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Abstract: The Phase Accordance Method, as previously proposed by the authors, shows a high level of 
accuracy in localizing static objects. However, its performance degrades when localizing moving 
objects because of the Doppler effect. In this paper, we propose an extension of the Phase Accordance 
Method, called the Extended Phase Accordance Method, to cancel the errors in localizing moving 
objects. Moreover, with this method we can obtain the velocities of objects, along with their positions, 
by using a combined ultrasound waveform of two different frequency carriers of a known power ratio. 
The fine point of the proposed method is that it uses virtually the same algorithm as the original 
position-only method but it can estimate positions and velocities simultaneously and hence achieve 
real-time tracking of moving objects. Through computer simulations and real-world experiments, we 
have proved that the proposed method has the same level of accuracy as the Phase Accordance Method. 
In real-world experiments, the Extended Phase Accordance Method achieved less than 1 mm standard 
deviation in the 1.0–1.8 m distance measurement of a moving object whose velocity ranged from  
–1.5 m/s to 1.5 m/s. Copyright © 2010 IFSA. 
 
Keywords: Localization, Tracking, Velocity estimation, Doppler effect. 
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1. Introduction 
 
Position data play an essential part in location-aware computing, which provides location-related 
services to individual users. The Global Positioning System (GPS) is widely used in outdoor 
environments to obtain location information; however, the GPS is not usually available for indoor 
situations. Therefore, many studies have been conducted for developing indoor localization systems [1] 
based on ultrasound, radio frequency (RF), optical sensing, and related techniques. Above all, 
ultrasonic-based systems have been studied actively because they can be implemented easily and at low 
cost. 
 
Localization systems include two types of devices: beacons and a target. To locate the target in a 
three-dimensional space, multiple beacons are required (e.g. GPS uses three or four satellites as beacons). 
Therefore, the performance of localization systems is evaluated by positioning accuracy, the number of 
required beacons, localizable area, and ease and cost of deployment. 
 
As well as the positioning ability in static situations, the accuracy of moving targets is also considered an 
important performance metric of localization systems. In some applications, we need to track objects 
that have complex movements such as sudden starts, stops, and turns. Such requirements are found in 
precise indoor navigation, robot tracking, motion captures [2], etc. For such applications, velocity data 
of moving objects are useful if we can measure velocity and the position data simultaneously to correct 
and interpolate the trajectory. 
 
In our past papers, we proposed an indoor localization system and its application using the Phase 
Accordance Method [3, 4]. The method uses an ultrasonic signal of two component carrier frequencies. 
The two carriers have the same phase value only once in the waveform. The timing of the phase 
accordance can be computed precisely; hence, that point can be used as a reference for the 
time-of-arrival (TOA)-based localization procedures. The method has shown extremely high 
performance in localizing a static object. To measure the distance between a transmitter and a receiver 
placed 3 m apart, we obtained the value with a standard deviation of 0.2 mm. Using two receiver sensors 
at 80 mm distance, we obtained the orientation of the same transmitter with a standard deviation of  
0.5 degrees. However, when we tracked a moving transmitter we observed that the performance was 
degraded because of the Doppler effect. Thus, in our previous paper [5], we proposed a new method 
called the Extended Phase Accordance Method to compensate for the Doppler effect and to accurately 
and rapidly localize a moving transmitter. 
 
The proposed method uses the same waveform as the Phase Accordance Method, and it extracts the 
velocity from the power ratio of the two component carrier waves to identify accurately their Doppler 
shift frequencies. The fine point of the method is that it is capable of correcting the distance 
measurement error of a moving object while simultaneously obtaining the velocity data. Moreover, the 
algorithms to obtain the distance and the velocity share the same core algorithm as the Phase Accordance 
Method, and the velocity measurement can be carried out without a substantial increase in computation 
time. Through evaluations of the proposed method, we confirmed that the method showed the same level 
of performance for estimating positions of moving objects as the Phase Accordance Method for static 
objects. 
 
In addition to the proposed algorithm and the experimental results described in the previous paper [5], 
the present paper reports in detail the additional experimental results of computer simulations and in 
real-world environments. The results show that the proposed method is effective in dynamic tracking 
situations. This paper also details the mathematical explanations of the Phase Accordance Method and 
the proposed method. 
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The paper is organized as follows. Section 2 shows the related work, and then the next two sections 
describe the Phase Accordance Method and the Extended Phase Accordance Method. Experiments for 
evaluating the performance of the Extended Phase Accordance Method in computer simulations and in 
real-world experiments are intensively discussed in Sections 5 and 6. Finally, our conclusions and plans 
for future work in this research area are given. 
 
