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Abstract—We propose a novel technique for 3D localization that 
integrates a single camera and ultrasound. We use the Extended 
Phase Accordance Method and the ultrasound to measure 
accurately the distance to a moving target and we use the camera 
to identify the target’s 2D position on the image plane. A 
prototype system consists of a transmitter unit mounting one 
ultrasound transmitter and three infrared LEDs around it, and a 
receiver unit with one inexpensive camera and one ultrasound 
receiver. We implemented these units in a lightweight and 
compact way (receiver unit size: 55 mm × 44 mm), to make the 
system robust against the no-line-of-sight problems that 
frequently occur in trilateration or multicamera-based systems. 
Experimental results show that the RMSEs of the proposed 
system are 1.20 mm and 1.66 mm for static and mobile (velocity: 
1.0 m/s) targets, respectively. These indicate that the 
performance of the system is comparable with that of high-end 
systems. 

Keywords: 3D localization technique; integration of ultrasound 
measurement and camera; accurate ultrasound distance 
measurement; compact system 

I. INTRODUCTION 
Our group earlier developed and evaluated an ultrasound 

ranging technique called the Phase Accordance Method (PAM) 
[1]. PAM is a time-of-flight (TOF) ranging technique and uses 
two sinusoidal waves with different frequencies. A time 
reference point called the epoch when the phase difference of 
the waves becomes zero is set at the transmitter and the epoch 
is detected at the receiver. In our performance evaluation 
experiments, PAM achieved 0.032 standard deviations (s.d.) in 
a three-meter ranging measurement. To the best of our 
knowledge, PAM achieved the world best ranging performance 
by using a narrowband ultrasound transducer. By using PAM 
and its extension, a ranging technique called the Extended 
Phase Accordance Method (EPAM) [2], our group has 
implemented a robot tracking system [3], gesture recognition 
system [4], motion-capture system [5] and other applications. 

A 3D positioning system using ultrasound ranging 
measurements is based on trilateration, which is the positioning 
principle used by global positioning systems (GPSs). The 
accuracy of a trilateration-based positioning system depends on 
(1) ranging accuracy and (2) beacon/sensor geometry (e.g., the 

relative positions of the satellites in a GPS). As shown in 
Figure 1, if the sensors are spatially spread, a value related to 
the geometric dilution of precision (GDOP) is small (good 
GDOP) and accurate positioning results can be expected [6]. In 
contrast, when the sensors are densely located, the GDOP 
value is large (poor GDOP) and the positioning accuracy 
deteriorates. However, sparsely located sensors have several 
disadvantages: for instance, the system size becomes large, its 
deployment becomes difficult, and its portability becomes poor. 

 

Figure 1: Beacon/sensor geometry. The arrangement in the left figure 
shows poor GDOP (short baseline between sensors), which causes 

poorer positioning accuracy, and that in the right figure shows better 
GDOP (long baseline), which achieves better positioning accuracy. 

The 3D positioning system developed by our group [3]–[5] 
was implemented in a compact way by making the baselines 
between sensors short. We confirmed that it retained a 
sufficiently accurate level of positioning. However, through 
evaluations of these systems, the following problems were 
identified. 

• Phase characteristics of ultrasound transducers 

An ultrasound transducer has its own directivity. 
Therefore, its phase characteristic depends on the 
incident and output angles of the ultrasound signals. As 
PAM detects the epoch by obtaining the phase 
difference between two sinusoidal waves, the phase 
characteristics of ultrasound transducers affect their 
positioning accuracy. 
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• A limitation of 3D positioning accuracy because of 
poor GDOP 

When the GDOP is poor, small range errors are 
amplified to large 3D positioning errors [7]. Although 
the error in the ranging direction is small, that on a 
plane orthogonal to the ranging direction becomes 
large, as shown in Figure 1. 

In this paper, we use the following two methods to 
overcome the problems described above and propose an 
accurate and compact 3D tracking system. 

