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Abstract 

Source locah~ut~on by matched field proceismng (MPP) involves accurate modelmng of the ocean and prqectmn of the 
icniica Iwcbiure vcctors for hsporhcbcal source aovtioni on to the aliav data vector or the n o m  a u b s ~ x e  obtained bv 

i m y A e p t h  laca i i~a l~on,  callcd the repllea subspncc mtcraecuon (RESIN) method, i s  prcscnled I" this papel. The 
RESIN mcthod exnl<urs thc rclatlonrhir, betivecn the reirllca mbsmcea and the slanal subsoace. It 1s shown that the 

search grid rpacmg and thus reduce the cumputauonirl eomplex~ty of the search 
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1. Introduction 

Matched field processing (MFP) techniques of source localization in the ocean have bcen 
studied extensively both theoretically and experimentally.' The source coordinates are 
estimated fl-om the positions of the peaks of an arnbiguity.function that is conslructcd by 
prqjecting the replica vectors computed for differeut hypothetical source pos~tions either on 
lo the array data vector or on to the noise subspace obtained by eigendecomposition 
of the array data covariance matmx. The performance of MFP depends on the accuracy with 
which the environmental paramelers are known. Satisfactory performance also requires 
the use of a &ufficienlly fine search grid to enswe that one of the search polnts is sufficiently 
close Lo the actual posilio~i of each source. The Bartlett proccssor has a greater tolerance to 
mismatch than most other processors, but the former cannot be used for multiple source 
localization. Subspace-based methods such as MUSIC'. are capable of localizing multiple 
sources with high resolution, hut they are very sensitive to mismatch. In this paper, we 
propose a new method or range-depth localization of multiple sources, based on the concept of 
replica suhspace of s an is on.^ klanison projects the data vector on a weighted replica 
subspace and obrains estimates of all unknown parameters by the maximum likelihood method. 
Our method exploits the rclatiouship between the replica subspaces and the signal subspace 
derived by eigendecomposition of the array data correlation matrix. It is shown 
thal the new mctliod, called the replica subspace intersection (RESIN) method, can lolerare 
a larger mismatch between the source coordinates and the nearest sauch-grid coordinates than 
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either MUSIC or the Bartlett method. Greater tolerance to gridding mismatch permits the use 
of a coarser gridding which can lead to a significant reduction in computational complexity. 

In Section 2, the signal subspace of a linear vertical w a y  is derived. The RESIN method of 
rangedepth localization is presented in Section 3. In Section 4, simulation results are pre- 
sented for single- and multisonrce scenarios to demonstrate the robustness of the RESIN tech- 
nique to gridding mismatch. 

2. Eigendecomposition of the correlation matrix 

The ocean is modelled as a horizontally stratified water layer of constant depth d overlying a 
horizontally stratified bottom. Let J mutually uncorrelated narrowband sources of center 
frequency fo be located at depths z, and ranges r,, j= 1, ..., J with respect to a vertical linear 
array of N hydrophones. Let the hydrophone depths be denoted by z: , r i  = I;.., N. The signal 
at the nth hydrophone due to the jth source is given by 

where bl(i) is a slowly varying zero-mean random function that accounts for the random lluc- 
tuations of the source and the intervening medium, and the variance of h,(t) given by 

0; = ~ [ b j  ( t ) ]  

is a measure of the strength of the source. Under far-field conditions, the signal amplitudes p,,, 
can be written in terms of the discrete normal modes of the channels 

where the mode functions (eigenfunctions) yl,(z), the modal wavenumbers $,, and the attenuu- 
tion constants a, are all dependent on the frequency fo. The may signal amplitude vector due 
to the jth source can be written as 

where 

The array signal-plus-noise vectory(i) = Ly,(t) --YJ(t)]T is given by 
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where n ( l )  is the army noise vector, and 

b(t) = [bl(f) ... bj(t)17', 

Assuming that N 2 M 2 J, the matrix Y haa rank M, and the matrices X andP have rank J.  

