
Set design variables
(No. of design variable : 2)

Set objective function and constraint conditions
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Verification of the optimized results using FEA

Structural optimization
(OQNLP algorithm)

Finite element analysis of samples

Box-Behnken method to 
draw samples

Regression analysis
of performance function

END
 

Fig. 2  Optimization Procedure. 
 
The optimal dimensions of the accelerometer 

were determined to be 2.11 mm for PT and 4.36 mm 
for SMT, respectively. A finite element model was 
constructed using the optimal dimensions and the 
RVS spectrum of the optimized structure was 
calculated as that in Fig. 3. The lowest value of the 
RVS turned out to be -204.9 dB, hence the structure 
of the shear type accelerometer was designed 
properly to meet the given sensitivity specification. 

Next, the receiving beam pattern of the 
optimized hydrophone was analyzed. First, a point 
source was placed at a node 70 mm away from the 
outer surface of the circular base. With this point 
source, an impulsive wave was generated to the 
hydrophone. When the generated spherical wave 
reached the hydrophone, an electric voltage was 
generated in the piezoelectric single crystal element 
of the accelerometer. The voltage signal generated 
from the piezoelectric element 1 (SC-1) has a sign 
opposite to that of the piezoelectric element 2 
(SC-2) because the two piezoelectric elements have 
opposite polarization directions. The difference 
(Vdiff) between the two voltage signals was observed 
in relation to the azimuthal angle of the point source 
from 0° to 360° at an interval of 15°. The result 
illustrated in Fig. 4 showed that the hydrophone 
made of the optimized shear type accelerometer has 
a dipole mode beam pattern. The hydrophone is 
very sensitive to the wave propagating in horizontal 
directions but is insensitive to the wave coming in 
vertical directions, which is the definition of the 
vector sensor that responds to the wave coming in 
particular directions only. 
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Fig. 3  RVS spectrum of the optimized model. 
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Fig. 4  Dipole mode beam pattern of the 
hydrophone. 

 
4. Conclusions 

In this study, the structure of the shear type 
accelerometer was optimized to design a vector 
hydrophone to have an RVS over a given sensitivity 
specification. The designed accelerometer was 
confirmed to have a dipole mode receiving beam 
pattern. Therefore, by combining the dipole 
response of the accelerometer with the 
omnidirectional response of the outer circular base, 
we can compose a cardioid beam pattern to estimate 
the direction of a source. 
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1. Introduction 

The four-dimensional acoustic video camera 
realizes a simple transmit system configuration 
using polarization inverted transmitter. 1) We have 
already reported that the self-focusing without 
giving a delay to the driving signal of each element 
of the polarization inverted array and convergence 
improves by dividing the aperture.2) However, it is 
not enough to discuss about the number of the sub 
aperture and beam width of the self-focusing. 

Therefore, divided polarization inverted array 
was made, and evaluation the relation of number of 
sub aperture and self-focusing effect was 
experimentally examined. In addition, we compare 
the simulation with measured beam profile and 
report it. 

  
2. Experiment 

This experiment was done in a 3 m × 3 m × 1 
m (length × width × depth) tank of water. The 
experimental setting was shown in Fig.1. 
Hydrophone with a diameter of 1 mm was used for 
sound pressure measurement. The position of 
hydrophone was performed with the automatic 
positioning stage. The specification of transmitter 
was shown in Table 1. The transmitter constructed 
by 64 elements and electrically bound in unit of 4 
elements to form 16 channels, and each channel 
was connected to an arbitrary signal generator. 
Using up-chirp signal was shown Fig.2. The 
duration of the driving waveform was 32 cycles, 
additionally sound velocity was 1447.6 m/s.  
 
3. Simulation method 

The beam pattern was simulated in 
two-dimensions considering the following.  
(1) Time of flight between each element and 
focusing plane. 
(2) Polarization direction of the elements 
 

 
(3) 1/r attenuation when considering the wavefront 
of a cylinder 
 The calculation of quantum time used 40 MHz and 
phase rotation at complex plane was no considering.  
This simulation was an approximation with a point 
sound source, the directivity of elements and 
hydrophone were not calculated. In addition, 
various conditions were the same as those in the 
experiment. 
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Fig. 1 Experimental setting. 

Table1 Transmitter specification 
 

Element number N   64 elements 
Polarization         Inverted 
Electrical channel    16ch 
Element pith d      1.76mm 
Aperture width w    w=N*d=64×1.76=112.64mm 

 

 
Fig.2 Driving waveform 
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4. Result ＆ Discussion 
Fig.3 illustrates comparison of beam patterns   

of the measured on focal axis. The pattern of beam 
evaluated by using the peak to peak of the received 
waveform. X-axis shows measurement position, 
and Y-axis shows the normalized amplitude. As 
shown in this figure, the self-focusing effect was 
confirmed by increasing the divisions of the sub 
aperture. On the other hand, when the number of 
divisions in 8 divisions or more, the self-focusing 
effect is hardly reflected on the beam width.   

Fig.4 shows the two-dimensional beam 
patterns of measured and simulation. As shown in 
Fig.4, the left images illustrates result of measured, 
right images illustrates result of simulation, and 
number of upper left corner shows the divisions of 
the sub aperture. Result of measured and simulation 
are in good agreement in the range up to 8 divisions, 
and almost plot lines overlap. In the evaluation of 
beam profiles, the simulation well reflects the 
actual phenomenon. However, in 16 divisions, the 
result of measured became thicker than the result of 
simulation. The possible causes are that the 
influence of the directivity and characteristics of the 
element becomes large as approaching the focusing 
limit. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

5. Conclusion 
The self-focusing effect of the polarization 

inverted transmitter was experimentally examined. 
We showed that beam width can be reduced by 
using up-chirp signal driving for sub aperture array. 
By this experiment, it is confirmed that the 
proposed methods provides almost comparable 
spatial resolving power to the diffraction limit. 
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Fig.4 2D beam patterns. 
 

Fig. 3 beam patterns of measured result 
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