• Compensation for the phase characteristics of the 
ultrasound transducers 

• Integration of camera and ultrasound ranging 
measurements 

To allow the compensation, the phase characteristics of an 
ultrasound transducer are measured by changing the incident 
angles of ultrasound signals. Then, a phase characteristic 
compensation plane is generated using a spline function. To 
confirm the effects of the compensation quickly, we conduct it 
only for ultrasonic receivers and not for the transmitters in this 
study. A camera located close to the ultrasound receiver on a 
receiver unit captures the position of the transmitter (target) on 
its image plane. The incident angles of signals from the 
transmitter are then obtained and the phase compensation of 
the receiver for ranging is performed. 

Experimental results show that root-mean-square errors 
(RMSEs) of the proposed system are 1.20 mm and 1.66 mm for 
static and mobile (velocity: 1.0 m/s) targets, respectively. 
These indicate that the performance of the system is 
comparable with that of high-end systems. 

This paper is organized as follows: In Section II, related 
work is introduced. Section III describes the details of the 
proposed system. Experimental results are presented in Section 
IV. Based on these results, we discuss the merits, limitations 
and issues that are investigated in Section V. Section VI gives 
the conclusion. 

II. RELATED WORK 
There are many studies related to positioning systems using 

camera-based and ultrasound approaches. However, as the 
technical novelty in this study is not in the camera, but rather in 
the ultrasound measurements and the camera and ultrasound 
integration, only systems and techniques related to ultrasound 
ranging and positioning are introduced in this section. 

Active Bat [8] is an ultrasonic localization system that uses 
the time-of-arrival (TOA) method. In this system, an ultrasonic 
transmitter called the bat was attached to each of the targets 
and ultrasonic receivers were deployed in the environment. 
Active Bat achieved a median error of 6 cm. The Cricket 
location support system [9] addresses the privacy issue of the 
Active Bat by swapping the roles of the ultrasonic devices. 
This system was extended to the Cricket Compass [10], which 
could measure the orientation of the target as well as its 
position. In the Cricket Compass system, the receiver device 
used five ultrasonic sensors to determine its orientation. The 

localization error of the Cricket Compass was at best 5 cm. The 
Cricket’s ability to track moving objects was investigated by 
Smith et al. [11]. They conducted localization experiments 
using a model train as a target. The median error of localization 
was at best 4 cm when the model train was moving at 1.43 m/s. 

McCarthy et al. [12] proposed an algorithm to calibrate the 
beacons of their localization system automatically. With their 
algorithm, the beacons can be placed at arbitrary positions. The 
standard deviation of the measured horizontal coordinates was 
reported to be 1.1 cm. Wenderberg et al. [13] discussed a 
method for self-localizing multiple passive receiver nodes 
using the time-difference-of-arrival (TDOA) method. They 
devised a nonlinear algorithm called the cone alignment 
algorithm and reported 2.5 cm RMSEs. Minami et al. [14] 
proposed a novel distributed algorithm to determine the 
positions of nodes automatically with minimal manual 
configuration. The system guided a user to conduct manual 
preconfigurations of only a few reference nodes. It then 
estimated the positions of all the other nodes by using a 
recursive positioning algorithm. 

Hazas et al. [15] developed a localization system called 
Dolphin. The Dolphin transmitters modulated ultrasonic 
signals using Gold codes, which made the system more 
accurate and scalable. The localization error was reported to be 
within 2.5 cm. Saad et al. [16] devised a ranging technique 
using a wideband frequency-hop spread-spectrum signal. For 
robust and accurate measurements, a two-step TOF detection 
method using cross-correlations between transmitted and 
received signals and phase shift calculations was proposed. 
Using a wideband signal as in these two approaches allows 
accurate ranging or localization more easily than a narrowband 
signal. However, these approaches are not applicable to the 
proposed system using narrowband ultrasound transducers. 
Huang et al. [17] designed a transmission signal including two 
sequential pulses having a phase difference of 180° (phase 
inversion). By analyzing the interference caused by the phase 
inversion in the output signal of a receiver and finding a zero 
response in its amplitude, the TOF of the signal was correctly 
identified. 

Misra et al. [18] improved the Cricket system [9] to extend 
its measurable area. Three ultrasound transducers were placed 
in a dodecahedron arrangement to make the receiver unit 
omnidirectional. Obertholzer et al. [19] proposed a system 
called SpiderBat by arranging four ultrasonic transmitters and 
four receivers in a circle interchangeably. SpiderBat was 
reported to be robust against multipath and no-line-of-sight 
(NLOS) problems. 

