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Abstract. Real-time position and velocity measurement of a moving
object with high accuracy and resolution using an airborne ultrasonic
wave is difficult due to the influence of the Doppler effect or the limit of
the calculation cost of signal processing. The calculation cost had been
reduced by single-bit processing and pulse compression using two cycles
of linear-period-modulated (LPM) signal. In this paper, accuracy of the
ultrasonic two-dimensional position and velocity vector measurement of
the proposed method using two microphones is evaluated by experiments.

Keywords: ultrasonic position and velocity measurement, pulse com-
pression, linear-period-modulation, single-bit signal.

1 Introduction

Acoustic sensing systems are used in many industrial applications due to advan-
tages of acoustic sensors, their low-purchase cost, small size, and simple hard-
ware. Method of airborne ultrasonic measurement are widely researched [4][5].
The pulse-echo method is one of the typical methods of ultrasonic distance mea-
surement. The pulse-echo method is based on determination of the time-of-flight
(TOF) of an echo reflected from an object [8]. Pulse compression has been in-
troduced in the pulse-echo method for improvement of the signal-to-noise ratio
(SNR) of the reflected echo and distance resolution [7].

A linear-frequency-modulated (LFM) signal is used in the pulse-echo method.
The frequency of LFM signal linearly sweeps with time. A received signal is
correlated with a reference signal which is the transmitted LFM signal. The
TOF of the transmitted signal is estimated by the maximum peak in the cross-
correlation function of received signal and reference signal. The signal processing
for cross-correlation consists of huge iterations of multiplications and accumu-
lations. Therefore, real-time ultrasonic measurement is difficult because of the
high cost in digital signal process.
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So a signal process method using a delta-sigma modulated single-bit digital
signal has been proposed to reduce the calculation cost of cross-correlation. The
proposed signal processing consists of a recursive cross-correlation by single-bit
signals of and smoothing operation by a moving average filter. The calculation
cost of cross correlation is reduced by the recursive cross-correlation operation
of single-bit signals [2].

In the case of a moving object, the reflected signal is modulated due to the
Doppler effect caused by the object motion. The linear shift of the signal period
means the hyperbolic shift of the frequency. Therefore, a Doppler-shift LFM
signal cannot be correlated with a reference LFM signal. So pulse compression
using a linear-period-modulated (LPM) signal has been introduced for ultrasonic
measurement of a moving object [6][1]. The signal period of the LPM signal
linearly sweeps with time. Thus, a Doppler-shift LPM signal can be correlated
with a reference LPM signal.

However, the cross-correlation function of the Doppler-shift LPM signal and a
reference LPM signal is also modulated due to Doppler effect. The method of typ-
ical Doppler-shift compensation is high cost using the envelop but Doppler-shift
compensation is required. A low-calculation-cost method of ultrasonic measure-
ment by pulse compression using two cycles of LPM signal and Doppler-shift
compensation has been already proposed [3].

Ultrasonic distance and velocity measurement have been already achieved
by using one microphone[3]. In this paper, method of two-dimensional position
and velocity vector measurement are considered by using two microphones, and
accuracy of the two-dimensional position and velocity vector measurement are
evaluated by experiments.

2 Cross Correlation by Single-Bit Processing

The proposed method of ultrasonic distance and velocity measurement by pulse
compression using two cycles of LPM signal is illustrated in Fig. 1 [2]. In the
proposed method, two cycles of LPM signal are transmitted by a loudspeaker.
The received signal of one microphone is converted into a single-bit received
signal by a delta-sigma modulator. The single reference LPM signal is converted
into a single-bit reference signal of N samples by a digital comparator.

The cross-correlation function c1(t) of the received signal x1(t) and the refer-
ence signal h1(i) is expressed as

c1(t) =
N−1∑

i=0

h1(N − i) · x1(t − i) (1)

The calculation of the cross-correlation operation of Eq. (1)requires huge num-
bers N of multiplica-tions and accumulations of single-bit samples.

The difference of the cross-correlation function, C1(t)−C1(t−1), is expressed
as

c1(t) − c1(t − 1) = h1(N) · x1(t) − h1(1) · x1(t − N)
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Fig. 1. The singal processing of ultrasonic position and velocity measurement by pulse
compression using two cycles of LPM signal

+
N−1∑

i=1

{h1(N − i) − h1(N − i + 1)} · x1(t − i) (2)

The values of h1(1) and h1(N) are 1 and -1 respectively. Furthermore, h1(i) has
several hundreded zero-cross points Zi. The values of h1(N − 1)− h1(N − i + 1)
are expressed as

h1 (N − i) − h1 (N − i − 1) =

⎧
⎨

⎩

2, · · · N − i = Z2m−1.
−2, · · · N − i = Z2m.
0, · · · N − i �= Zi.

(3)

where m is a natural number. The calculation of the recursive cross-correlation
operation, which is performed by integrating the difference of the cross-correlation
function, is expressed as

c1(t) = c1(t − 1) − x1(t − N) + 2 · x1(t − N + Z1)
−2 · x1(t − N + Z2) + · · · − x1(t) (4)

The calculation cost of the recursive cross-correlation operation is integration
and summations of single-bit samples. The number of summations Zi+2 only
depends on the number of zero-cross points in the transmitted LPM signal.

