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ABSTRACT 
An open-circuit scuba diver’s acoustic signature (radiated sound) consists predominately of a sequence of regularly 
spaced wideband pulses each corresponding to the inhaling phase of the diver’s breathing cycle. A cyclic frequency 
analysis of the output signal from a single hydrophone leads to the automated detection of the diver and an estimate 
of the diver’s breathing rate. Measurement of the differential time of arrival (DTOA) of the radiated sound at a pair of 
widely separated hydrophones requires computation of the wideband cross-ambiguity function. By fitting a DTOA 
model to the measurements for pairs of sensors over a sufficiently long period of time enables estimation of the 
diver’s motion parameters. Results are presented for real data collected in a shallow water experiment where an open-
circuit scuba diver swam at constant speed and altitude above and along the axis of a horizontal linear array which 
consisted of eight hydrophones uniformly spaced at 14 m and located 1 m above the sea floor. 

INTRODUCTION 

Divers and small vessels when operating with harmful intent 
are potential threats to naval bases, civilian port facilities and 
critical harbour infrastructure. Both passive and active sonar 
systems can be used to provide surface and subsurface sur-
veillance against these asymmetric threats. It was demon-
strated using real data that a high-frequecy active sonar was 
able to detect, localize and track small fast surface craft and 
divers in a harbour environment by processing the sonar re-
turn signals (Lo & Ferguson 2004, Ferguson & Lo 2011). 
Also, the intense broadband underwater sound generated by a 
surface craft’s propeller cavitation enabled the passive detec-
tion and localization of the craft using hydrophones (Fergu-
son & Lo 2011, Lo & Ferguson 2011). Using real data, this 
paper studies the detection and localization of open-circuit 
scuba divers using passive sonar. The data used in this study 
were collected in a shallow water experiment, where an open-
circuit scuba diver swam at a constant speed and altitude 
above and along the axis of a horizontal linear array which 
consisted of eight hydrophones uniformly spaced at 14 m and 
located 1 m above the sea floor.  

An open-circuit scuba diver’s acoustic signature (radiated 
sound) consists predominately of a sequence of regularly 
spaced wideband pulses each corresponding to the inhaling 
phase of the diver’s breathing cycle. The primary source of 
these pulsed acoustic emissions is the scuba equipment’s high 
pressure regulator where expansion of the compressed air 
from the tank produces turbulent air flow pressure fluctua-
tions that excite structural vibrations of the regulator’s valve 
and channels (Donskoy, Sedunov, Sedunov & Tsionskiy 
2008). It is shown that the periodicity of the diver’s acoustic 
signature is readily observed on the output spectrogram of a 
single hydrophone, and a cyclic (or modulation) frequency 
analysis of the hydrophone output signal leads to the auto-
mated detection of the diver and an estimate of the diver’s 
breathing rate. The conventional method for cyclic frequency 
analysis is DEMON processing (Hanson, Antoni, Brown & 
Emslie 2008, Chung, Sutin, Sedunov & Bruno 2011), which 
was adopted by other researchers for automated diver detec-
tion (Stolkin, Sutin, Radhakrishnan, Bruno, Fullerton, Eki-
mov & Raftery 2006, Lennartsson, Dalberg, Persson & Pet-
rovic 2009). Another method for cyclic frequency analysis is 
cyclostationary processing (Hanson, Antoni, Brown & Em-

slie 2008, Owsley, Atlas & Heinemann 2005). Experimental 
results for both methods are compared in this paper. 

An acoustic source (diver) can be localized by estimating the 
differential times of arrival (DTOA) of the signal at pairs of 
widely separated hydrophones using the generalized cross-
correlation method (Carter 1981). (Note that DTOA is often 
simply referred to as time delay.) In this paper, the hydro-
phone output data are processed in small blocks of short du-
ration to estimate the temporal variation of the DTOA of the 
signal at each pair of adjacent hydrophones. During the ex-
haling time intervals, the signal-to-noise ratios (SNRs) are 
low which leads to noisy DTOA estimates. Therefore, DTOA 
estimation is restricted to the inhaling time intervals during 
which the SNRs are high. However, the DTOA estimates 
obtained during the inhaling time intervals for any pair of 
hydrophones become noisy when the source is moving be-
tween the two hydrophones, despite the high SNRs at the 
outputs of the hydrophones. This problem is due to the rela-
tive time-scaling effect (often referred to as differential Dop-
pler), which results in a loss of coherence between the signals 
received by the hydrophone pair (Patzewitsch, Srinath & 
Black 1979, Betz 1985). The problem is remedied by using 
the wideband cross-ambiguity function which is equivalent to 
wideband cross-correlation with differential Doppler com-
pensation (Ferguson & Lo 1999). The DTOA measurements 
from two pairs of adjacent hydrophones are then processed 
using a nonlinear least-squares method to estimate the diver’s 
swimming speed, altitude and time of closest point of ap-
proach (CPA) to the reference hydrophone.  