III. PROPOSED SYSTEM 

A. 3D positioning using camera and ultrasound 
measurements 
Figure 2 shows the configuration of the proposed system. 

An ultrasound receiver and a camera are mounted on the 
receiver unit of the system. The target to be located is 
augmented with an ultrasound transmitter and a visual marker; 
the marker’s position is to be recognized by the camera. The 
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target position ),,( zyx  can be found by using the following 
three equations: 
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where l  is the length of the baseline between the ultrasound 
receiver and camera, f  is the focal length of the camera, 

),( ii yx  is the position of the target on the image plane of the 
camera, and d  is the distance to the target from the ultrasound 
receiver. 

 
Figure 2: 3D localization using a camera and ultrasound transducers. 

B. Extended Phase Accordance Method (EPAM) 
As briefly described in Section I, EPAM was extended 

from PAM to identify the velocity and position of a moving 
target accurately. The transmitted signal of EPAM has two 
parts (Figure 3). The first part is a burst signal called a sync 
pattern for identifying the distance to the target. A sync pattern 
is a beat signal composed of two ultrasonic sinusoidal waves 
with different frequencies. The epoch, the unique time point at 
which the phase difference of the waves becomes zero in the 
signal, is used as a reference point to determine the signal 
propagation time between the transmitter and the receiver. 
Detecting the epoch using EPAM is described below. 

 

Figure 3: Transmitted signal for the Extended Phase Accordance 
Method. 

Mathematically the sync pattern is expressed as: 
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where 1a  and 2a  are amplitudes, and 11 2 fπω =  and 22 2 fπω =  
are the angular frequencies of the two sinusoidal waves. 

The phases 1φ  and 2φ  are identified using quadrature 
detection, and are calculated through the inner products of the 
sync pattern and the complex exponential functions of the 
corresponding frequencies. 

Let us define the inner product of a sync pattern )(ts  and 
tje Ω  as: 
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In this equation, time T  is an integration interval and 
frequency Ω  is called a reference angular frequency. When the 
reference angular frequencies are 1ω  and 2ω , we obtain the 
equations below by inner products as discussed in [1]. 
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The amplitudes 1a  and 2a  and the phases 1φ  and 2φ  of the 
sync pattern are obtained by calculating the real and imaginary 
parts of the equations. To identify the epoch, the time delay et  
in Figure 3 is calculated by using Equation (5): 
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When the target is static, the distance between the 
transmitter and the receiver is obtained by multiplying the 
velocity of sound by the signal propagation time ( ew tt + ) in 
Figure 3. wt  is the midpoint in time of a rectangular window 
for conducting the quadrature detection represented as 
Equation (3). 

However, when the target is moving, the angular 
frequencies 1ω  and 2ω change because of the Doppler effect. 
The second part of the transmitted signal in Figure 3 is a single 
sinusoidal wave for identifying the velocity of the target, and 
thus measuring the Doppler-shifted frequency. It is represented 
as Equation (6) below: 

)2sin()sin()( 000000 φπφω +=+= tfatatsv  (6) 
In EPAM, the shifted frequency is calculated by using the 

fact that the amplitude 0a  is not affected by the Doppler effect. 
This means that when two inner products of the Doppler-
shifted signal )(tsv  (its angular frequency changes from 0ω  to 

'
0ω ) and tje Ω , where the reference angular frequencies are 1ω  

and 2ω , calculated by using Equations (4), the amplitude 0a  
obtained from these inner products must have the same value. 
This method is faster and more accurate (s.d.: 0.78 mm/s) than 
conventional methods using the Fourier transform [2]. 
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For the implementation of EPAM, we used an inexpensive 
narrowband ultrasound transducer with a center frequency of 
40 kHz. The sync pattern was generated by two sinusoidal 
waves with frequencies of 39.75 kHz (= 

1f ) and 40.25 kHz (= 

2f ) and lasts 2 ms. The single sinusoidal wave with a 
frequency of 40.0 kHz (= 

0f ) follows the sync pattern and lasts 
2 ms. 

