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Abstract— Moving objects, especially autonomous mobile
robots, require information of indoor self-location with high
accuracy to reach their destination safely and correctly. In this
study, we aimed to measure the indoor position of a moving object
using SS (spread spectrum) ultrasonic waves, and we discussed
the accuracy of the moving distance measured using a newly
developed hardware device. In the case of static object, we showed
that because of the noise tolerance of SS waves, a distance up to
20 [m] could be measured between a transmitter and a receiver
on cm-order. To detect the SS ultrasonic signals, correlation
calculations were carried out between a range of received waves
and same range of replica signals; the replica signals were the
same as the transmitted SS signals. Popular positioning systems
using SS electrical waves employ signal acquisition to calculate
coordinates of objects from correlation values and signal tracking
to measure the relative shift of distances of moving objects. It
is difficult for the system using SS ultrasonic waves to continue
tracking because of the decrease in the self-correlation value due
to the Doppler effect that acted on a moving object. To solve this
problem, we proposed a tracking method for keeping correlation
values by limited range of correlation calculations. In this study,
for obtaining real-time updates of positional information from the
relative shift, an experiment of distance measurement was also
conducted using a newly developed hardware device that was
used to carry out signal acquisition and the proposed tracking
method. The results show that real-time signal tracking with our
method could be realized, same as existing software between +/-
0.5 [m/s]. This paper reports that we can expect self-localization
of robots using this system.

Keywords: Indoor Positioning, Spread Spectrum Ultrasonic
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I. INTRODUCTION

Localization is required for a robot and a person to navigate
to their destinations. GPS can be used to guide when robots
and persons who are outdoors. However, this positioning
system cannot be used indoors, because it would be difficult
for the GPS signal to reach the robot and the person indoors.
Therefore, various positioning systems (e.g., using ultrasonic
waves [1] and radio waves [2]) have been investigated to
find a better method for navigation indoors. Among these
systems, the positioning system using ultrasonic waves has
an advantage that the multipath of the ultrasonic waves is
more distinct because ultrasonic waves are slower than other
waves. On the other hand, these waves are weak in terms

of noise resistance. To overcome this drawback, positioning
systems with spread spectrum (SS) ultrasonic waves have been
investigated in [3], [4], [5], [6].

Improving measurable distance for moving objects has not
been investigated extensively. Generally, the system using
SS ultrasonic waves measures the target’s position by signal
acquisition, which is a method for obtaining the absolute
coordinate of the target. In other cases of positioning systems
using SS radio waves (e.g., GPS), signal tracking, which is
a method for obtaining relative movement, is also utilized.
By signal tracking, we can obtain a moving distance from
the previous position at each interval of the cycle of an SS
ultrasonic signal. We can expect to reduce the measurement
interval by employing signal acquisition and signal tracking
together. Therefore, the positioning method involuving signal
tracking can be effective for measuring an object’s moving
distance, such as a robot.

However, if we employ signal tracking directly, measure-
ment is difficult for an object moving at a speed of 0.10 [m/s],
because the Doppler effect causes the frequency of SS signals
to vary. A larger range of correlation calculation results in a
further decrease in the correlation value due to the Doppler
effect. To solve this problem, we have proposed a tracking
method for keeping correlation values by limited range of
correlation calculations. In this study, the effectiveness of
this method was experimentally investigated via software
simulation; signal tracking was realized within an average
error of 50 [mm] via an experiment with a robot moving at a
speed of under 0.2 [m/s]. We also constructed hardware, which
was used for signal acquisition and tracking, and conducted
an experiment for measuring distance. From this experiment
using the hardware mounted on static object, we could measure
distance up to 7.0 [m] within an average error of 100 [mm]
via the tracking method.

This paper is organized as follows. In section 2, positioning
environment and positioning methods are explained. In section
3 and 4, I present a proposed method and discuss an effec-
tiveness on the proposed method. In section 5, I explain ex-
periment of measurement distance using the proposed method
and show the experimental result. In section 6, there is the
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Fig. 1. Positioning environment for indoor positioning using SS ultrasonic
waves.

conclusion.