SHALLOW WATER EXPERIMENT  

An experiment was conducted in a shallow water environ-
ment, where a horizontal linear array consisting of eight 
hydrophones uniformly spaced at 14 m was located 1 m 
above the sea floor, and an open circuit scuba diver swam at 
a constant speed (~ 0.5 m/s) and altitude (~ 1 m) above and 
along the axis of the array – see Fig. 1. The water depth was 
20 m. The output of each hydrophone was sampled at a fre-
quency sf of 250 kHz. The first set of data was collected 
over a period of 333 s when the diver swam from the right of 
sensor 1 to the left of sensor 8 (transit 1) and then made a U 
turn after passing sensor 8. The second set of data was col-
lected over a period of 282 s when the diver swam from the 
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left of sensor 8 to the right of sensor 1 and then made a U 
turn after passing sensor 1 (transit 2). In this paper, experi-
mental results are presented only for the first data set (transit 
1) as results for the second data set (transit 2) are similar.  
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Fig. 1. Geometry of hydrophone array and diver trajectory in 
the shallow water experiment. 
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Fig. 2 (a) Output waveform and (b) output spectrogram of 

hydrophone 8 for diver transit 1. 
 

Figures 2(a) and (b) show the respective output waveform 
(time series) and output spectrogram (time-frequency distri-
bution) of a particular hydrophone (sensor 8) for diver transit 
1. It can be observed from Fig. 2(b) that the hydrophone out-
put signal consists of a sequence of (almost) regularly spaced 
wideband pulses which is most notable in the 35-80 kHz 
frequency band. The background noise predominates below 
20 kHz. Biological transients generated by snapping shrimp 
are also present. The signal pulse is strong (as indicated by 
the higher-intensity color) when the diver is close to the 
hydrophone (around 261 s). This periodic wideband pulse 

sequence forms the diver’s acoustic signature, and each of the 
periodic pulses corresponds to the inhaling phase of the 
diver’s breathing cycle. The diver’s acoustic signature is 
obscured by the background noise in the time series shown in 
Fig. 2(a). 

DIVER DETECTION 

Two methods are considered for diver detection, namely, 
DEMON processing and cyclostationary processing. Both 
methods exploit the periodicity of the diver’s acoustic signa-
ture. In DEMON processing, the envelope of the periodic 
wideband pulse sequence received at a hydrophone is ex-
tracted by first filtering the hydrophone output data with a 
suitable bandpass filter (to suppress the background noise), 
then applying the Hilbert transform to the filtered data to 
compute the complex analytic signal, and finally subsampling 
(with an anti-aliasing filter) the magnitude of the analytic 
signal at a frequency sα  that satisfies the condition 

ssb ff <<< α2 , where bf  is the diver’s breathing rate (typi-
cally 0.1-0.5 Hz). A cyclic (or modulation) frequency spec-
trum is then computed by taking the Fourier transform of the 
(subsampled) envelope. As the possible breathing rates of 
divers range from 0.1 to 0.5 Hz, a peak appearing within this 
frequency range in the cyclic frequency spectrum indicates 
the presence of a diver, and the location of the peak provides 
an estimate of the diver’s breathing rate.  

An alternative approach to diver detection is cyclostationary 
processing. First, the spectrogram ),( ftX  of the hydro-
phone output signal is computed. Then for each frequency 
f , a Fourier transform of |),(|log ftX is taken along the 

time axis to produce a cyclic frequency spectrum: 
|}),(|{log),( ftXFfS =α , where F is the Fourier trans-

form operator, and α  denotes cyclic frequency. Finally the 
cyclic frequency spectra are averaged over all frequencies 
f . As for DEMON processing, the sampling frequency of 

),( ftX  along the time axis is denoted by sα  which satisfies 
the condition ssb ff <<< α2 . A peak appearing within the 
frequency range from 0.1 to 0.5 Hz in the averaged cyclic 
frequency spectrum indicates the presence of a diver, and the 
location of the peak provides an estimate of the diver’s 
breathing rate.  

