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Abstract 
Cavitation inception behind each blade of a rapidly rotating propeller generates intense continuous broadband sound 

underwater. This sound can be considered as an acoustic signal propagating in the underwater medium where it can be 

received by a single hydrophone located above the sea floor. Reflections of the sound from the boundaries of the 

shallow water medium result in multipath arrivals at the hydrophone. Interference between the direct path and 

multipath arrivals produces a Lloyd’s mirror pattern on the time frequency display of the hydrophone’s output. It is 

shown using real data that cepstral analysis of the output of a single hydrophone enables the multipath time delay to be 

measured, which in turn, enables the variation with time of the instantaneous range of a fast surface watercraft to be 

estimated during its transit past the sensor. Also, a nonlinear least squares approach is adopted to estimate the three 

motion parameters of the surface watercraft using the sequence of multipath delay measurements obtained during the 

watercraft’s transit. This type of approach is extended to the estimation of a complete set of five motion parameters that 

describe fully the trajectory of the watercraft’s transit, using the sequence of differential time-of-arrival measurements 

of the direct path signal at each pair of sensors that comprise a four-element line array. The rotating propeller of a fast 

surface watercraft also generates a wake of bubbles that persists for minutes. When the wake is insonified by high-

frequency (HF) active sonar transmissions, wake echoes are observed which are composed of a multitude of reflections 

originating throughout the entire wake. Echolocation of the returned sonar signals provides a trace of the wake and 

hence the trajectory of the watercraft. The use of a monostatic HF high-resolution active sonar for the automatic 

detection, localization and tracking of a fast surface craft is reviewed. The HF sonar is then used to monitor the 

movements of underwater swimmers and dive boats during a night navigation training exercise. Sonar imagery 

capturing the dive boat wakes and the egress of two underwater swimmers in shallow waters adjacent to a naval base 

are presented. 
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1. Introduction 

Surveillance systems can be used to monitor protected/controlled waters adjacent to naval bases, civilian 

port facilities and critical infrastructure installations (like oil refineries). The presence of underwater 

intruders and incursions by watercraft in these waters requires that security personnel be immediately 

alerted to their presence, location and track. Early warning increases the time available to complete the 

decision-making process and to initiate a reaction (countermeasure response) under the rules of 

engagement. Classification and intent determine whether a response is required by authorities. Both passive 

and active sonar systems can be used to monitor the underwater acoustic environment for incursions by 

rapidly moving watercraft and intrusions by underwater swimmers. The underwater acoustic environment 

characteristic of harbours and ports is variable in both space and time with high levels of clutter and 

background noise that can limit the effectiveness of surveillance systems. In Section 2, passive sonar signal 

processing methods are applied to real data from a single hydrophone, then from an array of hydrophones, 

to observe the transit of a fast surface watercraft. The application of nonlinear least squares (NLS) methods 

to the observations enables the source motion parameters to be estimated. In Section 3, active sonar signal 

processing algorithms are applied to the hydrophone element data from the receiver array of a high 

frequency (HF), high resolution active sonar to generate sequences of sonar images so as to automate the 

detection and tracking of a small fast surface craft (via its wake) in a highly cluttered shallow water 

environment. This approach enables an operator in a monitoring facility to be warned of the presence of 

fast inshore craft in the sonar’s field of view. In Section 4, real data from the HF sonar’s receiver array are 

processed so as to observe the passage of underwater swimmers. 

 

 

 

2. Passive Sonar Processing Of Underwater Noise Radiated By a Fast Surface 

Aircraft 

 
2.1. Single Hydrophone – Instantaneous Source Range Estimation 

 

Propeller cavitation generates intense broadband underwater sound which is readily detected using a single 

hydrophone. Localisation information, notably the instantaneous range, can also be extracted automatically 

in real time from the output of the hydrophone. 