II. INDOOR POSITIONING METHOD USING SS ULTRASONIC
WAVES

A. Positioning environment for indoor positioning system us-
ing SS ultrasonic waves

An indoor positioning system using SS ultrasonic waves
for measuring the position of a static target (e.g., people and
robots) in 3-D space has been investigated in real time. Fig. 1
shows the positioning environment for the system. As shown
in Fig. 1, three or more transmitters are installed in a room,
and the position of a receiver mounted on a target is measured.
To measure the position, the distances between the transmitters
and the receiver are calculated by multiplying the time of flight
by ultrasonic speed. The time of flight is measured from the
start of transmission to signal detection.

B. Generation of SS ultrasonic waves in a transmitting hard-
ware

The SS ultrasonic waves used in the positioning system con-
sist of carrier waves and maximal-length linear shift register
sequence (M-sequence), which is a type of pseudo-random
binary sequence. M-sequence can be generated easily by a
shift register in the transmitting hardware, and it is periodic. Its
period can be determined from the length of the shift register.
In our system, an M-sequence with a length of 511 chips
generated by a 9-bit shift register is employed. It also has a
self-correlation characteristic; a high correlation value, defined
as the peak value, is obtained from the multiply-accumulate
operation for identical M-sequences without phase shift.

Fig. 2 shows the procedure for generating SS ultrasonic
waves in the transmitting hardware. In Fig. 2, one part of the
SS ultrasonic waves is produced by multiplying four cycles
of carrier waves by 1 chip of the M-sequence. The carrier
waves are used at a frequency of 40 [kHz] and are modulated
by binary phase shift keying. If 1 bit of M-sequence is 1 (0),
straight (reverse) carrier waves, plotted as a solid (dashed) line
in Fig. 2, are generated as SS ultrasonic waves.

Fig. 2. Procedure in transmitting hardware.

Fig. 3. Procedure for calculating a correlation value at a receiving hardware.

C. Correlation calculation in a receiving hardware

Correlation values are required for distance measurement.
The correlation value is calculated in the receiving hardware.
Fig. 3 shows the procedure for measuring the distance between
the transmitter and the receiver at the receiving hardware.
Transmitted signals are obtained as digital sampling data at the
receiving hardware, as shown in Fig. 3. One cycle of carrier
waves includes 4 samples; the sampling frequency becomes
160 [kHz]. The digital sampling data are referred to as the
received signals. In the receiving hardware, a replica signal,
which is identical to the signal generated in the transmitting
hardware (Fig. 2), is produced with a sampling frequency of
160 [kHz]. The correlation value is obtained by the multiply-
accumulate operation between replica and received signals
within a range. This multiply-accumulate operation and this
range are referred to as the correlation calculation and the
correlation range, respectively.

D. Signal acquisition in positioning using SS ultrasonic waves

To obtain a distance, signal acquisition and signal tracking
can be applied. However, signal tracking requires the result of

978-1-4673-1954-6/12/$31.00 c⃝ 2012 IEEE



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

Fig. 4. Signal acquisition for measuring distance

signal acquisition for initialization. In signal acquisition, the
distance between the transmitter and the receiver is measured.
Phases of received signals can be also detected via signal
acquisition. If signal acquisition is applied for the initialization
of signal tracking, a method for measuring time of flight
should be improved from conventional method which use
a time at start of transmission, because signals are keep
transmitting. The procedure of signal acquisition with the
proposed method for obtaining the time of flight is explained in
Fig. 4. Correlation calculation is carried out between received
signals and replica signals within 1 cycle of the M-sequence,
as shown Fig. 4. In signal acquisition, correlation values have
to be calculated for each sampling instant; therefore, a large
amount of computation is required. From this calculation, peak
values are detected by the self-correlation characteristic of the
M-sequence. Signal acquisition yields the time of flight from
the time of receiving radio waves to the time of peak detection.