C. Compensation for phase characteristics of ultrasound 
transducers 
Because of the directivity of an ultrasound transducer, its 

amplitude and phase characteristics depend on the incident and 
output angles of signals. As EPAM uses the phase information 
of a sync pattern for ranging, the phase characteristics of 
ultrasound transducers seriously affect their ranging 
performance and should be compensated. To clarify the effects 
of the compensation in this study, we measured the phase 
characteristics of an ultrasound receiver by changing the 
incident angles of incoming signals from known positions. 

 
Figure 4: An environment for measuring phase characteristics of an 

ultrasound receiver. 

The measurement environment shown in Figure 4 was 
configured as follows. The vertical position of the ultrasonic 
receiver sensor (Nippon Ceramic Co Ltd, RX-16) was changed 
from 1000 mm to 1600 mm above the floor in 30-mm steps 
using a tripod. The horizontal position of an ultrasound 
transmitter (Nippon Ceramic Co Ltd, TX-16) 1300 mm above 
the floor was changed from –400 mm to 400 mm in 40-mm 
steps using an electrical slider (Oriental Motor, 
SPVL8M150UA). The shortest distance between the 
transmitter and the receiver was 1500 mm. In total, 441 (= 21 × 
21) locations of the receiver, covering ±11.3° horizontally and 
±8.5° degrees vertically from the transmitter were measured. 
At each location, 30 measurements were conducted and the 
average s.d. of phases of all 441 location measurements was 

31032.4 −×  rad, which corresponds to 0.46 mm. Figure 5 shows a 
compensated curved surface obtained by using the ranging data 
at the 441 grid points interpolated using a B-spline function. 
The figure clearly shows that ranging errors caused by the 
phase characteristics are small when the incident angle is small. 
However, the error increases as the angle increases. In addition, 
the compensation curved surface is not smooth and predictable, 

but rather is complicated and unpredictable. Thus, we must 
investigate further how many grid points are required to 
compensate the phase characteristics to sufficient accuracy. 

 
Figure 5: Compensation surface from ultrasound ranging 

measurements and B-spline interpolation. 

From Figure 2, it is clear that α  and β  are not the correct 
incident angles to the ultrasound receiver, because the camera 
and the receiver are separated by the baseline length l . Thus, 
the compensation for the phase characteristics of the receiver is 
conducted by finding the correct angles, as follows. 

1. Find 
z
x1tan−=α  and 

22

1' tan
zx

ly
+

−
= −β  using 

Equation (1). 
2. Update d  by conducting the phase characteristic 

compensation using α  and 'β . 
3. End if d  changes by less than a threshold amount, 

otherwise return to 1. 
 

 
Figure 6: Experimental setup. 
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IV. EXPERIMENTS 

A. Experimental setup 
To evaluate the performance of the proposed system, the 

following two experiments were conducted. 

• Experiment 1: Static-target localization with and 
without phase characteristic compensation 

• Experiment 2: Moving-target tracking with and 
without phase characteristic compensation 

The purpose of Experiment 1 is to confirm the effects of the 
compensation by placing a target so that the incident angles to 
and distances from the receiver are different from those in 
Section III-C. Experiment 2 is designed to evaluate the tracking 
performance of the proposed system by changing the target 
velocity. 

Figure 6 shows the configuration of the experimental 
equipment. First, the MPU on the signal processing board 
sends a trigger signal to the ultrasonic transmitter (target), 
receiver and the camera (Point Grey, Firefly MV, 1328 × 1048 
pixels). At the same time, the transmitter transmits the 
ultrasound signal and the camera captures an image of the 
target. The received signal is transferred to the FPGA mounted 
on the signal processing board for rapid calculation of the 
ranging measurement results. The transmitter is surrounded by 
three IR-LEDs as visual markers so that its central point 
coincides with their geometric center of gravity, as shown in 
Figure 7. The image obtained by the camera with an IR filter is 
transferred to the PC and the bright spots of the LEDs are 
detected at the subpixel level. With the compensated ranging 
data between the ultrasound receiver and transmitter and the 
position of the target captured by the camera, the 3D position 
of the target is identified using Equation (1). The target is 
mounted on the electrical slider as described in Section III-C. 
The baseline between the camera and ultrasound receiver is set 
to 27.5 mm (Figure 8). For the calibration of the camera and 
detection of bright spots, the OpenCV library [20] was used. 

 
Figure 7: An ultrasound transmitter sensor surrounded by three IR-

LEDs as visual markers. 