One way to achieve this is to implement the following passive sonar signal processing chain. The output of 

the hydrophone is sampled at 250 kHz and the digitized data are partitioned into non-overlapping blocks 

each containing 128�1024 samples, which corresponds to a measurement window of 0.524 s. A short-time 

Fourier transform converts each block of data x(t) from the time domain to the frequency domain: X ( f ) . 

The power spectrum | X ( f ) |2 of each block is plotted as a function time to produce a spectrogram. Figure 

1 shows the output spectrogram of the hydrophone during the transit of a fast surface watercraft, in this 

case, a rigid-hulled inflatable boat (RHIB). The radiated noise of the RHIB has frequency components 

throughout the sensor’s bandwidth: 20 Hz - 125 kHz. A prominent feature in the spectrogram is the Lloyd’s 

mirror pattern caused by the constructive-destructive interference between the direct path signal and a 

multipath signal (which arrives at the sensor after undergoing a reflection from the sea floor). The altitude r  

of the sensor is 1 m above the sea floor, the altitude s h of the source, which in this case is equal to the 

water depth w h , is 20 m, and the speed of sound propagation in water is 1520 m/s.3.  

 

 



IJRIT International Journal of Research in Information Technology, Volume 2, Issue 10, October 2014, Pg. 396-402 

Garima Manchanda, IJRIT  398 
 

 
 

Fig. 1. Output spectrogram of a hydrophone during the transit of a fast RHIB. 

 

 
 

Fig. 2. Variation with time of the horizontal range of a transiting RHIB. 

 

Next, the power spectrum for each data block is transformed by first taking the logarithm 

and then applying an inverse Fourier transform to produce the power cepstrum 

. The variation with time of power cepstrum is referred to as the 

cepstrogram. The multipath delay estimate, which is given by the quefrency (time lag) where the peak of 

the power cepstrum occurs, is then extracted for each block of data. Given the time delay in the arrival 

of the multipath signal relative to the arrival of the direct path 

signal, the instantaneous slant range of the source from the sensor is given by [1]: 

 (1) 

The variation with time of the estimate of the instantaneous horizontal range of the source 

is represented by a series of filled circles in Fig. 2. 
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2.2. Single Hydrophone – Source Motion Parameter Estimation 

 

A NLS method has been implemented previously for jet aircraft flight parameter estimation using acoustic 

multipath delay measurements from the output of a single microphone, which was located 0.55 m above 

ground level [2]. The source motion parameters of the jet were estimated for each transit by the least-

squares fitting of a curve predicted by a model to the sequence of multipath delay observations. A similar 

approach is adopted for the present application, where the source is a RHIB, so and 

the hydrophone is 1 m above the sea floor (hr=1m). The model assumes that the broadband acoustic source 

travels with a constant speed in a constant direction during its transit past a single sensor. The model 

predicts the temporal variation of the multipath time delay and it is formulated in terms of a set of three 

source motion parameters: {v,tc,dc }where v is the constant source speed, tc is the time when the source is at 

the closest point of approach (CPA) to the sensor and dc is the horizontal range at CPA. In the multipath 

time delay model, the delay  at time t is given by: 

 
A NLS approach is adopted to determine the values of the source motion parameters that provide the best 

fit (in a least squares sense) of the model’s predicted temporal variation of the multipath delay to the 

observations. Mathematically, define the parameter vector p=[v,tc,dc]
T
 where the superscript T denotes 

vector transpose. The NLS estimate of p, 

 

denoted as is obtained by minimizing the cost function: 