E. Signal tracking method for SS ultrasonic waves

Signal tracking is done when signal acquisition results in
peak detection. In signal tracking, a relative movement is
measured in terms of distance on the basis of the phase shift
between the received signals and the replica signals. Fig. 5
shows the distribution of the correlation values obtained by
signal acquisition in the cases of (a) a static target and (b)
a moving target. In this figure, the correlation value and the
correlation time are represented on the vertical axis and the
horizontal axis, respectively.

In the case of measurement for a static object (shown in Fig.
5(a)), peaks are detected at an interval based on the cycle of
the M-sequence [7]. In the case of measurement for a moving
target (shown in Fig. 5(b)), the interval fluctuates. The peak
values shown in Fig. 5(b) are smaller than those shown in
Fig. 5(a), because the frequency of the received signals from
the moving target changes because of the Doppeler effect, and
the received signals are also phase-shifted. The phase shift is
compensated for by feedback control using signal tracking. In
the case of large Doppler effect, signal tracking is difficult
because of the small peak.

Fig. 6 shows the procedure for signal tracking. In Fig.
6(a), the time when the next peak of the correlation value

Fig. 5. Distribution of correlation values in case of using (a) static target
and (b) moving target.

is to be obtained is estimated from the correlation range and
the previous time of peak detection, which is obtained via
signal acquisition or signal tracking by used the periodicity
of the M-sequence. Herein, this time is referred to as the
estimation time. In Fig. 6(b), 17 replica signals are generated.
The phase of the M-sequence of the replica signals is shifted
by one sample interval from estimation time to ±8 samples.
Replica signals shifted by +8 and -8 samples are referred
to as Early code and Late code, respectively. In Fig. 6(c),
correlation calculation is carried out using these replica signals
and received signals within the correlation range. In Fig. 6(d),
the difference is calculated by subtracting a correlation value
of Early code (early correlation value) from that of Late
code (late correlation value). Delay locked loop shown in
Fig. 6(e) calculates the current phase shift from the previous
peak of correlation values and the difference given by Fig.
6(d). In Fig. 6(f), a current peak or correlation value, selected
from 17 correlation values, is obtained from this phase shift,
and the current peak is used for calculating the phase shift.
From the current phase shift of the M-sequence, a relative
distance depending on the moving target can be calculated by
multiplying the phase shift by ultrasonic speed because the
time difference between the estimation time and the time of
current peak detection is calculated by the phase shift (Fig.
6(g)).

III. PROPOSED METHOD WITH LIMITED CORRELATION
RANGE

Even if we employ the tracking method, indoor positioning
with a mobile object is difficult because of the Doppler
effect. Therefore, a method with a limited correlation range
is proposed. Let us explain the proposed method using Fig. 7.
Fig. 7 illustrates the correlation calculation between received
signals influenced by the Doppler effect and replica signals,
when a peak is detected, for both (a) the conventional method
using the full-length correlation range and (b) the proposed
method using a limited correlation range, respectively. In case
of the conventional method, shown in Fig 7(a), the correlation
range becomes a cycle of the M-sequence. The phase shift,

978-1-4673-1954-6/12/$31.00 c⃝ 2012 IEEE



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

Fig. 6. Procedure of signal tracking hardware for measuring distance of
moving object.

shown in Fig. 7(a), increases, and the peak of correlation
values decreases because of the large correlation range. In
the case of the proposed method, shown in Fig. 7(b), the
limited correlation range results in a decrease in the phase
shift; therefore, a robust peak against the Doppler effect can
be obtained.

In the case of the proposed method for signal tracking with
a limited correlation range, the correlation values obtained
by calculation are small because the number of samples in
the received signals is small. The S/N ratio of the signal
also decreases; therefore, in measuring the position of a static
object, signal acquisition has an advantage over the proposed
method. However, in the case of measuring a moving object,
the proposed method can be expected to measure the position
stably because the correlation values do not decrease; the
correlation values obtained from the proposed method are
robust against the Doppler effect. Therefore, hardware for real-
time distance measurement was constructed. This hardware
could be used for distance measurement of a static object
and a mobing object, and for this, it switched seamlessly
between signal acquisition and the proposed signal tracking,
respectively.