Assuming that all thc signals and noise are mutually uncon-elated and that the noise is spa- 
tially white, the array spectl-al correlation malrix at frequencyfo can bewrinen as 

wherc j(f,,) denotes the discrete Fourier transform at frequency A, of a Altered and sampled 

version oty(t), 

s = diag(o?,...,o:). (12) 

d Ihc noise variance, a n d l  the identity matrix. The eigendecomposition of R is given by 

The eigenvalues may be ordered as A,> A2 2 ... 2 5 >A,+] = .. = A.y, where 

and v,, ..., v, are the eigenvalues of the rank-J matrix PSP? The eigenvalues 11, .-, 1, we 
called signal eigenvalues and the corresponding eigenvectors ul;-, u, form an oahonomal 
basis of the signal subspace 5 defined as 

3. Replica subspace intersection method 

In all matched field proceqsors, the array spectral data vector .?(.fo) is compared with a series 

of replica vectors e(r, z ) ,  defined as the normalized signal amplitude veclors 



210 S. LAKSHMiPATHl AND G. V. ANAND 

Surface 
P 

* Z l l  

Sector -1 
* z1L ................................................ - - - ~ .  . .  - . -  

................................................ * ZQl 
sector -Q 

FIF. 1. Pmtioning of the oeem d e p t h d ~ t o  Q equal seclars. z,,, 1 = 1;. , L; y = I: , Q rcpreSClll t i l t  1. Ichl duptilh in 
the qth sector. 

for different test positions (r, z) in the search region. It may be noted that e(r, ;) dcpond on,f;,. 
In the present method, instead of processing each replica vector separately, we pnlccss blocks 
of L replica vectors. For this purpose, we partition the total ocean depth d into Q equal sectors 
and choose L test depths zql,-, zqrat uniform intervals within each sector (Fig. 1 ), so tirat 

Z"! = [(q - l ) L  + 1 - li21A2, 

q =  l;..,Q; 1 = I,..., 
Az = dlQL. 

Thus, for each test range r and depth sector q, we have a block of L replica vcctors dl; :,,I, 
1 = 1, ... , L, which are linearly independent if L < M. Let the replica subspace uq(r) be dclincd 
as 

If L 5 M - J ,  the replica subspace u,(r) and the signal subspace 5 = span{p(rl, z , ) ,  ..., p(rJ, z, ) )  
intersect if and only if one of the test coordinates (r, q ) ,  1 = I,-., L coincides with onc of thc 
source coordinates (r,, zJ), j =  1,-, J. This subspace intersection property can he axph~iled t i )  
estimate the range and the depth sector of each source. 

A simple procedure to test whether uq(r) and 5 intersect or not is described hclow. Con- 
sider the matrix D,(r) with Nrows and P = L + Jcolurnns, obtained by stacking together all the 
spanning vectors of u,(r) and the orthonormal basis vectors u,;-, ul o f 5 ,  i.e. 
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The QR decomposition of D,(rj 

where Q,,(rj is ,an N x P matrix with orthonormal columns and R,(r) is a P x P upper t rhgu la r  
matrix. Tf u,(r) and 5 are non-mtersecting subspaces, all the diagonal elemcnts of R,(r) are 
non-zero. Rut if these subspaces intersect, at least one of the last .I diagonal elemcnts of R,(r) is 
equal to zero. Let RR,,(r) dcnotc the jth diagonal elenlenl of R,(r), and definc 

The .I highest peaks o i  &nsln(r) provide range estimdm f1 and depth sector estimates $, of 

the sources. A better estimate of each source depth can be obtained by carrying out an 1- 
dimensional search within Lhe identified depth Yecm at the estimated range il . 

4. Simulation results 

Computer simulation results are presented lor a shallow Pekeris chmnel with the following 
parameters: channcl depth d =  100 m. sound speed in water c ,  = 1500 mis. sound speed at 

Fzc. 2. Range ambiguity functmns of Ule RESIN, MUSIC and Barfletr processors for a source at 4WO m range and 
3 1 m depth Source pos~tion comcidea with e g i d  point. 
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the bottom ca = 1700 m/s, bottom-to-water density ratio p = 1.5, bottolll a t t t x ~ n t i ~ n  it = 0.5 
dB/~vavelmgth. source frequency to = 200 Hz. The number of discrete modes in the channel at 
this frequency is M =  12. A uniform linear array of N=20  hydrophones with 5-m >pacing 
spans the channel, the depth of the nth hydrophone being zi = 5(n  - 1) + 1. 

in all the simulations. the search grid has 5-m spacing in depth. In range, the spacing is ai- 
lowed to vary from 25 to 100 m. In RESJA' simulations, the water column is divided into two 
depth sectors; the grid points lie at depths of 1, 6, ..., 46 m in the first sector and at 51, 56, ..., 
96 m in the second sector. The RESIN range ambiguity function is given by cqn (21). The 
range ambiguity functions of the ~art le t t '  and MUSIC' processors, given by 

B,, (r) = max e" (r. z)Re(r, z ) ,  (22) 

are also plotted for comparison. 