 (3) 

where is the multipath delay estimate at time is the corresponding predicted 

value using (2), for 1 <= k <= K , and K is the total number of observations. The sum of the squared 

deviations of the multipath delay estimates from the corresponding predicted values is a minimum for the 

following values of the source motion parameters: 

vˆ =10.64m/s,  = 82.56 c t s, and = 33.49 c d m. The solid line in Fig. 2 represents the predicted 

variation with time of the horizontal range of the source using these source motion parameter values. There 

is a good match between the prediction and the observations.Note that for the in-air application, an 

additional source parameter, namely the source altitude s h can be estimated by utilizing the retardation 

effect (i.e. the displacement of the source during the propagation of the emitted signal from the source to 

the sensor), which occurs when the source speed is not significantly less than the speed of sound 

propagation in the medium. For the present in-water application, since the source speed is much less than 

the speed of sound in the underwater medium, the retardation effect is negligible and so only three source 

motion parameters can be estimated. However, given the source is a surface watercraft, its altitude, which 

equals the known water depth, does not have to be estimated. 

 

2.3. Array of Hydrophones - Source Motion Parameter Estimation 

 

Another NLS method has been reported previously for estimating the source motion 

parameters of broadband acoustic sources (ground vehicles and aircraft) using differential 

time-of-arrival (DTOA) measurements of the direct path signal at pairs of microphones that comprise a 

ground-based planar array [3]. A similar method is applied here to provide estimates of a complete set of 

the RHIB’s motion parameters: ,  where tc is the time when the source is at 

CPA to the reference sensor located at the origin of a three dimensional Cartesian coordinate system, dc and 

are the respective source horizontal range and azimuth at CPA, and s is the source altitude relative to 

the reference sensor. The source trajectory is fully specified by these five motion parameters. The method 

assumes that the source travels with a constant speed at a constant altitude in a constant direction over the 

time interval of interest. For the present application, the sensor array consists of four hydrophones 

distributed along a horizontal line with an intersensor spacing of 14 m at an altitude of 1 m above the sea 

floor. Hydrophone 1 is selected as the reference sensor, which is the same sensor used in Subsections 2.1 

and 2.2. The DTOA is estimated for each of the hydrophone pairs: (2,1), (3,1) and (4,1) using a 

measurement window of 0.524 s over the same time frame (70-90 s) as the single sensor results above. 
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Each data block from the reference sensor is cross-correlated with the corresponding data block from each 

of the other sensors using the phase transform prefiltering technique [3], which suppresses ambiguous 

peaks in the cross-correlation function caused by strong narrowband tonal components of the source signal. 

The generalized cross correlation processing is implemented in the frequency domain using the fast Fourier 

transform, with a spectral window from 20 Hz to 1200 Hz. The time lag corresponding to the peak of the 

cross-correlation function provides an estimate of the DTOA of the signal at a given hydrophone pair. 

Figure 3 shows the sequence of DTOA estimates (represented by the filled circles) for each of the 

hydrophone pairs: (2,1), (3,1) and (4,1). A NLS method is adopted to estimate the source motion 

parameters using the time sequences of DTOA estimates from the three hydrophone pairs. 

 

 
 

Fig. 3. Temporal variation of DTOA for each of the hydrophone pairs: (2,1), (3,1) and (4,1). 

Define the parameter vector q as  

 

The NLS estimate of q, denoted as is obtained by minimizing the cost 

function: 

                                                                      (4) 

where M=4 is the number of sensors , is the estimated DTOA of the source signal 

at sensors m and 1 at time tk , and is the corresponding predicted value obtained from the 

following mathematical representation of the model: 

 
where , dm1=(xm

2
+ym

2
)

1/2 
is the separation distance between sensor m with coordinates 

(xm,ym,0) and sensor 1 at the origin. Thus, parameter estimation is achieved by a NLS fit of the model’s 

prediction to the sequence of DTOA observations at selected pairs of sensors that comprise a four-element 

line array. The NLS fit is shown in Fig. 3 as solid lines and the NLS estimate qˆ provides the following 

estimated values of the source motion parameters: 

  

The source motion parameters estimated using the multipath time delay method for a single 

hydrophone closely match those estimated using the DTOA method for an array of hydrophones with the 

differences being 0.06 m/s in the source speed, 0.32 s in the CPA time, and 1.06 m in the horizontal range 

at CPA. 
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3. HF Active Sonar Signal Processing of Echoes returned from the Wake of a Fast 

surface Watercraft 

 
High-frequency high-resolution active sonars are traditionally used for sea mine detection and localization. 