3 The Method of Position and Velocity Measurement

3.1 Two-Dimensional Position Measurement

The TOF of an echo is estimated from the cross-correlation function. The ar-
rangement of microphones, the loudspeaker, and the object is shown in Fig. 2. In
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Fig. 2, d is a distance from the loudspeaker to the object, θ is an angle between
the loudspeaker and the object, and L is a distance from the loudspeaker to
microphones. The TOF of the microphone-1 and the microphone-2 have usually
different values of TOF1 and TOF2 respectively. When d is much larger than
2L, θ is

θ = sin−1 (TOF1 − TOF2)c
2L

(5)

where c is the propagation velocity of an ultrasonic wave. Using the angle θ, the
distance d is simply derivated by geometric calculation.

3.2 Two-Dimensional Velocity Vector Measurement

The method of the velocity vector measurement is illustrated in Fig. 3 and Fig. 4.
In this method, the doppler velocity can be estimated from the signal length of the
transmitted signal and the echo. The signal length difference is in proportion to
the velocity of the object as shown in Fig. 3. The signal length is detected from the
interval of the cross-correlation function peaks by two cycles LPM signals.

The measured velocities are the vector components of the ultrasonic propaga-
tion direction, which is v1 and v2 in Fig. 4, in the proposed method of ultrasonic
measurement by pulse compression using two cycles of LPM signal. The mea-
sured velocity v1 is a component of the object velocity v; the direction of v1 is
estimated from the geometrical relation between the distance d, the angle θ and
the space L. Namely, from the measurement using the microphone-1, one veloc-
ity component of v is obtained correspondence to the direction of v1. Similarly,
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another velocity component of the object velocity v, namely v2, is acquired by
using the microphone-2. Now, taken the vectors which is normal to the v1 and
v2 respectively, the vectors intersect at one point. The velocity v is estimated
from intersection point drawn in Fig. 4.

4 Experiment

4.1 Experimental Setup

The experimental setup for the ultrasonic two-dimensional position and velocity
vector measurement is illustrated in Fig. 5. In the experiment, the period of the
transmitted LPM signal linearly swept from 20 μs to 50 μs. The length of the
transmitted LPM signal was 3.274 ms, the driving voltage of the loudspeaker
was 2Vp−p. The LPM signal was generated from the function generator and
amplified by an amplifier. Two cycles of the LPM signal were transmitted by the
loudspeaker, and the echo from the object was detected by two microphones. The
distance from the loudspeaker to the microphones were 0.09 m. The propagation
velocity of an ultrasonic wave in the air was approximately 348.8 m/s at 27.0◦C.
The received signals by the microphones were converted into the single-bit delta-
sigma modulated signals. The sampling frequency of the delta-sigma modulator
was 12.5 MHz.

The received signals were correlated with the single reference signal using
MATLAB on the computer. The reference signal was simply converted into
a single-bit signal by the digital comparator. The cross-correlation function
of the received signal and the reference signal was obtained from a recursive
cross-correlation operation of single-bit signals and a smoothing operation by a
weighted moving average filter. The length of the filter was 141 taps.
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Fig. 4. The method of ultrasonic velocity measurement
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Fig. 5. Experimental setup of ultrasonic position and velocity measurement

Accuracy of the position and velocity measurement was evaluated by exper-
iments. The object was a plastic ball whose diameter was 17 cm. The object
distance d was 1.05 m and the angle θ was 20◦ to the object when two cycles
of the LPM signal was transmitted. The velocity of the object was 0.4 m/s, the
direction of movement was normal to a straight line that links the microphones
and the loudspeaker, Φ = 180◦ in Fig. 5. The measurement was executed 150
times.

4.2 Experimental Result

The cross-correlation function was obtained by experiments as shown in Fig. 6.
The first two peaks of cross-correlation function were caused by the waves which
the microphone received from the loudspeaker directly. The second two peaks of
cross-correlation function were caused by the echo from the object. The peak of
the cross-correlation function was detected by limiting the time range of cross-
correlation function and calculating the maximum point in the limited time range.

The probability distribution of the distance and the angle are illustrated in
Fig. 7. Average and standard deviation of the distance and angle were 1.066 m
and 73.8 μm, 19.5◦ and 0.09◦ respectively. The average of distance and angle
were a little different from the setup value, but it is inevitable that errors are
observed about 2 to 3 cm and 1 to 2◦ when the object’s position was set. Given
that, it can be said that high accuracy of the distance and angle by the proposed
method is demonstrated by experiments of the ultrasonic two-dimensional posi-
tion measurement.
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The probability distribution of velocity is also illustrated in Fig. 8. Average
and standard deviation of the velocity and the direction angle of movement were
0.403 m/s and 0.038 m/s, 178.3◦ and 10.9◦ respectively. Average of the velocity
and direction of movement were near to setup value, but standard deviations
of the velocity and the angle were a little large. The approximate value of the
object’s velocity vector can be estimated, but the measuring accuracy needs to
be improved slightly.

5 Conclusion

Accuracy of airborne ultrasonic two-dimensional position and velocity vectormea-
surement using two microphones with two cycles of LPM signal was examined by
experiments. Experiments were executed using a recursive cross-correlation by
single-bit signals and a low-calculation-cost method of Doppler-shift compensa-
tion. High accuracy regarding the ultrasonic position measurement was obtained.
On the other hand, there was room for improvement regarding velocity vector
measurement but the approximate value of the object’s velocity can be estimated.
Now a recursive cross-correlation is being implemented in FPGA because ultra-
sonic two-dimensional position and velocity measurement was not real-time in
these experiments. For the future work, multi moving object in the area will be
considered.
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