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Study about accuracy and resolution of ultrasonic
distance and velocity measurement for moving objects
using M-sequence modulated signals
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1. Introduction

Acoustic sensing is used for measurement of
distance, velocity and shape in many industrial
applications. The pulse-echo method is one of the
typical methods of ultrasonic distance measurement.
The pulse-echo method is based on determination
of the time of flight (TOF) of an echo reflected
from an object. In this method, the signal-to-noise
ratio (SNR) of the reflected echo and distance
resolution can be improved by transmition of the
M-sequence modulated signal and correlation of the
received signal wiht the transmitted signal .

In the case of a moving object, however, the
reflected echo is modulated due to the Doppler
effect caused by the object’s motion. Therefore, the
reflected echo cannot be correlated with the
transmitted signal. By correlation with a large
number of reference signals, which are
Doppler-shifted transmitted signals, distances and
Doppler velocities of objects can be estimated from
a large number of cross-correlation functions®.
However, this calculation requires high-cost digital
signal processing.

Therefore, a novel method of Doppler velocity
estimation before the collation process has been
proposed. In the proposed method, the Doppler
velocities are estimated from cepstrum of
Doppler-shifted M-sequence modulated signals.
Then, the received signal is correlated with several
Doppler-shifted transmitted signals. The distance of
each velocity’s object is estimated from each
cross-correlation function. In this report, accuracy
and resolution of the proposed Doppler velocity
estimation are evaluated based on computer
simulations.

2. Principle of Doppler velocity estimation

M-sequence is maximum-length pseudo-random
sequence, which is generated using a linear
feedback shift register. Spectrum of 1 cycle of
M-sequence is whiteness. However, spectrum of
cycles of M-sequence is expressed as summation of
delta functions, whose interval is inverse of the
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cycle length. Therefore, the peak time in cepstrum
of cycles of M-sequence indicates the cycle length.
In case cycles of M-sequence are Doppler-shifted,
the cycle length is increased or decreased in
proportion to the Doppler velocity. The Doppler
velocity can be thus estimated from cepstrum of
cycles of M-sequence.

In the proposed method, cosine wave of 40 kHz
is modulated by 10th-order M-sequence, 1023
digits in 1 cycle. 3 cosine waves are assigned to 1
digit of M-sequence. The cycle Ilength of
M-sequence modulated signal is 76.725 ms, 3069
cosine waves of 40 kHz. Moreover, the length of
transmitted signal, which is 2-cycles M-sequence
modulated signal, is 153.45 ms. In case the
sampling frequency and acoustic propagation
velocity in air are 10 MHz and 343.5 m/s,
resolution of signal processing in Doppler velocity
estimation is approximately 0.22 mm/s.

3. Accuracy of estimated velocity in noisy
environment

Accuracy of estimated velocity was examined by
simulations. Parameters described above were also
used in the simulations. In addition, analyzed
signal was 22! samples, which include 2-cycles
M-sequence modulated signal of 1534500 samples.
At first, spectrum of 2-cycles M-sequence
modulated signal was computed by fast Fourier
transform of the analyzed signal. Then, cepstrum
was also computed by fast Fourier transform of the
absolute values of spectrum. In this report, the peak
time in cepstrum was determined as maximum peak
time from 67.2 ms to 86.2 ms in the real parts of
cepstrum. This range of the cycle length
corresponds approximately to the Doppler velocity
from -20 m/s to 22.7 m/s.

The SNR of analyzed signal was changed by
adding Gaussian white noises. In case the SNR was
greater than several dB, there was no error of
estimated velocities. In case the SNR was 0 dB,
there were velocity errors of +1 sample, as
illustrated in Fig. 1. In addition, estimated Doppler
velocities, when the SNRs were -10 dB and -20 dB,
are also illustrated in Figs. 2-3. The standard

— 297 —



deviations of estimated velocities are shown in
Table 1. Distributions of velocity errors spread as
the SNR of M-sequence modulated signal is lesser.
Therefore, accuracy of the estimated velocity
depends on the SNR of the analyzed signal. In case
the SNR was lesser than -30 dB, furthermore, the
peak time in cepstrum could not be determined.

4. Resolution of estimated velocity

Resolution of estimated velocity was examined
by simulations. Analyzed signal was 222 samples,
which include 2-cycles M-sequence modulated
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Fig. 1 In case the SNR was 0 dB, estimated Doppler
velocities from maximum peak time in cepstrum.
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Fig. 2 1In case the SNR was -10 dB, estimated Doppler

velocities from maximum peak time in cepstrum.
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Fig. 3 In case the SNR was -20 dB, estimated Doppler
velocities from maximum peak time in cepstrum.
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Table 1 The standard deviations of estimated Doppler
velocities when the SNRs were 0, -10 and -20 dB.

Doppler Standard deviation [mm/s]
velocity [m/s] 0dB -10 dB -20 dB

-1 | 8.34x 1072 0.615 4.64
-0.8 | 8.58x 1072 0.616 5.27
-0.6 | 8.51x 1072 0.603 4.52
-0.4 | 8.28x 1072 0.635 4.09
-0.2 | 9.34x 1072 0.567 6.85

0| 7.94x 1072 0.592 5.66
0.2 | 9.35x 102 0.593 5.28
0.4 | 7.88x 102 0.618 6.46
0.6 | 7.64x 1072 0.589 6.42
0.8 | 7.44x 102 0.634 6.63

1]9.01x 102 0.577 6.72

signal and Doppler-shifted signal. The Doppler
velocities were changed from 0.01 m/s to 0.06 m/s.
Cepstrum around the peak times is illustrated in Fig.
4. In this report, the peak in cepstrum was
determined as between its half values. In case the
difference of Doppler velocities was greater than
0.03 m/s and the analyzed signal does not include
noises, each Doppler velocity could be classified.

5. Conclusions

Doppler velocity estimation from cepstrum of
cycles of M-sequence modulated signals has been
proposed. In this report, estimated velocities in
noisy environments are examined by computer
simulations. In case the SNR is greater than -20 dB,
the Doppler velocity can be estimated. In case a
noise is not included in the analyzed signal. the
difference of Doppler velocities, which was greater
than 0.03 m/s, could be classified.
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Fig. 4 Cepstrum around the peak times when the Doppler
velocities from 0.01 m/s to 0.06 m/s.
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