An experimental HF active sonar was attached to a wharf at a naval base. The sonar head was about 3 m 

below the surface and the water depth was about 7 m. The sonar consisted of a transmitter located just 

above the centre of a 2-m horizontally-oriented linear hydrophone array. A 4 ms long linear frequency 

modulated pulse with a centre frequency of 100 kHz was transmitted every 2 seconds. The transmit beam 

insonified a 90° wide sector centred on the broadside direction of the array, with a vertical beamwidth of 

15° and a depression angle of 7.5° from the horizontal. There were 136 receive beams spanning the 90° 

sector. For the present application, the range resolution was increased to 1 m by integrating incoherently 

each receive beam signal over successive overlapping range windows. The maximum range of the sonar 

was set to 800 m. A sequence of sonar images for 100 consecutive pings (corresponding to an overall 

observation period of 200 s) was generated to show the intrusion by a small high-speed surface craft. 

Figure 4 shows the sonar image for ping 61 during the craft’s ‘U’ turn. The craft’s wake is clearly observed 

in the sonar image. The clutter bounded by the craft’s wake is associated with the hulls of pleasure craft 

and the keels of moored yachts. There is a faint outline of a rocky outcrop beyond 480 m between about 0° 

and 10°. The high-intensity vertical strip at a bearing of 7° is due to cavitation noise generated by the 

craft’s rapidly rotating propeller. Here, the sonar’s receiver array and processor act as a passive sonar with 

cavitation noise as the signal. This feature provides an immediate alert to the presence of the craft in the 

field of view of the sonar. 

 

 
 

Fig. 4. Sonar image for ping 61 as the fast surface watercraft continues its ‘U’ turn. 

 

 

4. High Frequency Active Sonar Processing Of Echoes From Divers 

 
The detection, localisation and tracking of underwater swimmers are performed routinely by the 

experimental HF sonar. A sequence of sonar images for 860 consecutive pings (corresponding to an overall 

observation period of 21 minutes and 30 seconds) is generated to show the egress of two underwater 
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swimmers and the independent movements of two dive boats. The range setting of the sonar is 400 m and 

the underwater sound projector’s pulse repetition period is 1.5 s. One of the sonar images is shown in Fig. 

5. The traces of two outbound underwater swimmers occur at ranges of about 280 m and 360 m on a 

bearing of about 20°. The prominence of the sonar returns from the underwater swimmers is attributed to 

the normalization of the sonar image and the high azimuth resolution of the sonar’s 2-m long receiver 

array. Two dive boat wakes are evident along a bearing of about 6° at ranges of about 150 m (along with a 

propeller cavitation noise event) and 210 m. Objects on the sea floor with bearings between 0° and 10° 

include a 20 m linear structure at a range of 61 m and two small acoustic sensing modules at ranges of 116 

m and 163 m. In other sonar images, other small underwater objects are distinct, including a small retro 

reflector at 106 m, -2°; two small air-filled canisters at 275 m, 8° and 376 m, 12°; and a yacht marker at 

281 m, 7°. 

 

 
 

Fig. 5. Sonar image showing two divers at 280 m and 360 m on a bearing of about 20°. 

 

5. Conclusions 

 
The motion parameters of a fast surface watercraft can be estimated using either multipath delay 

measurements from a single hydrophone or DTOA measurements from multiple pairs of hydrophones. 

When used for harbour surveillance purposes, a HF high-resolution active sonar system is able to provide 

automatic detection and tracking of a fast inshore watercraft, even in a cluttered shallow water 

environment. Also, the HF active sonar can be adapted to monitor the underwater environment for the 

presence and location of underwater swimmers. 
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