B. Experiment 1: static-target localization 
The target was placed at eight different positions by 

controlling the electrical slider on the line orthogonal to the 
optical axis of the camera. The distance between the target and 

the receiver was set to 1900 mm. The measurement at each 
position was conducted 30 times. 

 
Figure 8: A receiver unit including a camera and an ultrasound 

receiver. Their baseline is 27.5 mm. 

Table I shows the experimental results. The results clearly 
show the advantage of integrating the camera and ultrasound 
measurements. As discussed in Section I, 3D localization by 
trilateration with poor GDOP increases positioning errors on a 
plane (x-y plane in Figure 2) orthogonal to the ranging 
direction (z-axis in Figure 2). From Table I, it was confirmed 
that RMSEs, even without compensation, were smaller in the 
x- and y-axes than in the z-axis because the 2D positioning data 
obtained by the camera could reduce the ambiguity on that 
plane. RMSEs with compensation were improved further in all 
three axes, especially in the z-axis, which proved that the phase 
characteristic compensation worked well to raise the ranging 
accuracy. The RMSEs of 3D positioning was 1.20 mm, which 
is close to the performance of recent high-end 3D positioning 
systems (RMSE: 1 mm or less). 

TABLE I. 3D LOCALIZATION OF A STATIC TARGET 

 x-axis y-axis z-axis 3D 
RMSE without 

compensation (mm) 
1.01 0.31 2.28 2.51 

RMSE with 
compensation (mm) 

0.90 0.29 0.74 1.20 

C. Experiment 2: tracking a moving target 
The target mounted on the electrical slider was moved back 

and forth on the line orthogonal to the optical axis of the 
camera in the same way as in Experiment 1. The measurement 
was conducted 179 times with velocity 0.1 m/s and 64 times 
with velocity 1.0 m/s. Tables II and III show the experimental 
results. 

TABLE II. 3D LOCALIZATION OF A MOVING TARGET (0.1 M/S) 

 x-axis y-axis z-axis 3D 
RMSE without 

compensation (mm) 
0.92 0.30 2.52 2.70 

RMSE with 
compensation (mm) 

0.85 0.28 0.85 1.24 



2012 International Conference on Indoor Positioning and Indoor Navigation, 13-15th November 2012 
 

[Type text] 
 

TABLE III. 3D LOCALIZATION OF A MOVING TARGET (1.0 M/S) 

 x-axis y-axis z-axis 3D 
RMSE without 

compensation (mm) 
0.95 0.32 2.76 2.93 

RMSE with 
compensation (mm) 

0.93 0.34 1.34 1.66 

 
The results without compensation confirm that almost the 

same level of accuracy as that in Experiment 1 was achieved. 
This indicated that EPAM could accurately identify the 
distance to the moving target. We also proved that by applying 
the phase characteristic compensation, the tracking 
performance was improved. The RMSE of the 3D positioning 
results at 1.0 m/s was 1.66 mm, which was still comparable 
with the accuracy of high-end 3D tracking systems. 

Figure 9 shows the cumulative distribution functions 
(CDFs) of the 3D positioning results in Experiments 1 and 2. 
This figure shows that the phase characteristic compensation 
worked remarkably well to improve the positioning 
performance for both static and moving targets. The 90th 
percentile values with compensations (“w/ comp” in Figure 9) 
were 2.92 mm, 3.63 mm and 7.23 mm for static, 0.1 m/s 
velocity and 1.0 m/s velocity targets, respectively, which was 
improved from 24.3 mm, 26.6 mm, and 23.2 mm (“w/o comp” 
in Figure 9), respectively. 

 
Figure 9:  CDFs of the static and tracking experiments. 

V. DISCUSSION 

A. Robust and compact 3D tracking system 
Although the proposed system is compact and thus has a 

poor GDOP, its 3D tracking performance is satisfactory. As 
discussed in Section I, a 3D positioning system using 
trilateration with poor GDOP values causes positioning 

ambiguity on the plane orthogonal to the ranging direction. On 
the other hand, a 3D positioning system using a stereo camera 
with poor GDOP increases the level of ambiguity in the 
ranging direction, as shown in Figure 10. The proposed method 
combines the merits of ultrasound and camera measurements to 
improve the accuracy in both the ranging direction and the 
plane orthogonal to it. Moreover, the improved ranging 
accuracy of EPAM with the phase characteristic compensation 
is confirmed to achieve more accurate 3D positioning. 