In practice, the output data from a hydrophone are processed 
in blocks each consisting of M samples. The diver’s breathing 
rate is assumed to be constant over the duration of a data 
block, but may vary from block to block. An estimate of the 
diver’s breathing rate is computed for each data block using 
DEMON or cyclostationary processing. The estimate can be 
updated at a faster rate of every sfL seconds by overlapping 
every two adjacent blocks with LM − samples )( ML ≤ . In 
the experiment, the following parameter values were used: M 
= 8,388,608 samples (corresponding to approximately 33.55 
s) and 4ML = . For DEMON processing, the bandpass 
filter had a passband from 35 to 80 kHz and the sampling 
frequency sα  for the signal envelope was 6.25 Hz. For cyc-
lostationary processing, the spectrogram ),( ftX  of the 
hydrophone output signal was computed using the fast Fou-
rier transform (FFT) and a window size m of 32,768 samples 
(~ 0.131 s) with no overlap between adjacent windows, 
which implied that the sampling frequency sα  for ),( ftX  
along the time axis was equal to 63.7≈mf s  Hz.  
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Figure 3 shows the variation with time of the normalized 
cyclic frequency spectra of the output data from sensor 8, 
computed using (a) DEMON processing and (b) cyclosta-
tionary processing, for transit 1. At each time instant, there 
appear to be one strong peak corresponding to the diver’s 
breathing rate and two weaker peaks representing the higher 
harmonics. Based on these observations, the diver detection 
probability at any time instant may be improved by seeking 
two or three harmonically related peaks instead of a single 
peak within an appropriate frequency range. Figure 4 shows 
the estimates of the diver’s breathing rate versus time ob-
tained for transit 1 using both methods, and they are in good 
agreement. Similar results have been obtained for transit 2.  
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Fig. 3. Variation with time of the normalized cyclic fre-

quency spectra of the output data from hydrophone 8, com-
puted using (a) DEMON processing and (b) cyclostationary 

processing, for transit 1. 
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Fig. 4. Estimates of diver’s breathing rate versus time obtain-
ned for transit 1 using both methods of DEMON and cyc-

lostationary processing. 

DTOA ESTIMATION 

An acoustic source can be localized using DTOA (or time 
delay) measurements from pairs of widely separated hydro-
phones, which in turn can be obtained using the generalized 
cross-correlation method. For non-stationary sources such as 
divers, the DTOA of the signal at a hydrophone pair varies 
with time as the source moves from one position to another. 
In the experiment, in order to estimate the temporal variation 
of the DTOA of the signal at each pair of adjacent hydro-
phones, the hydrophone output data were processed in non-
overlapping blocks, each consisting of 65,536 samples (~ 
0.262 s). The data block from one sensor was cross-
correlated with the corresponding data block from an adja-
cent sensor using the phase transform prefiltering technique, 
which suppressed ambiguous peaks in the cross-correlation 
function caused by strong narrowband interference. The gen-
eralized cross-correlation processing was implemented in the 
frequency domain using the FFT with a spectral window 
from 35 kHz to 80 kHz. The time lag at which the cross-
correlation function attained its maximum value provided an 
estimate of the DTOA of the signal at a given hydrophone 
pair. Figure 5(a) shows the DTOA estimates obtained by 
processing the output data from the hydrophone pair (8,7) for 
transit 1. During the time intervals when the diver is exhal-
ing, a large number of noisy DTOA estimates occur due to 
low SNRs. Therefore, DTOA estimation should be restricted 
to the inhaling time intervals during which SNRs are high.  

The inhaling time intervals observed at a given hydrophone 
can be estimated by measuring the variation with time of the 
integrated output energy of the hydrophone over a certain 
frequency range where the SNR is high. Figure 6(a) shows 
the integrated output energy (obtained by integrating 

2|),(| ftX ) of sensor 7 over the frequency range from 35 to 
80 kHz as a function of time for transit 1. The integrated 
output energy is high during the inhaling time intervals and 
low during the exhaling time intervals. The presence of 
broadband impulsive noise sometimes raises the level of the 
integrated output energy for a short time during the exhaling 
time intervals. In order to estimate the inhaling time intervals, 
the integrated output energy at each time instant is normal-
ized by the median of its surrounding values (which effec-
tively removes the effect of the exhaling noise). Figure 6(b) 
shows the normalization result of Fig. 6(a). The normalized 
integrated output energy is then compared with a preselected 
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threshold (3 dB for the experiment) and set to unity if it ex-
ceeds the threshold and zero otherwise. This results in a se-
quence of rectangular pulses (which are not necessarily equal 
in width). The width of each pulse represents an estimate of 
either the length of an inhaling time interval or the duration 
of an impulsive noise event. Those rectangular pulses with a 
width smaller than a preselected threshold (1 s for the ex-
periment) are regarded as being associated with impulsive 
noise and thus discarded. The durations of the remaining 
rectangular pulses provide estimates of the inhaling time 
intervals.  