 
2. Related Work 
 
Active Bat [6] uses an ultrasonic transmitter as a target, called the Bat, and beacon receivers are installed 
in the environments. This system uses the TOA technique, and conducts target localization with a 
median error of 6 cm. The Cricket location system [7] has been augmented with the extended Kalman 
Filter, and it has been used as a position tracking system [8] in an experiment using a model train moving 
at 1.43 m/s. The experiment used six beacons, and showed that the median error was 4 cm. The Cricket 
Compass [9] is an extended version of the Cricket. This system measures the orientation of the target to 
identify its position by using the angle-of-arrival (AOA) technique. The localization error of the system 
was reported to be around 5 cm. 
 
Hazas et al. [10] developed a localization system using modulated ultrasonic signals with Gold Codes. 
Because of the wide-band frequency of the transmitted signal, which achieves high resolution in the time 
domain, its distance measurement became accurate, and the localization error was reported to be 2.5 cm. 
 
McCarthy et al. [11] proposed an algorithm to calibrate the beacons automatically. With this method, the 
beacons could be placed at any position. The position measurement had a standard deviation of 1.1 cm. 
They also proposed a localization system that uses the Doppler effect within observed periods of 
ultrasonic packet sequences to measure the displacements between the beacons and the target [12, 13]. 
Tracking experiments using eight beacons were conducted, and the 50 % CEP (circular error 
probability) was reported to be around 25 cm. 
 
Kuang et al. [14] proposed a robot tracking system that combined time-of-flight (TOF)-based distance 
measurement with Doppler effect estimation. When the robot moved, the duration of an ultrasonic pulse 
varied along with the velocity of the robot because of the Doppler effect, indicating displacements in 
distance. A distance of 211 mm was measured to an accuracy of  0.06 mm in 3-sigma error. A 
frequency measurement method using the Doppler effect of ultrasound to track high-speed robot motion 
was also proposed [15]. To reduce the computation cost for processing the 40 kHz transmitted 
ultrasound signal, the signal was down-converted to 1 kHz. By using a short-time Fourier Transform and 
an adaptive filter constructed with a wavelet packet filter bank, this system measured a frequency shift of 
around 80 Hz in mean squared error. 
 
Imou et al. [16] developed a frequency estimation method to detect the speed of a slow moving vehicle. 
The measurement system was based on ultrasound echoes. The transmitted signal of 200 kHz was 
reflected off the ground, and the received signal with the Doppler shift was up-converted to 1 MHz and 
mixed with a reference frequency of 950 kHz. The beat frequency of 50 kHz varied with the Doppler 
effect and was used to estimate the velocity of a vehicle. This technique was effective at measuring a 
slow moving object and could detect speeds as low as 10 mm/s. The percentage error of velocity 
estimation at 0.7 m/s, 1.0 m/s, and 1.5 m/s was reported to be less than 1.63 %. 
 
Maróti et al. [17] proposed a localization technique using radio interferometry. This system used the 
relative phase offset of beat signals received at two nodes to estimate the relative distances between four 
nodes involving the receiver nodes. RF signals whose frequencies are between 400 and 460 MHz were 
used so that their resulting beat signals had frequencies between 100 and 800 Hz. The two-dimensional 
localization experiments using 16 nodes were conducted in outdoor situations, on a flat grassy area  
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(18 m × 18 m), without obstacles, and the average accuracy was reported to be 3 cm. This system was 
extended as a radio interferometric tracking system by Kusý et al. [18]. When the localized nodes moved, 
the changes in the frequency and wavelength of the beat signal were observed at receiver nodes. The 
two-dimensional tracking experiments were carried out with two target nodes and five observing nodes. 
The average absolute error of 100 velocity measurements at each node was 0.18 m/s, and the 
95th-percentile calculation was 0.45 m/s. 
 
The remarkable difference between these existing systems and the proposed method is that our method 
can accurately locate a transmitter in a three-dimensional space by using only one compact receiver unit 
[20], because of the accurate measurement of the distance between the transmitter and the receiver 
sensor. Moreover, our method can accurately and rapidly estimate the Doppler effect of ultrasound 
signals. The technical details are explained in the following sections. 
 
