/s (see Fig. 8(b) for,).

Fig. 9 shows the estimated water column SSPs using the
waveguide Doppler model with and without acceleration. The
EOFs have allowed the inversion to optimize the best range-
independent SSP which is also the one using the waveguide
Doppler with acceleration model. The inverted SSP is very
similar to the SSP measured by the SHARK thermistor array
at 2040 UTC.

V. CONCLUSIONS

This paper extends broadband synthetic aperture geoacous-
tic inversion to cases where the source/receiver radiaicitg|
changes. The improved method is well suited for a horizgntal
accelerated source and receiver. Through simulation aaid re
data analysis of the Shallow Water 2006 experiment, it is
demonstrated that acceleration should be modeled appropri
ately in the replica for correct inversion.
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