The inhaling time intervals observed at sensor 7 for transit 1 
were estimated using the above method, and Fig. 5(b) shows 
the DTOA estimates from the hydrophone pair (8,7) during 
the inhaling time intervals. The number of noisy DTOA esti-
mates in Fig. 5(b) is much smaller when compared with Fig. 
5(a) which shows the DTOA estimates from the same hydro-
phone pair during the entire observation period of 333 s. 
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Fig. 5. (a) DTOA estimates obtained during the entire obser-

vation period of 333 s by processing the output data from 
hydrophone pair (8,7) for diver transit 1 using generalized 
cross-correlation. (b) DTOA estimates obtained during the 

inhaling time intervals only. 
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Fig. 6. Integrated output energy of sensor 7 over the fre-

quency range from 35 kHz to 80 kHz as a function of time 
for diver transit 1. (a) Before normalization. (b) After nor-

malization. 

DIFFERENTIAL DOPPLER COMPENSATION 

Note that the DTOA estimates (obtained during the inhaling 
time intervals) in Fig. 5(b) are noisy over the observation 
period from 230 s to 270 s, despite the high SNRs. These 
noisy DTOA measurements are attributed to the relative 
time-scaling effect as explained below. It can be deduced 
from Fig. 7(a) that the diver was passing over the hydrophone 
pair during this observation period (230-270 s) as the DTOA 
estimate was changing from positive to negative. It is known 
that when a sound source is passing over a pair of acoustic 
sensors, the source motion with respect to each sensor results 
in a relative time scaling (often referred to as differential 
Doppler) between the signals received by the sensor pair 
(Ferguson & Lo 1999). Thus, the source signal at the output 
of one sensor can be modelled as a constant time-scaled and 
time-delayed version of the other over a short time interval:  
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where )(ts is the source signal, α  and β  are the relative 
time scale (RTS) and DTOA (or time delay) respectively, 
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)(txi  is the output of sensor i, and )(tni  is additive noise at 
sensor i. Both α  and β  vary with time due to the source 
motion, but are assumed to be locally constant over short 
time intervals. Equations (1) can be written as 

)()]([)(
)()()(

tnbattstx
tntstx

jj

ii

++−=
+=

 (2) 

where α11−=a , αβ=b , and  bat +  is the equivalent 
linear time-varying DTOA.  

The RTS α  in (1) can have significant impact on the estima-
tion of the DTOA β  using the generalized cross-correlation 
method as it can result in a loss of coherence between the 
signals received by the two sensors and consequently a noisy 
DTOA estimate. It has been shown that if the change β∆ in 
DTOA during the integration time T∆ of the cross-correlation 
processing is larger than the correlation time sτ  of the source 
signal, then the DTOA estimate will be in error (Adams, 
Kuhn & Whyland 1980). Consider the hydrophone pair (8,7) 
in the experiment: 7=i (sensor 7), 8=j (sensor 8). For both 
diver transits 1 and 2, the integration time s 262.0≈∆T , the 
correlation time of the source signal µs 5.12≈sτ , the diver’s 
swimming speed m/s 5.0≈v , and the speed of sound propa-
gation in water m/s 1520=c . As the altitude of the diver 
relative to the axis of the hydrophone pair (~1 m) is much 
smaller than the hydrophone spacing (14 m), at the time 
when the diver is equidistant from the two hydrophones, the 
change β∆  in DTOA during the integration time T∆ is 
approximately equal to cTv∆±2  depending on whether the 
diver moves toward sensor 7 (transit 2) or sensor 8 (transit 1) 
during the integration time. In both cases, ms 2.17|| ≈∆β , 
which is much larger than the correlation time of the source 
signal µs) (12.5 , and thus the DTOA estimate is in error.  