RG. 3. Range ambiguity functions for sources at (4000 rn, 31.5 m). Source 1s away from [he newest grid point hy 
35 m m range and2.5 m in depth. 
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RG. 4. Range ambiguity functions lor a source at (4000 m, 33.5 m) when the source i~ away from the nearest grid 
point by 50 m in range and 2.5 m in depth. 

The results shown in Figs 2-5 assume 10 dB SNR and a perfect knowledge of the correla- 
tion matrix R (asymptotic or infinite-data case). Figure 2 shows the range localization of a 
source at 4000 m range and 31 m depth by RESW, MUSIC and Bartlett techniques. The search 
grid has a 25-m spacing in range, and one of the grid points coincides with the source position. 
The MUSIC ambiguity function has a very high peak (about 170 dB above the background) 
with a very narrow base. The peak of the RESIN ambiguity function, at 110 dB above 
the background, is lower than that of MUSIC but much higher than that of Bartlett which 
rises less than 10 dB above the background. But the base of the RESIN peak is much wider 
than that of the others. It is this combination of a high peak with a wide base that gives 
the RESIN processor a high degree of tolerance to gridding mismatch. In Figs 3 and 4 the 
source is at (4000 m, 33.5 m). In Fig. 3, the range-spacing of the search grid is 70 m, and 
the source is away from the nearest grid point by 35 m in range and 2.5 m in depth. The 
MUSIC processor is unable to localize the source. The Bartlett processor is able to localize, but 
some of the sidelobes are very high. The peak of the RESIN processor stands out very clearly. 
In Fig. 4, the range spacing of the search grid is 100 m, and the source is away from the nearest 
grid point by 50 m in range and 2.5 m in depth. Both the MUSIC and the Bartlett processors 
fail to localize the source. The RESIN processor can still localize the source, though the peak is 
lower and blunter than that in Fig. 3. Figures 5 and 6 illustrate the multisource localization 
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(a) 

FIG 5 .  Range mblgulty fmctiuna for liaes sources zr ( ! S O  m. 7 3  5 m). (5250 m. 3 7 3  lnr .wd 1hl1.50 In. 23 .5  mi. Al l  
soursec u e  sway from The nearest grld porn? by 50 m I!, r ang  and 2.5 m m dcptll 

capability of the RESIN processor. Banled ambiguity [unction is nor inciiidcd in t t u e  iipirw 
since this processor cannot localize multiple sources. Three sources nie prcscnt ;i! IhiISO in. 
23.5 m), (3550111, 73.5 m) and (5250 m. 33.5 m). The range pacing of Ihc search grid i~ !I10 
m, and the sources are away from the ilearest grid points by 50 m in range iind 2.5 m in depth. 
Figure 5 corresponds to the asymptottc case with 10 dB SNR and Fig. 6 to the finirc-d.lia caht 
with 30 dB SNR. In the finite data case, the comelation matrix R is esri~natcci Rotn 200 \nap- 
shots of the data vector. The plots In Fig. 5 are obtained by averaging 25 Montc Carlo simulo- 
tions. In Figs 5 and 6, the MUSIC processor is able to locolize only two soumb whcreas thc. 
RESIY processor localizes all the three. 

5. Conclusions 

A replica subspace ~ntersection (RESIK) method of source localizaiion is presented in chis pa- 
per. In MFP, a source may not be localized if the search grid ir not fine enou@h to enaurc that 
one of the grid points lies sufficiently close to the source. In the RESIN technique, replica 
vectors are processed in blocks by iorming replica subspaces and projecting thciu on to the 
s ~ g a l  subspace. This procedure imparts greater tolerance ro coarse range gridding as comparcd 
to the existing MFP processors 
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I.'G 0 .  R.rnpt .~~ilhiguity iundloa\ liw h e  finite dills case. R !a eshmatsd from 200 snapshols Other conditmns are arc 
,:,,m J> in v,g. 5. 
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