IV. EFFECTIVENESS OF THE METHOD WITH THE LIMITED
CORRELATION RANGE BY SOFTWARE SIMULATION

A. Software simulation for signal tracking using the pseudo-
signals based on static transmitter and receiver

To discuss the effectiveness of the tracking method with the
limited correlation range for the SS ultrasonic waves, software
simulation of signal tracking with the proposed method was
conducted using recorded sound data, which was obtained by
an experiment for distance measurement. In this experiment,
the distance between a transmitter and a receiver is fixed at
30 [cm]. Pseudo-signals influenced by the Doppler effect at a
pseudo-speed were generated from the sound data via off-line
processing in software. M-sequences were generated from a
10-bit shift register and had a correlation range of 64 chips
(i.e., 1/16 of full length).

Fig. 7. Comparison of signal tracking for measuring a moving distance
between (a) conventional method with the full-length correlation range and
(b) proposed method with the limited correlation range.

The robustness of our method was discussed in terms of
variations in the peaks of the correlation values using the
pseudo-signals. Fig. 8 shows the ratios of the peaks of the
correlation values. Fig. 8(a) and (b), showing solid and dashed
lines, represents the ratios with the full-length correlation
range and the limited correlation range, respectively. In this
graph, the ratios connected by lines are plotted with height as
the vertical axis and the pseudo-speed of the receiver as the
horizontal axis. Here, for comparing Fig. 8(a) and (b), the ratio
of peaks, obtained by pseudo-signals on the static object with
the full-length correlation range and the limited correlation
range, respectively, was defined as 100 [%].

From the experimental result, in the case of Fig. 8 (a),
the ratio of the peak of correlation values at 1.0 [m/s] was
decreased to under 10 [%]. The ratio at the same speed of
1.0 [m/s] in Fig. 8 (b) shows about 40 [%]. The peaks of
correlation values using the proposed tracking method are
greater than those using the normal signal tracking with the
full-length correlation range. Therefore, the effectiveness of
the proposed method using the limited correlation range is
shown.

B. Software simulation for signal tracking using a moving
robot

As another discussion, the performance of the proposed
tracking method was evaluated using recorded data obtained
for a robot moving up to a speed of 0.4 [m/s]. Fig. 9 illustrates
the outline of this experiment. The experimental sysytem
consists of a static transmitter and a receiver mounted on the
moving robot. Signal tracking when the receiver is moving
away from the transmitter is more difficult than when the
receiver is moving forword the transmitter. The farther is the
distance between the transmitter and the receiver, the lesser is
the peak of correlation values. In this experiment, the distance
was measured for the mobile robot moving away from the
position of the transmitter. As shown in Fig. 9, the initial
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Fig. 8. Decreasing ratio of peaks of correlation values with (a) full-length
of correlation range and (b) limited correlation range for each pseudo-speed
obtained by simulation.

Fig. 9. Experimental environment for signal tracking using moving object.

distance was fixed at 1 [m]. From the initial distance, the robot
speeded up in 4 [s], moved with a constant velocity for 1 [s],
and slowed down in 4 [s]. As a parameter, the maximum speed
of the robot was set to 0.05 [m/s], 0.1 [m/s], 0.2 [m/s], 0.3
[m/s], and 0.4 [m/s], and the signals used were the same as
those in the experiment shown in Fig. 8.

The experimental results for an object moving up to a
speed of 0.2 [m/s] are given in Table I. Table I presents
the maximum distance, which was measured using the signal
tracking method with (a) the full-length correlation range and
(b) the limited correlation range for different maximum speeds
of the robot.

For the maximum speed of 0.05 [m/s], Table I indicates
that distance could be measured until 0.25 [m] for both ranges,
where the robot had completed its movement. At the maximum
speed of 0.1 [m/s] for the full-range values, signal tracking
was impossible over the distance of 0.45 [m], where the robot
was slowing down. At the maximum speed of 0.2 [m/s] for
the full-range values, the signal tracking was also impossible
over a distance of 0.45 [m], where the robot was speeding
up. However, if the proposed method (i.e., signal tracking
using the limited correlation range) was utilized, the signal
tracking was possible, even though the robot moved at a
speed of 0.4 [m/s]. This experiment was conducted via off-
line simulation using software; however, the proposed method
could be realized for measuring distances between a moving
receiver and a stable transmitter.

