
constant waiting time w, each transponder transmits 
a response signal modulated by M-sequence #i. Fi-
nally, the terminal receives the response signal at tRi. 
By calculating the cross-correlation function be-
tween the received response signal and transmitted 
one, the terminal yields round-trip time of TOF of ti. 

2
wttt ii TR

i
−−

= . (1) 

Distances between the terminal and each transponder 
ri are expressed as follows,  

The value of c is speed of sound. The terminal calcu-
lates its own position by using trilateration method 
such as Newton-Raphson method. 
 
2.2 Effect of reflection environment 

In actual indoor environment, positioning ac-
curacy may be deteriorated due to interference 
among direct and reflected signals [Fig. 3(a)]. Fig-
ure 3(b) shows an example of cross-correlation 
function between the request signal and received one 
obtained in a gymnasium. As shown in this figure, 
there are multiple peaks, however the first peak (cor-
responds to direct TOF) is smaller than other peaks. 
Hence, the proposed method should not measure the 
maximal peak, but the first peak in reflection envi-
ronment. In following experiments, we implemented 
above peak detection technique. 
 
3. Experiment 

Ranging and positioning experiments were 
carried out in a gymnasium of 25 m (W) × 15 m (D) 
× 10 m (H) shown in Fig. 4. Ranging and positioning 
experiment set up are shown in Figs. 4(a) and 4(b). 
Loud-speakers (P650-K, Foster), omni-directional 
microphones (c6797, DB Products), A-D/D-A con-
verters (USB-6221, USB-6259, National Instru-
ments) and personal computers were used as termi-
nal and each transponder. Calculating transmitted 
signal and processing of received signal were per-
formed on a measurement software (LabVIEW, Na-
tional Instruments). The carrier frequency of the re-
quest and response signal was 5 kHz (bandwidth ±5 
kHz). The sampling frequency of A-D/D-A convert-
ers were 50 kHz. By using above parameters, rang-
ing and positioning were performed by changing the 
position of the terminal. In each position, the posi-
tioning was performed for 10 times. 

Figures 5(a) and 5(b) show the error of 
measurement distance obtained from TOF measure-
ment by max and first peak detection. As shown in 
these figures, mean error and standard deviation of 
measured distance calculated using first peak detec-
tion. First peak detection method achieved acoustical 
ranging with average measurement error of 0.011 
±0.004 m when the terminal is within 20 m from the 

transponder. These results suggest acoustical posi-
tioning validity in large-scale area. 

Figure 6 shows an experiment result of posi-
tioning that indicates a relationship between actual 
and estimated terminal position. That result shows 
parts of positioning accuracies are insufficient. How-
ever, most cases achieve within 0.15 m positioning. 
Hence, the proposed acoustical positioning method 
can achieve large-scale area positioning with enough 
accuracy, if the devices can measure direct TOF cor-
rectly. It is considered that positioning errors caused 
by effects of reflection. In the actual indoor position-
ing, positioning accuracy depends on terminal posi-
tion.  

4. Conclusion 
In this paper, actual indoor environment posi-

tioning were performed. It was found that first peak 
detection is more effective than max peak detection 
of TOF in the reflection environment. First peak de-
tection method achieved 0.011 ±0.004 m when the 
terminal is within 20 m from the transponder. The 
positioning results suggested validity of acoustical 
positioning.  
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Fig. 5  Ranging result, 

 (a): maximal peak detection and 
 (b): first peak detection. 

 
 

Fig. 6  Positioning result by using first peak detection 
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1. Introduction 
We have been studying to realize abdominal cross 
section visceral fat test based on ultrasonic 
tomography method. [1],[2],[3] The method reproduces 
abdominal cross sectional sound velocity image 
information by applying tomography method to 
sound wave travel time data observed by 
mechanically scanning the sound wave transceiver 
around the abdomen. For the development of 
automated system being available in clinical use, an 
open-air type abdominal body surface scanning 
machinery was introduced. In practical application 
of the system, however, problems to be solved 
remained. For instance, introduction of tracking 
mechanism is inevitable to follow the human body 
motion. In addition, practicality of the method 
regarding the deteriorations caused by transmission 
through the spine or the intestinal gas is unclear. In 
the present study, the investigations are made 
regarding to these issues, and results of the validity 
verification experiments are demonstrated.  