 
3. Phase Accordance Method 
 
3.1. Algorithm 
 
The Phase Accordance Method can estimate the arrival time of the ultrasonic burst signal very 
accurately. The burst signal, called a synchronized pattern (we call it a sync pattern), is a beat signal 
composed of two ultrasonic sine waves whose frequencies are different from each other, as shown in  
Fig. 1. In the sync pattern, the phases of two ultrasonic carrier waves accord at only one time point, 
called an epoch. The epoch is used as a reference point to determine the propagation time of the sync 
pattern. The detection of the epoch by the Phase Accordance Method is described below. 
 
 

 
 

Fig. 1. Sync pattern and epoch. 
 
 
Mathematically the sync pattern is expressed as: 
 
 )2sin()2sin()sin()sin()( 222111222111   tfatfatatats , (1)
 
where 1a , 2a are amplitudes, and 1f , 2f  are frequencies of two carrier waves. The phases, 1  and 2 , 
are identified by conducting quadrature detection and are calculated through the inner products of a sync 
pattern and complex exponential functions of the corresponding frequencies as shown in equation (2). 
Let us define the inner product of a sync pattern )(ts  and tje   as: 
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In this equation, time T  is the integration interval of a rectangular window and the frequency   is 
called a reference frequency. When the reference frequency is 1 , we get the equations below by inner 
product: 
 
   222121111 sin

2
)sinc(

2
)sinc(

2

1
sin1sinc

2

1
1

 a
TT

aTI 






  , (3)

 
   222121111 cos

2
)sinc(

2
)sinc(

2

1
cos1sinc

2

1
1

 a
TT

aTQ 






  . (4)

 

11 sina , 11 cosa , 22 sina , and 22 cosa  are unknowns in the equations above, and 
22  jQI  , 

calculated with reference frequency 2 , are used to solve for these unknowns. Therefore, the 

amplitudes, 1a  and 2a , and phases, 1  and 2 , of a sync pattern are obtained by solving a set of 

equations. The epoch is identified, and the time delay, et , is calculated by using equation (5). Then, the 

total time-of-flight, TOFt , of a sync pattern estimated with wt , the center of window, is obtained by 

equation (6). 
 
 

21

21
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



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ewTOF ttt  . (6)
 
In our current implementation, we use a sync pattern consisting of carrier waves whose frequencies are 
39.75 and 40.25 kHz and that last 2 ms each. By processing the T = 1 ms waveform from the received 
sync pattern, the Phase Accordance Method can conduct 3 m distance measurements with 0.18 mm 
standard deviations [4]. This is almost 1 % of the standard deviation of the previously reported systems 
using the TOA technique. 
 
 
3.2. Localization Using Phase Accordance Method 
 
The AOA technique usually tries to identify a phase difference of a transmitted signal received by 
different sensors; then, it calculates the difference of their propagation path length, which is used for 
orientation estimation, as shown in Fig. 2. This is because the propagation path difference can be 
correctly identified through the phase difference, rather than TOF-based distance measurements. One 
serious obstacle to using the AOA technique based on the phase difference is the 2-phase ambiguity 
problem. To avoid this, the Cricket Compass system employed five microphones to resolve the 
ambiguity. Because of the accurate distance estimation of the Phase Accordance Method, it can 
implement both the TOA and AOA techniques simultaneously. This is the remarkable difference from 
existing localization systems and it allows us to design a very compact receiver unit [3, 19, 20]. 
 
Fig. 2 demonstrates how to measure the distance and angle between a transmitter and a receiver unit. The 
distances, 1d  and 2d , between two ultrasonic sensors on the single receiver unit and an ultrasonic 
transmitter are calculated accurately enough to estimate the angle. Then, the angle of arrival,  , which is 
estimated by the difference between 1d  and 2d , is calculated as: 
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L

dd 121sin


  , (7)

 
where the baseline, L, is the distance between the two ultrasonic sensors on the receiver. Since the Phase 
Accordance Method can conduct accurate distance measurements, the baseline, L, can be set small  
(in our current implementation, L = 76.2 mm) while retaining an accurate estimation of the angle of 
arrival. 
 
 

 
 

Fig. 2. Distance and orientation measurement using the Phase Accordance Method. 
 
 
3.2. Issues in Localizing a Moving Object 
 
In the Phase Accordance Method, received frequencies are assumed to be fixed to 1  and 2 , as a 
transmitter and a receiver are placed statically. However, in positioning moving objects, received 
frequencies of a sync pattern vary to unknown frequencies '

1  and '
2 , owing to the Doppler effect. 

Therefore, phases 1  and 2  are detected incorrectly, and equation (5) gives a false et . The error in 

distance measurements becomes several centimeters, which does not provide an advantage over 
conventional methods. 
 
