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1. Introduction 

Acoustic imaging using ultrasound at several 
hundred kHz has been considerable attention in 
recent years1, since ultrasounds at several MHz for 
ultrasonography show excellent spatial resolutions, 
although the penetration depth is limited because of 
the acoustic energy attenuation due to the viscosity 
of medium. In order to realize low-frequency 
ultrasound imaging, we have applied the pulse 
compression (PC) technique to the low-frequency 
parametric acoustic array, which forms a sharp 
directive sound beam at low-frequency and is 
generated by the nonlinear interaction of high 
intense ultrasounds 2,3. 

In this study, we numerically simulate the 
low-frequency parametric sound imaging applied 
by the PC, and estimate the range resolution of that. 

2. Method 

Ultrasound imaging for multi targets in water 
was simulated to estimate the range resolution. In 
order to improve the directivity and range 
resolution of low-frequency ultrasound, we applied 
the PC to the low-frequency parametric ultrasound.  

Linearly aligned five rigid cylinders with 2-mm 
diameter were placed in water as targets shown in 
Fig. 1. To simplify the simulation, we assumed the 
model to be uniform along the longitudinal 
direction of the cylinders. The details of the 
numerical simulation for nonlinear ultrasound 
propagation is described in the previous paper4. 

A transmitter with 25.4 mm in width was 
placed at the range distance of 0 mm in Fig. 1. A 
receiver with 8.8 mm in width received only 
parametric sound echoes at the range distance of 0 
mm and every 1 mm in the lateral distance of ±30 
mm. A B-mode image based on the echo signals 
with the PC was produced as an ultrasound image. 

Modulated ultrasounds at the center frequency 
of 2.8 MHz were radiated from the transmitter to 

generate linear chirp modulated parametric sound of 
sweep frequency from 100 to 500 kHz and sweep 
duration time of 33.3 µs. The PC was performed 
with the processing of cross-correlation between an 
echo signal and a reference signal, which has 
uniform amplitude at sweep frequency from 100 to 
500 kHz in during sweep time of 33.3 µs2–4.  

3. Results and Discussion 

Low-frequency ultrasound images obtained by 
parametric sound without and with the PC are 
shown in Fig. 2 (a) and (b), respectively. Both 
images are produced by the normalized amplitude 
of echo signals. These results show that the image 
with the PC indicates images of five targets 
concentrated at correct range distances, although 
the image without the PC spread to the range 
direction. However, the image with the PC spreads 
to the lateral direction. 

The minimum gap distance of targets is 1 mm, 
and these target images are separated in Fig. 2 (b). 
The theoretical range resolution of PC is 
determined by the pulse width, which corresponds 
to the reciprocal value of the chirp bandwidth, and † E-mail: h.nomura@uec.ac.jp 

Fig. 1 Simulation model. Sound sources are located 
at the range distance of 0 mm. 

used to image the crack shape on the PC in real 
time.  

A 20-mm-thick acryl sample that is 150 × 
150 mm with a uniform density is used to confirm 
the proposed model (Fig. 4). A micro crack is 
introduced into the acryl sample by boring a 1×30
mm line. The crack depth is 1 mm from the sample 
surface into the rear face. The measurements are 
taken in area A (10 × 50 mm). The input power is 
held constant at 15 W, measured at 1 mm intervals. 
 
4. Experimental results 

Figs. 5(a)–(j) show the vibration velocity at 
the fundamental frequency and from the second to 
the tenth harmonic.  

The vibration velocity distribution at the 
fundamental frequency does not image the crack 
shape. The vibration velocity distribution at the 
second frequency generates a bending vibration 
mode along the crack line, although it does not 
image the crack shape. The vibration velocity 
distribution at the third frequency roughly images 
the crack shape because the bending vibration mode 
along the crack area is different from the bending 
vibration mode in the other areas.  

However, vibration velocity distributions 
above the fourth frequency image the crack shape. 
The higher frequency, the clearer the image of the 
crack shape.  

As shown above, the measurement results 
agreed well with the results expected according to 
the measurement principle. 
 
5. Conclusion 

We focused on the nonlinearity of 
high-intensity sound waves and used them to image 
a crack with a harmonic component of vibration 
velocity.  

The results can be summarized as follows. 
(1) The crack in the shallow layer of the object was 
imaged by the proposed method. 
(2) The higher the frequency, the clearer the image 
of the crack in the bottom of the sample. 
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(a)Front side         (b) Rear side 

Fig.4 Sample detail. 
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Fig.5 Vibration velocity distribution on area A 
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is about 2 mm in this simulation model. This result 
implies that the ideal performance of PC is obtained 
for low-frequency parametric sound imaging. 

For a reference, an ultrasonic image obtained 
by high-frequency short pulse for the same targets 
is shown in Fig. 3. The transmitted ultrasound was 
three-cycle signal of Gaussian envelope at a center 
frequency of 2.8 MHz. The sizes of image along the 
range and lateral directions are smaller than that 

obtained by low-frequency ultrasound. 
It is noted that the high-frequency ultrasound 

does not depict images of behind targets located 
behind the most front target. A possible 
interpretation of this result is that the diffraction of 
ultrasound at high frequency is weaker than that at 
low frequency. 

4. Conclusions 

In order to realize low-frequency ultrasound 
imaging, we estimated the range resolution of 
low-frequency parametric sound image applied by 
PC using numerical simulations. The resolution of 
simulated image satisfies the theoretical value. In 
addition, the results suggest that the low-frequency 
image by the pulse compressed low-frequency 
parametric sound can image a target existed in the 
shadow of other targets. 
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(a)  (b)  
Fig. 1 Ultrasonic images obtained by low-frequency parametric sound (a) with and (b) without pulse 
compression. Top and bottom figures are B-mode and A-mode images at lateral distance of 0 mm, 
respectively. Gray zones in the bottom figures indicate the ideal target positions. 

Fig. 2 Ultrasonic image obtained by high- 
frequency ultrasound short pulse. 