From (2), the change β∆ in DTOA over a time period of 
T∆  is equal to Ta∆ . Equating this expression for β∆  with 

cTv∆±2  gives cva 2±≈ , and so the relative time scale 
001.121)1(1 ≈±≈−= cvaα or 0.999. These are the mini-

mum and maximum values of α  for transits 1 and 2 of the 
diver respectively. (These values can also be derived by as-
suming that the received signal at one sensor experiences the 
negative down Doppler while that at the other sensor experi-
ences the positive up Doppler.) Despite their small deviations 
from unity, their adverse effect on DTOA estimation is large 
due to the large time-bandwidth product sT τ∆ . The RTS 
attains its maximum or minimum value when the diver is 
equidistant from the two hydrophones. At other times (when 
the diver is nearer to either of the two hydrophones) during 
the diver transit, the change β∆  in DTOA during the same 
integration time T∆ is smaller in magnitude, and the RTSα  
is closer to unity. If the diver is some distance away from the 
hydrophone pair, then 0≈∆β , 0≈a , and 1≈α .  

A good estimate of the DTOA β  can be obtained by cross 
correlating the outputs of the two sensors when the RTS α  is 
essentially unity (or more accurately when sτβ <<∆ ), which 
occurs when the source is some distance away from the sen-
sor pair. In Fig. 5(b), this corresponds to the time periods 0-
230 s and 270-333 s. The accuracy of the DTOA estimate 
degrades when α  departs from unity, which occurs when the 

source is passing over the sensor pair. In Fig. 5(b), this corre-
sponds to the time period 230-270 s. To remedy this problem, 
the mismatch between the time scales of the received signals 
at the two sensors must be compensated for prior to cross 
correlating the sensor outputs. However, since α  is not 
known a priori, it must be estimated, along with β . Define 
the wideband cross-ambiguity function as 

dttxtxA ijji ∫
∞

∞−

⎟
⎠
⎞

⎜
⎝
⎛ −

=
σ
τ

σ
στ *)(1),(  (3) 

where * denotes complex conjugation and 0>σ . Both β and 
α  are estimated jointly by finding the values of τ and σ  
that maximize ),( στjiA , that is, the estimates of β and α  
are given by 

),(maxarg)ˆ,ˆ(
,

σταβ
στ

jiA= . (4) 

The wideband cross-ambiguity function ),( στjiA  at a given 
value of τ and σ  is computed by first generating the time-
scaled replica )( σtxi  using the discrete Fourier transform 
interpolation method and then correlating )( σtxi  with 

)(tx j  using the FFT (Ferguson & Lo 1999). The maximiza-

tion of ),( στjiA  is done by performing a two dimensional 
search over all possible values of τ and σ . This method of 
estimating α  and β  is equivalent to wideband cross-
correlation with differential Doppler (or RTS) compensation. 

The method was used to re-process the output data from each 
pair of adjacent hydrophones of the experimental linear array 
in non-overlapping blocks, withσ  being assigned the follow-
ing set of discrete values: Lpp +=1σ , where 536,65=L  
is the number of samples in each data block and 

64,...,16,8,0 ±±±=p . Figure 7(a) shows the DTOA estimates 
from the hydrophone pair (8,7) during the inhaling time in-
tervals for transit 1. Figure 7(b) shows the corresponding 
RTS estimates, which are essentially unity during the time 
periods 0-230 s and 270-333 s (indicating that the diver is 
some distance away from the hydrophone pair), and vary 
from about 0.9992 to 1 during the time period 230-270 s 
(indicating that the diver is passing over the hydrophone 
pair).  At about 250 s, the RTS estimate has a minimum value 
and the DTOA estimate is zero (indicating that the diver is 
equidistant from the two hydrophones). Comparing Fig. 7(a) 
with Fig. 5(b) indicates that much better DTOA estimates are 
obtained during the time period 230-270 s when the method 
of wideband cross-correlation with RTS compensation is 
used for DTOA estimation. The remaining erroneous DTOA 
estimates in Fig. 7(a) are due to the presence of extraneous 
impulsive noise in the inhaling time intervals.  



21-23 November 2012, Fremantle, Australia Proceedings of Acoustics 2012 - Fremantle 

 

6 Australian Acoustical Society 

0 50 100 150 200 250 300
-10

-8

-6

-4

-2

0

2

4

6

8

10

time (s)

tim
e 

de
la

y 
(m

s)

 
 (a) 

0 50 100 150 200 250 300
0.999

0.9992

0.9994

0.9996

0.9998

1

1.0002

1.0004

1.0006

1.0008

1.001

time (s)

tim
e 

sc
al

e

 
(b) 

 
Fig. 7. Results of wideband cross-correlation with RTS com-
pensation. (a) DTOA estimates from hydrophone pair (8,7) 

during the inhaling time intervals for transit 1. (b) The corre-
sponding RTS estimates. 