2. Method 
2.1 Structure of automated abdominal body 
scanning system 
Automated abdominal body scanning system as 
shown in Fig.1 was fabricated. The system includes 
facing pair of transducers (broad band piezoelectric 
circular plate with diameter 40 mm), pulsar 
/receiver (high voltage impulse generator,  
amplifier and AD converter), and automated 
actuating machinery for positioning of transducers 
to desired positions on the body surface. Here, 
facing pair of transmitter and receiver is attached on 
the tip of the actuators for pushing action (stroke 
300 mm). For good transmission of ultrasound from 
transducers to the body, the couplers which are 
made of arum root and 40 mm radius hemisphere 
are putted in front of the transducers. The 
transmitter and receiver are individually mounted 
on the linear stages for translation action (stroke 
600 mm). In addition, three laser range sensors 
(precision 50 um) are installed for the real time 
monitoring of body surface contour. The all units 
described above are mounted on a rotation ring 

stage (diameter 720 mm). They are operated 
simultaneously by sending commands from the 
main personal computer.  
2.2 Determination of transmission and reception 
paths avoiding the spine 
As shown in Fig. 2(a), the body contour data 
measured by the laser range sensors are prepared 
beforehand for the estimation of the spine position 
and calculations of the transducer positions on the 
body surface. They are also used as the data for the 
real time monitoring of body motions in the middle 
of the sound wave measurements. After the 
preliminary preparation, sound wave travel time 
measurements are conducted by rotating 
transducers around body and contacting transducers 
against body surface, as shown in Fig. 2(b).  
2.3 Real time body motion monitoring by three 
direction laser measurement 

Fig. 1 Body surface scanning machinery used in 
the experiment. 

Fig.2 Determination of sound transmission and 
reception paths, (a) measurement of the body 
surface contour by laser range sensor, (b) 
translation scan avoiding the spine and calculation 
of the body surface contact point. 
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If the body moves due to factors such as body 
swaying or respiratory stretching in the middle of 
the measurement, it becomes difficult to move the 
transceiver into contact with the intended body 
surface point. In order to avoid the difficulty, the 
body motions at the time of measurement are 
monitored in real time. For this purpose, as shown 
in Fig. 2(a), the distances l1, l2 and l3 from three 
directions to the body surface are measured using 
laser range sensors located at three positions on the 
circumferential ring. Let B(x,y) be the initial data of 
the body surface contour measured beforehand. The 
contour is deformed like B(x−x0, α(y−y0)) due to the 
body motion. Here, (x0,y0) is a swaying translational 
displacement, and α is an respiratory 
expansion/contraction parameter. By determining 
the parameter x0, y0 and α that best fits to the 
measured distances l1, l2, l3, the body surface 
contour after body movement can be obtained. Note 
that the body swaying occurs uniformly in every 
direction, on the other hand, respiratory 
displacement only on the ventral side. The fact 
makes it possible to discriminate the swaying 
displacement and respiratory stretching. 

3. Test experiment  
3.1 Real time body motion monitoring test 
We performed 
body motion 
monitoring tests 
on actual 
human subject. 
An example of 
the temporal 
change of   
measured 
distances l1, l2, 
l3 captured by 
three laser 
sensors during 
the measurement along one particular path with 
rotation angle 130 deg. are shown in Fig. 3. Here, 
the subject remained still in the first half time 
interval, after that swayed on purpose in the latter 
half, while taking natural breath all over the time. 
Due to the fact that respiratory stretching occurs 
only on the ventral side not on the back side, only 
the results measured by laser sensor 1 shows 
displacements in the first half time interval. In the 
latter half of time, the swaying motions were 
observed in all of the laser sensors. 
3.2 Determination of sound propagation paths 
and travel time measurement for human subject 
An evaluation test was conducted on a human 
subject. Based on the preliminary measured body 
surface data, 146 numbers of paths were determined, 
where a circular spine region with radius 44 mm 
was avoided (position and size of the spine were 

roughly estimated in accordance with an X-ray CT 
image of the subject). By virtue of the detected 
body motion information, sound wave data were 
collected with a high degree of accuracy. Figure 4 
shows the measured travel time data, where the 
results are compared between experiment (blue 
line) and simulation (red line). They are relatively 
in good agreement, to demonstrate that present 
automated system works fine as our expectation. 

3.3 Result of sound speed image reconstruction 
Using the measured sound wave travel time data,  
sound speed image was reconstructed as shown in 
Fig. 5(a). In addition, reconstructed image using 
simulation data and X-ray CT image were 
compared as shown in Fig. 5(b) and (c). We can 
confirm that the result using the experiment data is 
close to the simulation. However, reproducibility of 
the peripheral area (such as stomach muscle and 
subcutaneous fat region) is not sufficient. We 
consider that degradation of the image is caused by 
the lack of sound wave path touching to the body 
surface. Hence, the image will be improved if the 
body surface vicinity data can be collected and 
included in the tomographic calculation.  
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Fig. 3 Temporal change of body 
surface distance measured by 
three laser range sensors. 

Fig. 5 Abdominal image of human subject, (a) 
reconstructed sound speed image using experiment 
data, (b)image using simulation data, (c)X-ray CT 
image. 

Fig. 4 Travel time for each paths: blue line shows 
experiment time data and red line shows 
simulation data. 
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