If we can identify the received frequencies '

1  and '
2 , the correct phases, 1  and 2 , can be obtained by 

calculating equation (5). Given are c , the velocity of sound (at room temperature, about 340 m/s in air), 
and v , the velocity of a moving transmitter that transmits a signal of frequency f . Then, the frequency 
at the static receiver is observed as: 
 
 

f
vc

c
f


' . (8)

 
Fig. 3 shows the frequency spectra of a Doppler-shifted sync pattern. Such a frequency shift can be 
estimated by the peak spectrum calculated by using an FFT (Fast Fourier Transform). In this case, 
frequency spectra from 0 to  1/2  (sampling frequency) are calculated, which requires significant 
computation. Because the magnitude of the velocity to be estimated in this study is at most a human’s 
walking speed (about 1.5–2.0 m/s), which is much smaller than the velocity of sound, the maximum 
frequency shift is approximately  240 Hz. Therefore, to detect the Doppler effect, a small part of the 
frequency domain that includes the maximum frequency shift should be investigated. However, to 
identify precisely the Doppler shift, the frequency interval for calculating the spectra must be 
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sufficiently small, around 1 Hz, which still demands significant computation. If we can reduce this 
computational cost, we can increase the update rate of velocity estimation. 
 
Therefore, we propose a new velocity estimation method that extends the Phase Accordance Method and 
reduces the computation cost compared with FFT-based estimation methods. 
 
 

 
 

Fig. 3. Frequency spectra of Doppler shifted sync pattern. 
 
 
4. Velocity Estimation and the Extended Phase Accordance Method 
 
4.1. The Velocity Estimation Algorithm 
 
When an object is moving, the frequencies of two carrier waves in a sync pattern become unknown 
because of the Doppler effect. A received sync pattern with the Doppler-shift is described as: 
 
 )sin()sin()( 2

'
221

'
11, '

2
'
1




 tatats . (9)

 
Let us define a reference frequency as  2A 39.75 kHz. If we calculate the inner product as shown 

in equation (3), the real part, AI , and the imaginary part, AQ , of the calculated complex number are 
represented as follows. 
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As mentioned in Section 3.1, 11 sina , 11 cosa , 22 sina , and 22 cosa  included in AI  and AQ  are not 

related to the reference frequency A . If we use a different reference frequency B , we can calculate 
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BI  and BQ  that also include 11 sina , 11 cosa , 22 sina , and 22 cosa . Therefore, we can derive the 
following two complex amplitudes. 
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By using equation (8), the unknown received frequencies, '

1  and '
2 , can be converted into velocity, v , 

so that equations (12) and (13) can be rewritten as functions of v . The received signal powers, 2
1a  and 

2
2a , are easily derived as equations (14) and (15) by using equations (12) and (13). In the equations 

below, some functions are redefined, such as )()(
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The left sides of the above equations are real received signal powers. They are constant values and do not 
change, although their frequencies are Doppler shifted. The right sides are the signal powers estimated as 
functions of the velocity of a moving object. By using equations (14) and (15) and assuming that the 
signal powers are equal, that is, 2

1
2
1 aa   as shown in equation (16), we can estimate the velocity of a 

moving transmitter as Tv . 
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In real environments, frequency responses of individual ultrasonic sensors are not always the same, and 
equation (16) does not hold. However, by calculating the signal power ratio between 2

1a  and 2
2a  

beforehand, we can correctly calculate the velocity, Tv . In this study, we discuss the case in which 
ultrasonic sensors have linear frequency responses to logarithmic amplitudes. When the velocity, v , is 
small compared with the sound velocity, the difference between the Doppler-shifted frequencies, '

1  and 
'
2 , can be regarded as constant. Therefore, we can assume that the ratio between 1a  and 2a  is always 

constant, and we have confirmed that this assumption holds through experiments. Thus, we are able to 
calibrate signal power in a moving state by using the ratio in the static state (

00 21 / aa ). The velocity 

of a moving transmitter, Tv , is found through the equation below, which is rewritten from equation (16). 
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This equation cannot be solved analytically, and so we use Newton’s Method. Fig. 4 shows that the 
signal power functions, 2

1 )(va  and 2
2

2 )(va , intersect at Tvv  . When ultrasonic sensors have 
nonlinear frequency responses, the velocity estimation will be conducted by using a filter so that 
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frequency responses of individual signals are compensated and equation (17) holds. 
 
 

 
 

Fig. 4. Received signal power functions which estimate 1Tv  m/s. 
 