MOTION PARAMETER ESTIMATION 

For an underwater acoustic source passing over a planar array 
of widely separated hydrophones along a straight line at a 
constant speed and a constant altitude, the complete set of 
five source motion parameters (which specifies the linear 
trajectory of the source) can be estimated using DTOA meas-
urements from multiple pairs of hydrophones. However, in 
the experiment, the diver swam along and over the axis of a 
linear hydrophone array at a constant speed. In this case, the 
trajectory of the diver is specified by the diver’s swimming 
speed v, altitude h relative to the array axis, and time cτ  of 
CPA to a reference hydrophone. These three source motion 
parameters can be estimated using DTOA measurements 
from one or more pairs of adjacent hydrophones of the linear 
array. 

Without loss of generality, assume that the axis of the linear 
hydrophone array coincides with the x-axis. The diver’s 
swimming speed v is positive if the diver travels in the +x 
direction, and negative otherwise. For a given hydrophone 
pair (j,i), where Nji ≤≤ ,1 with N = 8  being the number of 
sensors in the linear array, the DTOA of the signal at the two 
sensors is given by 

ctRtRtD ijji )]()([)( −=  (5) 

where )(tRk  is the distance to the source from hydrophone k 
at time t , for Nk ≤≤1 .  It can be shown that  

2122
,

2 ])([)( htvtR kck +−= τ  (6) 

where kc,τ  is the time of CPA of the diver to hydrophone k. 

Suppose hydrophone rn  is the reference sensor. Then the 
time of CPA of the diver to the reference sensor is 

cnc r
ττ ≡, , and the time of CPA of the diver to any sensor k 

is related to cτ by 

rnkckc xxv −=− )( , ττ  (7) 

where kx  is the x-coordinate of sensor k.  Substituting (6) 
and (7) (with jik ,= ) into (5) gives a model for )(tD ji  that 
is a function of time t and the three motion parameters 

cv τ, and h, i.e., ),,;()( hvtDtD cjiji τ≡ . 

A nonlinear least-squares (LS) estimate for each of the three 
motion parameters is given by 

       ∑∑
=

−=
ij

K

k
kjijikjijihvc

ji

c
tDtDhv

, 1

2
,,,,

)]()(ˆ[minarg}ˆ,ˆ,ˆ{
τ

τ  (8) 

where )(ˆ
,kjiji tD  is the DTOA measurement from sensor pair 

(j,i) at  time kjit , , )( ,kjiji tD is the corresponding predicted 

value, and jiK is the number of DTOA measurements from 
sensor pair (j,i). The DTOA measurements from a sensor pair 
should be taken during the time interval when the diver is 
passing over the sensor pair. 

The nonlinear LS method was used to estimate the diver’s 
swimming speed v, altitude h and time cτ  of CPA to the 
middle (reference) sensor as it passed over the two adjacent  
hydrophone pairs (5, 6) and (7,6) of the experimental array. 
The minimization in (8) was implemented in MATLAB® 
using the optimization function lsqnonlin, which required 
initial estimates of the three source motion parameters. The 
method to compute the initial estimates of v, h and cτ , which 

are denoted as ov̂ , oĥ  and o
cτ̂  respectively, is described 

below. 

The CPA time cτ  is the time when the diver is directly above 
sensor 6 (equidistant from sensors 5 and 7), i.e, when the 
DTOA at each sensor pair is equal. Therefore, an initial esti-
mate of cτ  is given by 

|)(ˆ)(ˆ|minargˆ 7656 tDtD
t

o
c −=τ . (9) 

At time cτ , the predicted DTOA at either sensor pair is given 

by chdh ])[( 2122 −+ , where d is the intersensor spacing, 
and the estimated DTOA is approximately equal to 

2)]ˆ(ˆ)ˆ(ˆ[ˆ
7656

o
c

o
cc DDD ττ += . Equating the predicted DTOA 

at time cτ  with the estimated value provides an initial esti-
mate of h: 
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c

co

Dc

Dcd
h ˆ2

ˆ
ˆ

222 −
= . (10) 

The diver’s swimming speed v is equal to the ratio of the 
separation distance d between the mid-points of the two sen-
sor pairs to the time τ∆  required for the diver to travel this 
distance. Denote the times when the diver is directly above 
the mid-points of sensor pairs (5,6) and (7,6) as 1τ  and 2τ  
respectively, so that 12 τττ −=∆ . Since the DTOA at either 
sensor pair is zero when the diver is directly above the mid-
point of that sensor pair, 1τ  and 2τ  can be estimated respec-
tively as 

|)(ˆ|minargˆ

|)(ˆ|minargˆ

762

561

tD

tD

t

t

=

=

τ

τ
 (11) 

