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Abstract 

Results are discussed from a high frequency (0 9-5 7 kHz), very shallow water (<I0 m) experiment exploring the feasrbrlitj 
of carrying out matched field processing in this frequency and water depth regrme The data was received on a 22- 
element vertrcal array wrth mterelement spacing one half-wavelength at 4 hH? AII crtouTtrc rourte broadcasting a 
multitone comb was towed along radial tracks wrth maxrmum range from the arraj o f  reveral hundred rneterc. One 
rncomrng track was selected for analysrs usrng conventronal (nonadaptrve) rnatthed field prot essrng The rtructure of the 
range-depth ambiguity surface (rncoherently averaged across frequency) 1 5  shown us well ar the time-evolving range 
surface (for a fixed source depth) In addrtron, trme serres of the range and depth maxrma are \hewn along wrth thew 
corresponding correlatron values Although a very srmple range-mdepender~t e~~vrronrnentul model was ured to generate 
the matchedfield repl~ca vectors, the results clearlj demonstrate the abrlitj to track the motrott of the vource and resolve 
rts position to on the order of 0.5 m m depth and I0 m In range 

1. Introduction 
As a generalization of conventlonal (plane wave) beamformlng, matched field procesrlng (MFP) measures the slm~lar~ty 
between the data observed on an array of sensors and the complex wave field pred~cted by a full-wave propagation model 
for a source at a glven range, depth, and az~muth [I-21 MFP has rece~ved a great deal ot attention recently and lmpresslve 
broadband detection, local~zat~on, and track~ng results have been obta~ned In shallow water (< 200 m) at low-to-m~d 
frequencies (< 600 Hz) [3-41 

Here we dlscuss the results from a h ~ g h  frequency (0 9-5 7 kHz), very shallow water (<I0 m) experlment explor~ng the 
feas~b~llty of carrylng out matched field processing In thls frequency reglme Sect~on 2 w~ll  descr~be the experlment, array 
geometry, and the bathymetry observed along the source tow track The results trom pertormlng convent~onal 
(nonadaptive) matched field processlng on the data then are presented In Sectlon 3 Lastly, summary 1s prov~ded In 
Sechon 4. 

2. Experiment Description 
The experlment was conducted on 15 October 1996 In San D~ego Bay In the vlclnlty ot the Scr~pps Marlne F a c ~ l ~ t ~ e s  pler 
A chart of the area prepared a few months prlor to the experlment lndlcates that the bathymetry generally 1s tlat In the area 
north of the pier where two of the three source tow events were conducted. 

F~gure 1 shows the experlment geometry and a sound speed profile der~ved from CTD data collected ~mmed~ately atter the 
source tow event analyzed In Sect~on 3 The vertlcal array consisted of 22 element5 pos~tloned as shown In the upper part 
of the water column. The array was deployed from the pler wlth a heavy we~ght on the bottom keeplng ~t stra~ght The 
uppermost array element was 0.67 m below the surtace and the Interelement spaclng was 0 188 m (approximately one halt- 
wavelength at 4 kHz). The tlme serles from each array element was sampled at 48 kHz 

Source tows were carried out with a small boat equiped with differential GPS for accurate positioning. Bathymetry was 
measured during the source tows with a high frequency echo sounder. Figure 1 also shows the bathymetry measured over 
the north-to-south source tow track for the data discussed in Section 3. Over the range interval 150-175 m, the track cuts 
across a small trench with ridges on both sides. This broad east-west feature is evident on the chart of the area north of the 
pier. 
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Figure 1. Experiment geometry and sound speed profile. The 22 element vertical array was located in the upper part 
of the water column. A small trench with slight ridges on both sides was present in the range interval 150-175 m. 
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During the source tow events, a J-1 l was deployed to a depth of approximately 3.8 m and transmitted CW tonals at 0.9, 
1.3,2.4,3.5,4.6, and 5.7 kHz. 

- 
3. Data Analysis 
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We selected for analysis the last 3.0 minutes of data from a north-to-south source tow track. The bathymetry for this track 
is shown in Figure 1. The range of the source to the array was approximately 225 m at the beginning of the track and 
approximately 15 m at the end of the track. 

For simplicity, a range independent environmental model was used to compute replica vectors. The sound speed profile is 
shown in Figure 1. Due to lack of detailed geoacoustic information on the bottom, representative parameters for a sand- 
silt-clay half-space were used [5] (compressional sound speed: 1550 mls, compressional attenuation: 0.35 dblmlkHz, and 
density: 1.5 g/cm3). Matched field replica vectors were calculated using the Kraken normal mode code [6] .  Since only two 
modes were predicted to be excited at 0.9 kHz and three modes at 1.3 kHz, these lowest two frequencies of the source tow 
data were not included in the processed results. 

