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1. Introduction 
Underwater sound source position is 

determined using a line array like the TASS, frank 
array using the beamforming and band analysis[1,2]. 
However, performance degradation occurs owing to 
a multipath environment, which generates 
incoherent signals[3,4]. In this paper, a hydrophone 
array is proposed for underwater source position 
estimation robust to a multipath environment. For 
verification of the proposed array, we perform 
experimental analysis with the conventional array. 
The proposed system is not affected by a multipath 
time delay because of the close distance between 
closely spaced sensors. The array is composed of 
three pairs of sensors that are a coupled of 
closely-spaced hydrophone placed on the same line. 
The source position is estimated by performing 
generalized cross-correlation (GCC) and wavefront 
curvature analysis[5]. The validity of the array is 
confirmed by experiment. 
 

2. Geometry of array 
The geometry of array between target and 

closely-spaced hydrophone pairs is shown as Fig. 1. 
 

Fig. 1 Geometry of array. 
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The location of acoustic source from array 
can be written 
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where the sound speed is c, the time-delay between 
closely spaced sensor is ε12, ε34, ε56. The distance 
between widely spaced hydrophones is L and that 
between closely spaced hydrophones is d. 
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Fig. 2. Geometry of closely spaced hydrophone 
pair. 
 

The signals transmitted from an underwater 
object undergo different propagation paths that 
cause distortion of the signals through reflections 
and diffractions on the sea surface and bottom. 
Consequently, each received signal on widely 
spaced sensors has noncoherent characteristics, 
which cause performance degradation in the 
estimation of the time delay. However, by using the 
proposed array structure, we can obtain the time 
difference of received signals from generalized 
cross-correlation (GCC) in a multipath environment 
without degradation. The signals acquired from the 
sensor pairs are coherent owing to the sufficiently 
short distance between the closely spaced 
hydrophones, such that different propagation paths 
can be ignored[6]. 

 
3. Experiment setup 

For verification of the proposed array, we 
perform experiment using spherical acoustic signals 
in the multipath environments. The depth of the 

 
Fig. 2. Proposed HIFU transmission circuit. 

 
2.2. Dual transmission frequency transducer 

Figure 3(a) shows the external view of the 
prototype dual transmission frequency transducer 
(Japan Probe, JAR810), and Fig. 3(b) shows its 
frequency characteristics. Along with the low 
impedance at 1 MHz and 2 MHz, the phase is closer 
to zero at these frequencies. Therefore, efficient 
transmission at both frequencies is expected for this 
prototype transducer. 

 

 
Fig. 3. Dual transmission frequency transducer: 
(a) external view, (b) frequency characteristics. 

 
3. Results and discussion 

First, we examined the performance of the 
proposed circuit to supress the harmonic 
components generated by the prototype transducer. 
Figure 4 shows the CW transmission waveform at 1 
MHz with the transmission amplitude set to 40 Vpp 
along with its power spectrum. Since our 
transmission circuit uses staircase configuration 
with seven stages, the 3-rd and 5-th harmonic 
components were reduced to -44.3, -81.5 dB 
respectively. It can be seen that the harmonic 
components were sufficiently suppressed. 

 
Fig. 4. 1.0 MHz CW transmission: 

(a) waveform and (b) power spectrum. 

Then we checked the effect to supress spike 
noise in the triggered-HIFU mode. The pulse 
transmission voltage for generating the cavitation 
bubbles was set to 350 Vpp, and the burst 
transmission voltage to achieve the in vivo 
temperature rise was set to 80 Vpp. The 
transmission waveform in the triggered HIFU mode 
at 1 MHz is shown in Fig. 5 . As a result, no 
significant excessive spike noise is seen in the 
waveform. 

Finally, we observed the second harmonic 
superimposed waveform generated by the proposed 
circuit. The peak-negative-enhanced waveform is 
shown in Fig 6. In this experiment, the ratio of 
fundamental and the second harmonic was set to 
1:1. It was confirmed that the transmission 
waveform was close to what was intended. The 
phase shifts at both frequencies between the electric 
and ultrasonic signals must be considered to obtain 
peak-negative-enhanced pressure at the focus. 

 

 
 
4. Conclusions 

We proposed a HIFU transmission circuit 
suitable for not only the triggered-HIFU mode 
exposure but also the peak-negative-enhanced 
exposure suitable for cavitation accelerated 
lithotripsy. The proposed circuit is effective for 
reducing high-order harmonics, and will enhance 
the efficiency and safety of HIFU transmission 
circuit especially in the triggered-HIFU mode. 
Since the proposed circuit can also generate a dual 
frequency waveform, it should be also useful for 
cavitation accelerated lithotripsy if combined with a 
dual frequency HIFU transducer. 
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water tank is 1 m. The bearings and ranges of the 
target are assumed to be 0-20° and 0.82 m from 
hydrophones. The underwater source depth and 
receiver depth are 0.5 m and 1 m. The distance 
between widely spaced hydrophones is 0.3 m and 
that between closely spaced hydrophones is 0.05 m. 
The center frequency of the signal and the length of 
a continuous wave (CW) pulse are 30 kHz and 1 ms, 
respectively. 

Fig. 3 Experiment setup 
 

Fig. 4 Examples of received signal affected by 
multipath environment at the sensor 3 and 4(signal 
frequency = 30 kHz, signal length = 1 ms). 
 
4. Experimental analysis 

 Table I and II are experiment results of the 
conventional array, which is composed of three 
widely spaced hydrophones, and the proposed array 
for estimating the time difference between received 
signals, underwater source bearing, and range from 
the array. The estimated values are compared by 
changing array to confirm the efficiency of the 
array of closely spaced hydrophone pairs under 
multipropagation condition. Under the multipath 
condition, the closely spaced sensor array performs 
better than the conventional array in terms of 

bearing and range estimations. The closely spaced 
hydrophone pair array showed better performance 
in the multipath environment. It is due to the 
improvement of signal coherence. 
 
Table I. Average values of estimated ranges and 
bearings at proposed array and conventional array. 

 Proposed array Conventional 
array 

Estimated 
range 0.81 m 1.80m 

Estimated 
bearing 7.12 ° 7.50 ° 

 
Table II. RMSEs of estimated ranges and bearings 
at proposed array. 

 Range Bearing 

RMSE 0.032 m 0.26 ° 

 
5. Conclusion 

We propose closely-spaced hydrophone pairs 
array to find the underwater acoustic source 
location using time-delay at hydrophone pair. We 
can confirm by experiment using simple signal 
processing that this line array system can find the 
target efficiently in a multipath environment. It is 
necessary to verify the proposed method under 
more severe conditions, because the simulations 
and experiments in this study were conducted under 
limited conditions. Also, we have to use various 
methods to find the time difference between signals 
and compare the results with those obtained using 
other systems. 
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