It then follows that 

)ˆˆ(ˆ 12 ττ −= dvo . (12) 

Figure 8 shows (as circles) the DTOA measurements from 
the hydrophone pairs (5,6) and (7,6) for diver transit 1. For 
each inhaling time interval, only one DTOA measurement 
was taken from each hydrophone pair, which were obtained 
by taking a data block from the reference sensor (hydrophone 
6) within the inhaling time interval and cross-correlating it 
with the corresponding data blocks from the other two sen-
sors using the method of generalized cross-correlation with 
RTS compensation. Figure 8 also shows (as solid lines) the 
nonlinear LS fit of the DTOA model to the DTOA measure-
ments from the two hydrophone pairs. The nonlinear LS es-
timates of v, h and cτ  are 0.5 m/s, 1.08 m and 206.245 s 
respectively.  
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Fig. 8. DTOA measurements (circles) from hydrophone pairs 
(5,6) and (7,6) for diver transit 1, and nonlinear LS fit of the 
DTOA model (solid lines) to the DTOA measurements. For 
each inhaling time interval, only one DTOA measurement 

was taken from each hydrophone pair. 
 

Results have also been obtained for other sets of adjacent 
hydrophone pairs: {(6,7), (8,7)}, {(1,2), {3,2)}, and {(2,3), 
(4,3)}. Table 1 shows the estimates of the diver’s swimming 
speed and altitude when four different sets of adjacent hydro-
phone pairs were used. The diver’s swimming speed and 

altitude estimates range from 0.50 to 0.54 m/s and 1.08 to 
1.28 m respectively. The three motion parameters of the diver 
can also be estimated using a single pair of adjacent hydro-
phones, only that the variability of the estimates is larger. The 
diver’s swimming speed and altitude estimates in this case 
range from 0.47 to 0.59 m/s and 0.60 to 2.29 m respectively. 

Table 1. Diver’s swimming speed and altitude estimates from 
four different sets of adjacent hydrophone pairs. 

Sensor pairs Speed (m/s) Altitude (m) 

(1,2)  and (3,2) 0.54 1.26 

(2,3) and (4,3) 0.52 1.28 

(5,6) and (7,6) 0.50 1.08 

(6,7) and (8,7) 0.52 1.23 

 

CONCLUSIONS 
 
 

The periodicity of a diver’s acoustic signature is readily ob-
served on the output spectrogram of a single hydrophone, and 
a cyclic frequency analysis of the hydrophone output signal 
using either DEMON or cyclostationary processing leads to 
the automated detection of the diver and an estimate of the 
diver’s breathing rate. The inhaling time intervals of the diver 
observed at a given hydrophone can be estimated by measur-
ing the variation with time of the integrated output energy of 
the hydrophone over a certain frequency range where the 
SNR is high. Restricting DTOA measurement using the gen-
eralized cross-correlation method to the inhaling time inter-
vals greatly reduces the number of noisy DTOA estimates 
that would otherwise have occurred during the exhaling time 
intervals. The relative time-scaling effect which results in a 
loss of coherence between the signals received by a pair of 
hydrophones can be remedied by using the wideband cross-
ambiguity function which is equivalent to wideband cross-
correlation with RTS compensation. For a diver moving 
along and over the axis of a linear array of widely separated 
hydrophones at a constant speed and a constant altitude, fit-
ting a DTOA model in a nonlinear LS sense to the DTOA 
measurements from two pairs of adjacent hydrophones pro-
vides estimates of the diver’s swimming speed, altitude and 
time of CPA to the reference hydrophone. This nonlinear LS 
method can be generalized to estimate all five motion pa-
rameters (which specifies the trajectory) of a diver moving 
over a planar array of widely separated hydrophones in a 
straight line at constant speed and altitude. The work de-
scribed in this paper can be applied to a distributed underwa-
ter acoustic sensor network for the passive detection and 
localization of open-circuit scuba divers in a harbor environ-
ment  

ACKNOWLEDGMENTS 

The authors wish to thank Ian Bedwell, Thales Underwater 
Systems, for providing the hydrophone data which were 
processed using the signal processing methods described in 
this paper. The data were recorded by Max Carpenter at the 
Jervis Bay Sound Range, HMAS Creswell. 