TABLE I
MEASURABLE DISTANCE USING THE TRACKING METHOD WITH (A)

FULL-LENGTH CORRELATION RANGE AND (B) LIMITED CORRELATION

RANGE

measurable distance [m]
maximum speed (a) full-length of (b) limited

of the object [m/s] correlation range correlation range
0.05 0.25 0.25
0.1 0.45 0.5
0.2 0.2 1.0

Fig. 10. Experimental environment for the distance measurement using
hardware with signal tracking

V. MEASUREMENT DISTANCE USING THE PROPOSED
METHOD MOUNTED ON HARDWARE

A. Experimental setting

We conducted an experiment for measuring distances using
the hardware of signal tracking in order to discuss the measur-
able distance and the measurement error if we employed the
proposed method. Fig. 10 shows the experimental environment
for distance measurement. In the hardware, signal acquisition,
tracking, and generation modules are installed. The signal gen-
erated by the hardware is transmitted by an ultrasonic speaker
and is received by a microphone. The received signals are
processed in the signal acquisition and tracking modules. The
distance between the speaker and the microphone is referred
to as the setting distance. The setting distance was fixed at
0.5 [m] intervals from 1.0 [m] to 7.0 [m]. A correlation range
for the proposed method of the signal tracking is configured
beforehand using a PC. We used a 9-bit shift register for signal
acquisition, so the maximum correlation range became 511
[chip]. In the experiment, we used the correlation range at 64
[chip] intervals from 64 [chip] to 511 [chip]. When peaks
are detected three times, signal tracking is performed. We
carried out 30 measurements at each distance. On the basis
of the distribution of the correlation values and the average
error for distance measurement at the end of signal tracking,
the measurable distance of our signal tracking method was
discussed.
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Fig. 11. Transition of correlation value for each correlation range.

Fig. 12. Measurement errors for each setting distance.

B. Experimental result with the proposed signal tracking
method

From the experimental results, we could measure distance
up to 7.0 [m] within an average error of 50 [mm]. Fig.
11 shows the distribution of the correlation values for each
correlation range in case of the least correlation values in the
distance measurement, which was fixed at 7.0 [m] between a
transmitter and a receiver. In this figure, the correlation values
connected by lines are plotted with height as the vertical axis
and sample number as the horizontal axis. From Fig. 11, we
found that dispersion is greater for a smaller correlation range.
However, as shown in Fig. 11, signal tracking for 64 [chip]
can be realized.

Fig. 12 shows measurement errors for each setting distance.
In this figure, the measurement error connected by lines is
plotted with height as the vertical axis and setting distance as
the horizontal axis for correlation ranges of (1) 511 [chip], (2)
256 [chip], (3) 128 [chip] and (4) 64 [chip]. From Fig. 12,
we could measure distance up to 7.0 [m] within an average
error of 50 [mm]. The experimental results shown in Fig. 11
and Fig. 12 shown that distance measurement can be realized
using our signal tracking method with SS ultrasonic waves.

VI. CONCLUSION

In this paper, we proposed a signal tracking method for
measuring the distance traveled by a moving object by using
SS ultrasonic waves, and the effectiveness of the method was
discussed through two experiments: software simulation using
a signal under the Doppler effect and signal tracking with
hardware using a static object. This tracking method realizes
to keep correlation values under the Doppler effect by a limited
range of correlation calculations. In the simulation, we found
that signal tracking with a moving object that was limited to a
speed of 0.2 [m/s] could be realized within an average error of
50 [mm]. We could also measure distance up to 7.0 [m] within
an average error of 50 [mm] via the tracking method using
the hardware; therefore, we can say that this signal tracking
method is effective.
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