There are advantages related to the compact design of 3D 
positioning systems with short baselines between sensors. We 
can reduce the deployment cost because there is no need to 
install multiple, distributed sensor units in a measurement 
environment. The portability of the system is also increased. 
Furthermore, when sensors are spread spatially, the 
probabilities of 3D positioning failures increase because NLOS 
to a target from any sensor makes positioning impossible. 
However, a compact positioning system like the proposed 
system is more robust to occlusions that cause NLOS than 
conventional dispersed systems and this can reduce the 
probabilities of positioning failures. 

 
Figure 10: Localization by using a stereo camera. The ambiguity in 

the ranging direction becomes larger than localization by trilateration 
(see also Figure 1). 

B. Extension of tracking area 
Because of the attenuation of ultrasound signals 

propagating in air, measuring the distance to a remote target 
(e.g., more than 5 m) is often difficult. In addition, the 
ultrasound transducers used in this paper have relatively strong 
directivity (FWHM: 55°). Thus, the measurable orientation 
from the receiver is limited, which is also applicable to a 
camera. To overcome this problem, using a wide-angle or 
omnidirectional transducer and camera should be considered. 

C. Transmitter compensation 
In this paper, phase characteristic compensation for an 

ultrasonic receiver was performed. However, this 
compensation should be applied not only to the receiver but 
also to the transmitter. We have already confirmed that 
compensating radiation patterns of transmitters improves the 
quality of ultrasound imaging [21]. Thus, we plan to extend our 
proposed system by including both transmitter and receiver 
compensation. 

D. Application to motion-capture system 
The experimental results indicate that the proposed system 

can achieve 3D localization performance comparable with 
recent expensive motion-capture systems that use multiple 
high-speed/high-resolution cameras [22] or electromagnetic 
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signals [23]. The current version of our system can track only 
one target. Therefore, by increasing the number of targets that 
can be tracked, it may be possible to implement a more flexible 
motion-capture system integrating ultrasound and camera 
measurements. The most critical point of this implementation 
is related to the update rate: how to localize multiple targets 
rapidly. The dominating factor for the update rate is the 
ultrasound measurements rather than the camera 
measurements. EPAM requires 5 ms to transmit one signal, as 
shown in Figure 3, while a new version of EPAM [24] can 
reduce the transmission time to 2 ms. Because of the 
propagation time of sound, about 10 ms is required when the 
distance between the transmitter and receiver is 3 m. Thus, the 
theoretical upper limit of the update rate is 100 fps. If a motion-
capture system must localize multiple targets, when the number 
of targets increases, the update rate decreases accordingly with 
time-division transmission. Thus, to implement a motion-
capture or multitarget tracking system, it is better to design it as 
a passive rather than an active system [11]. By using wideband 
transmitters, each transmitter can send signals in a different 
frequency domain so that they do not interfere with each other 
(frequency-division transmission). As the EPAM was 
developed originally for a narrowband transducer, it is possible 
to make the frequency bandwidth for each transmitter narrow, 
making it easier to increase the number of transmitters 
simultaneously activated. Embedding different codes into 
signals from different transmitters to suppress correlations is 
another option to increase the update rate (code-division 
transmission). 

VI. CONCLUSION 
In this paper, we have described a 3D localization 

technique using a single camera and ultrasound transducers. 
We use a ranging technique called the Extended Phase 
Accordance Method to locate stationary or moving targets and 
compensate for the phase characteristics of ultrasound 
transducers to make ranging measurements more accurate. 
Experimental results show that the RMSE of 3D positioning is 
1.20 mm for a static target and 1.66 mm for a target moving at 
1.0 m/s, which is comparable with recent high-end 3D tracking 
systems. By combining the merits of ultrasound and camera 
measurements, the proposed system overcomes problems 
caused by its compact design (poor GDOP) that affect the 
positioning performance, and proves that it can conduct 
accurate target tracking. Future projects are to improve the 
performance of the proposed system further and to explore the 
possibilities of applications in industrial fields. 
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