Preprocess~ng of the array data cons~sted of computing 50% overlapped, 8192-po~nt (Kalsel-Beahel windowed) FFT s of 
the hydrophone tlme serles and extracting the (5 86 Hz w~de)  bins contalnlng the source tow trequencles At each 
frequency fl, a data vector was formed at tlme tJ from the appropriate complex b ~ n  value from each element of the array 
X(fl,tJ) Est~mates of the array element covariance matrlx were generated by averaging the outer p~oducts of successive 

data vectors 

where Nt = 5 (0.43 s of data) and H indicates complex conjugate transpose. 

Narrow-band, conventional matched field processing was implemented by computing the normalized quadratic form: 

C(fi,r,d,t) = gH(fi,r,d)K(fi,t)g(fi,r,d) 
Tr(K(fi, t)) lg(f r,d)12 



where g(fi,r,d) is the complex wave field (replica vector) predicted by the full-wave propagation model for a source at 
range r and depth d away from the array and Tr(K(fi,t)) is the trace of the covariance matrix K(fi,t). 

Then, the individual frequency matched field processing results were averaged incoherently across frequency: 

As an example of (3), the range-depth ambiguity surface at t = 1.7 rnin is shown in Figure 2. Although ambiguous 
sidelobes are present, the source is localized easily at r = 90 m and d = 3.8 rn with resolution on the order of 10 m in range 
and 0.5 m in depth. 

In the processing, successive ambiguity surfaces as in Figure 2 are computed. Since the source depth was known to be 
approximately constant during the source tow, one useful way to visualize the time-evolving structure of the matched field 
processor output is to display a slice of each amb~guity surface at a given depth. Figure 3 shows the t~me-evolving range 
surface ford = 3.8 m. The incoming track of the source clearly is visible. 

Correlation (dB) 

Figure 2. Range-depth ambiguity surface at t = 1.7 min averaged across the source tow tonals at 2.4,3.5,4.6, 
and 5.7 kHz. The source is localized at r = 90 m and d = 3.8 m. 
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Figure 3. Time-evolving range range surface for d = 3.8 m averaged acrclss the source tow tonals at 
2.4,3.5,4.6, and 5.7 kHz. The source is closing on the array as time increases. 

The time series of range-depth maxima of the successive ambiguity surfaces provides additional information on how well 
the matched field processor is able to track the source. Figure 4 displays the peak ranges as the source closes on the array 
along with the true range (based on DGPS measurements of source and array position). Similarly, Figure 5 displays the 
peak depths along with the bathymetry under the souce as measured by the echo sounder. Although the source track can be 
discerned in both figures, a substantial number of ambiguous peaks are seen when the source is in the vicinity of the trench 
(0.4-1.2 min). This is not surprising considering the simple, range-independent environmental model used for computing 
the matched &Id replica vectors. 

Lastly, the time series of correlation values for the range-depth maxima of the successive ambiguity surfaces is shown in 
Figure 6. During the last half of the track where the range-independent environmental model is reasonably accurate, the 
correlation values generally are between -3 and -4 dB. At the high signal-to-noise ratios present in these data, a perfect 
match between the observed data and predicted replica field would yield a correlation value of 0 dB. 



5 
lsO 

3 loo 

,q , 
0 ..t * ,  

0 0.5 I 1.5 2 2.5 1 

Time (minutes) 

Figure 4. Time series of peak ranges from the individual range-depth ambiguity 
surfaces. The true source-array range is indicated by +'s 
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Figure 5. Time series of peakdepths from the individual range-depth ambiguity 
surfaces The bathymetry under the source also is d~splayed 
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Figure 6. Time series of correlation values for the range-depth maxima from 
the individual range-depth ambiguity surfaces. 
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4. Summary 

The focus of this paper has been on exploring the feasibility of carrying out broadband matched field processing on high 
frequency (0.9-5.7 kHz) source tow data in very shallow water (<I0 m). A 4.0 m aperture, 22-element vertical array 
received multitone transmissions from a source towed at approximately 3.8 m depth and ranges of up to several hundred 
meters. Conventional (nonadaptive) matched field processing was performed on the data from an incoming track where the 
source range decreased from 225 m to 15 m over 3.0 min. The structure of the range-depth ambiguity surface (incoherently 
averaged across frequency) was shown as well as the time-evolving range surface (for a fixed source depth of 3.8 m). Time 
series of the range and depth maxima also were shown along with their corresponding correlation values. Although a very 
simple range-independent environmental model was used to generate the matched field replica vectors, the results clearly 
demonstrate the ability to track the motion of the source and resolve its position to on the order of 0.5 m in depth and 10 m 
in range. 
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