 
4.2. The Extended Phase Accordance Method 
 
When the velocity, Tv , is correctly determined, it becomes possible to find 1  and 2  by using 

equations (12) and (13). Because we can also identify the Doppler-shifted angular velocities, '
1  and 

'
2 , we can correctly estimate the arrival time, et , through equation (5). 

 
Although the calculation process in the proposed method becomes slightly complicated, in principle, it 
uses the same core algorithm as the Phase Accordance Method for conducting the quadrature detection 
represented in equation (2). Thus, the proposed method is an extended version of the Phase Accordance 
Method, and it can correctly identify not only positions but also velocities of moving objects. 
 
 
5. Computer Simulations 
 
To validate the performance of the Extended Phase Accordance Method, we carried out velocity and 
distance estimation experiments via computer simulations. We substituted v  0 to  1.5 m/s at intervals 
of 0.1 m/s into equation (8) and generated the Doppler effect artificially. Gaussian noise was added to a 
sync pattern so that the signal-to-noise ratio (SNR) became 40 dB when the distance was 1.0 m. It was 
assumed in the simulations that the amplitudes of the two different frequency waves were the same 
( )()( 21 TT vava  ) and that they varied in inverse proportion to the square of the distance. For example, 
when the propagation distance of a sync pattern was 1.8 m, the SNR was assumed to be around 30 dB. 
 
The simulations were carried out 30 times at each velocity. Errors of estimated velocities and distances 
were obtained as differences between the estimated and true values. Fig. 5(a) shows the errors of 
estimated velocities as dots and the standard deviations as the error bars (). The errors and standard 
deviations of estimated distance are plotted in Fig. 5(b) in the same way. 
 
Fig. 5(a) proves that the proposed method could estimate the velocity at several mm/s accuracy. Since 
the standard deviations and errors are so small, the proposed method enables accurate estimation of the 
velocity in noisy environments. From Fig. 5(b), as the velocity increased, the errors in distance 
estimations became large when the Doppler effect was not compensated. The standard deviations at each 
velocity also deteriorated because of differences between real and reference frequencies. By contrast, 
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with the Doppler-effect compensation, the distance errors and standard deviations became very small 
and almost constant with velocity changes. The simulations prove that the Extended Phase Accordance 
Method could also estimate the distance accurately in dynamic tracking situations. 
 
 

  
(a) Velocity error and standard deviation. (b) Distance error and standard deviation 

(Black: without the Doppler-effect compensation, Red: 
with the Doppler-effect compensation). 

 
Fig. 5. Experimental results of velocity and distance estimation. 

 
 
6. Experiments 
 
6.1. Experimental System 
 
The experimental setup is shown in Fig. 6.  
 
 

 
 

Fig. 6. Experimental setup. 
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To generate the Doppler effect, we put a transmitter (Nippon Ceramic Corporation) on an electrical 
slider (SPVL8M150UA, Oriental Motor Corporation). Two ultrasonic receiver sensors (Knowles 
Acoustics Corporation), placed at an interval of L = 76.2 mm, receive a sync pattern signal from the 
moving transmitter. The signal processing board includes AD converters, SRAM, an FPGA, and an 
MPU (SH2/7145, 48 MHz, Renesas Technology Corporation). The real data, such as the true distance 
obtained by the electrical slider system and the measured data, are gathered to the host controller. The 
entire system is synchronized by an RF trigger signal. 
 
The electrical slider mounts a transmitter transducer, is placed in front of the receiver, and it moves a 
transducer between 1000 and 1800 mm. The velocity of the slider is set between v  0 and  1.5 m/s, at 
intervals of 0.1 m/s. The velocity of a moving transmitter is positive when it comes close to the receiver. 
Otherwise, the velocity is negative. 
 
 
6.2. Velocity and Distance Estimations 
 
The velocity and distance are estimated individually through each channel (each of two ultrasonic 
sensors) on an ultrasonic receiver. Because the results are almost the same, we show the observed 
velocities and distances through channel 1 (ch1) in Figs. 7 and 8. These figures indicate that the 
Extended Phase Accordance Method is also valid in real environments. 
 
 

    
(a) v  0 m/s (b) v  ± 0.5 m/s (c) v  ± 1.0 m/s (d) v  ± 1.5 m/s 

 
Fig. 7. Experimental results of velocity estimation in the real world (ch1). 

 
 

    
(a) v  0 m/s (b) v  ± 0.5 m/s (c) v  ± 1.0 m/s (d) v  ± 1.5 m/s 

 
Fig. 8. Experimental results of distance estimation in the real world (ch1). 