REFERENCES 
 
Adams, WB, Kuhn, JP & Whyland, WP 1980, ‘Correlator 

compensation requirements for passive time-delay esti-



21-23 November 2012, Fremantle, Australia Proceedings of Acoustics 2012 - Fremantle 

 

8 Australian Acoustical Society 

mation with moving source or receivers’, IEEE Transac-
tions on Acoustics, Speech and Signal Processing, Vol. 
28, pp. 158-168. 

Betz, JW 1985, ‘Effects of uncompensated relative time com-
panding on a broad-band cross correlator’, IEEE Trans-
actions on Acoustics, Speech and Signal Processing, Vol. 
33, pp. 505-510. 

Carter, GC 1981, ‘Time delay estimation for passive sonar 
signal processing’, IEEE Transactions on Acoustics, 
Speech and Signal Processing, Vol. 29, 1981, pp. 463-
470. 

Chung, KW, Sutin, A, Sedunov, A & Bruno, M 2011, 
‘DEMON acoustic ship signature measurements in an ur-
ban harbor’, Advances in Acoustics and Vibration, Vol. 
2011, Hindawi, Article ID 952798.  
http://www.hindawi.com/journals/aav/2011/952798/ 

Donskoy, DM, Sedunov, NA, Sedunov, AN & Tsionskiy, 
MA 2008, ‘Variability of SCUBA diver’s acoustic emis-
sion’, Proceedings of SPIE, Vol. 6945, 694515, pp. 1-11. 

Ferguson, BG & Lo, KW 1999, ‘Passive wideband cross 
correlation with differential Doppler compensation using 
the continuous wavelet transform’, Journal of the Acous-
tical Society of America, Vol. 106, pp. 3434-3444. 

Ferguson, BG & Lo, KW 2011, ‘Sonar signal processing 
methods for the detection and localization of fast surface 
watercraft and underwater swimmers in a harbour envi-
ronment’, Proceedings of the 4th International Confer-
ence and Exhibition on Underwater Acoustic Measure-
ments: Technologies and Results (UAM 2011), Kos Is-
land, Greece, pp. 339-346. 

Hanson, D, Antoni, J, Brown, G & Emslie, R 2008, ‘Cyc-
lostationary for passive underwater detection of propeller 
craft: a development of DEMON processing’, Proceed-
ings of Acoustics 2008, Geelong, Australia, pp. 1-6. 

Lennartsson, RK, Dalberg E, Persson, L & Petrovic, S 2009, 
‘Passive acoustic detection and classification of divers in 
harbor environments’, Proceedings of OCEANS 2009 
MTS/IEEE Biloxi. 

Lo, KW & Ferguson, BG 2004, ‘Automatic detection and 
tracking of a small surface watercraft in shallow water 
using a high-frequency active sonar’, IEEE Transactions 
on Aerospace & Electronic Systems, Vol. 40, pp. 1377-
1388. 

Lo, KW & Ferguson, BG 2011, ‘Surface craft motion pa-
rameter estimation using multipath delay measurements 
from hydrophones’, Proceedings of the Seventh Interna-
tional Conference on Intelligent Sensors, Sensor Net-
works & Information Processing (ISSNIP 2011), Ade-
laide, Australia, pp. 496-501. 

Owsley, L, Atlas, L & Heinemann, C 2005, ‘Use of modula-
tion spectra for representation and classification of acous-
tic transients from sniper fire’, Proceedings of ICASSP, 
pp. 1129-1132. 

Patzewitsch, JT, Srinath, MD & Black, CI 1979, ‘Near-field 
performance of passive coherence processing sonars’, 
IEEE Transactions on Acoustics, Speech and Signal 
Processing, Vol. 27, pp. 573-582. 

Stolkin, R, Sutin, A, Radhakrishnan, S, Bruno, M, Fullerton, 
B, Ekimov, A & Raftery, M 2006, ‘Feature based passive 
acoustic detection of underwater threats’, Proceedings of 
SPIE, Vol. 6204, 620408, pp. 1-10. 

 
 
 
 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <FEFFd5a5c0c1b41c0020c778c1c40020d488c9c8c7440020c5bbae300020c704d5740020ace0d574c0c1b3c4c7580020c774bbf8c9c0b97c0020c0acc6a9d558c5ec00200050004400460020bb38c11cb97c0020b9ccb4e4b824ba740020c7740020c124c815c7440020c0acc6a9d558c2edc2dcc624002e0020c7740020c124c815c7440020c0acc6a9d558c5ec0020b9ccb4e000200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee563d09ad8625353708d2891cf30028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f003002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c4fbf65bc63d066075217537054c18cea3002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f3002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