 
 
The simultaneous measurements of the velocity and the distance were conducted 50 times at each 
channel and each velocity to evaluate the standard deviations and errors. First, we present the 
experimental results of velocity estimations in Fig. 9. 
 
From the velocity errors in channel 2 (ch2) shown in Fig. 9 (b), there are offsets between the errors at  
0 m/s and the other velocities, whereas ch1 does not show such differences. This is because the 
calibration value and the ratio of each signal power at 0 m/s of ch2 were not set as precisely as those of 
the other channel. However, since the average of offsets was around –10 mm/s, which is almost  
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0.7 – 10 % of real velocities, these offsets can be regarded as sufficiently small. The results obtained 
through the experiments also indicate that observed velocities have a bias attendant on the variation of 
velocities, which is different from the results from computer simulations, as shown in Fig. 5. It is 
assumed that these systematic errors are caused by transient responses of ultrasonic sensors. We are now 
inspecting this behavior by examining the transient response model of a sync pattern. 
 
 

 

(a) ch1 (b) ch2 
 

Fig. 9. Errors and standard deviations of velocity estimations in the real-world experiments. 
 

 
Both Figs. 9 (a) and 9 (b) demonstrate that the standard deviation is very small at 0 m/s but not so small 
at the other velocities. From an algorithmic point of view, there is no reason for the Extended Phase 
Accordance Method to show a difference between static and moving settings. Therefore, the cause of 
this performance deterioration while moving is not the Extended Phase Accordance Method itself but 
rather external factors. We suspect that the vibration of the electrical slider in motion caused the 
deterioration in standard deviations. 
 
As shown in Fig. 10, when the Doppler effect was not compensated for by using the Phase Accordance 
Method, the estimation errors and standard deviations became larger as the velocity of the transmitter 
increased. On the other hand, the errors and standard deviations decreased when the Doppler effect was 
compensated for by using the Extended Phase Accordance Method. However, the errors still became 
larger as the velocity increased. Our previous study [21] proved that this was caused by frequency 
responses of phases of individual ultrasonic sensors. Because the errors are reproducible and can be 
regarded as systematic errors, they can be eliminated through a correction curve estimated by using the 
least-square method. Fig. 11 shows the resulting distance errors and standard deviations. After this 
elimination, we finally obtained 0.78 mm (ch1) and 0.94 mm (ch2) standard deviations by averaging 
standard deviations at each velocity ( v  0 to  1.5 m/s), which is almost the same accuracy level as the 
Phase Accordance Method in static settings. The experiments also prove that the reduction in the update 
rate between the Phase Accordance Method and the Extended Phase Accordance Method is less than 
0.9 %, which means that there is almost no difference between the two methods. Therefore, although the 
small performance degradation is confirmed, the performance of the Extended Phase Accordance 
Method is still similar to the Phase Accordance Method. 
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(a) ch1 (b) ch2 
 

Fig. 10. Errors and standard deviations of distance estimations in the real-world experiments. 
(Black: without the Doppler-effect compensation, Red: with the Doppler-effect compensation). 

 
 

  
(a) ch1 (b) ch2 

 
Fig. 11. Errors and standard deviations of distance estimations in the real-world experiments. 

(Red: without the phase-response compensation, Blue: with the phase-response compensation). 
 
 
7. Conclusion and Future Work 
 
In this paper, we proposed a velocity estimation method for localizing moving objects with high 
accuracy by extending the Phase Accordance Method. The key feature of the proposed method is the use 
of the signal power ratio between two different frequency waves that compose a sync pattern. 
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The performance of the Extended Phase Accordance Method was validated through experiments in 
computer simulations and real-world environments. Because the Extended Phase Accordance Method 
uses the same core algorithm as the Phase Accordance Method, the difference in computation cost 
between the two methods is small, although the Extended Phase Accordance Method can estimate not 
only positions but also velocities. Through the real-world experiments using a moving transmitter, the 
standard deviation of the distance estimations was verified to be less than 1 mm. 
 
Several issues remain to be addressed. The current experimental system can measure one- or 
two-dimensional velocities and positions of moving objects. Therefore, improving the current system so 
that it can measure three-dimensional velocities and positions is one of our important areas of future 
work. Preliminary results of three-dimensional velocity and position measurements will be presented in 
our next paper [22]. We are also interested in developing useful applications that use this proposed 
method, such as low-cost but high-performance robot navigation systems or motion capture systems. 
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