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INCREASE THE ACCURACY OF THE PROPAGATION TIME 
ESTIMATE OF THE ULTRASONIC SIGNALS BY APPLYING  

DIGITAL PROCESSING METHODS IN A LIQUID FLOW 
MEASUREMENT APPLICATIONS

Sergey Gerasimov, Igor Zhelbakov, Nikolay Serov

Abstract: The report analyzes and compares various digital processing methods of ultrasonic signals in liquid flow 
measurement applications. Such methods include the method of "zero-crossing" and correlation processing with the 
possibility of applying interpolation to improve accuracy. It is shown that the problem of providing a small error in 
determining the flow rate and the flow velocity is reduced to an increase in the measuring accuracy of the duration 
of ultrasound waves propagation through the liquid flow in the pipeline. The results of mathematical modeling are 
obtained in terms of achieving possible error values in flowmeters close to real operating conditions.
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1. Introduction.
At present, measurement of volumetric flow, 

monitoring and accounting for the liquids con-
sumption [1] is one of the urgent tasks in the 
industry, the housing and public services sector, 
as well as hydro and heat power facilities. This is 
due to environmental factors – need to conserve 
and renew natural resources, their rational con-
sumption, and the high cost of specified resources. 
Flowmeters and counters amount of liquid are used 
to provide the task [1].

So, now devices are widely used in flow meas-
urement applications to realize a non-contact 
measurement of volumetric flow and liquid flow 
rate [1, 2] in pressure and non-pressure pipelines in 
the operating temperature range from 0 to +250 °C  
and more. Among them, one can distinguish 
ultrasonic (acoustic) flowmeters (UFM) [1, 2]. 
The most common type of UFM is recently often 
called "time-of-flight" (ToF) [1] or, for example, 
"time-diffe-rence". Further, we will designate it as 
a "time-pulse" method (TPM) [1].

In modern devices there is a flow measurement 
application of the cross-correlation method (CCM) [2, 
3], which, in fact, is a modification of the TPM [1].

In this report, it is proposed to limit the con-
sideration of TPM and CCM UFM, intended for 
working with pressure pipelines and having clamp-
on piezoelectric transducers (PZT).

2. Principle of the flowmeter operation.
The principle of TPM and CCM UFM [1, 3] is 

based on the determination of the liquid flow rate 

as a function of the informative parameter τ of the 
output signal of the receiving PZT – time shift 
between ultrasonic probing signals (UPS). These 
signals (see Fig. 1) propagate across the pipeline at 
an angle to its axis opposite to the direction of the 
flow (signal U2, duration t2) and along the liquid 
flow (signal U1, duration t1), respectively. With 
the known internal diameter of the pipe D and the 
ultrasound propagation velocity in a stationary 
liquid c, the flow velocity V (averaged along the 
line of the ultrasound beam) is [1]:
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Fig. 1. Ultrasonic signals in the direction of liquid 
flow (U1) and against a flow (U2 ), obtained from the 

output of the receiving PZT

In Fig. 2 is an operation principle illustration 
of TPM or CCM UFM. Here L is the distance 
between the PZT along the UPS beam line, where  
L = D/sinα, l is the distance between the PZT along 
the pipe axis, with l = L·cosα.
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Fig. 2. Flow measurement by TPM or CCM methods

In the case of the TPM UFM, the required 
time shift τ is determined directly as the time 
difference (t2 - t1) of the U2 and U1 signals propa-
gation, respectively. For the CCM is the result of 
the cross-correlation function (CCF) [2, 3] of the 
signals U2 and U1 calculation, respectively. At the 
same time, the time interval between the coordi-
nate of the main maximum of the CCF τmax along 
the time axis and zero characterizes the required 
parameter τ between the UPS [3] (see Fig. 3, where 
f0 is the base (central) frequency of the UPS, and 
T0 – the period).

 

Fig. 3. Graphical explanation for the calculation of 
the cross-correlation function

3. Zero-crossing method
As a rule, the problem of the time interval dura-

tion measuring reduces to determining the moment 
of signal arrival, i.e. in fact, the registration of the 
end of this interval. If direct time measurement is 
carried out using high-precision digital counters 
or special time-to-digital converters (TDC), the 
termination moment is usually fixed by means of 
an analog comparator upon reaching the received 
signal of a set level [4].

At the same time, the so-called "zero-cros-sing" 
or "comparator method" method is widely used. 
The general principle of the time interval duration 

determining tP is as follows [4]. For example, con-
sider a typical signal from the out-put of a receiving 
PZT (see Fig. 4). As soon as the analyzed signal 
exceeds the comparator operation threshold Utrshd, 
the UFM will display information that the signal 
is detected. Further, the delay measurement is per-
formed at the first signal transition time through a 
zero value within the observation interval [4, 5]. 
In this case, linear interpolation from two samples 
([UZCP, tZCP] and [UZCM, tZCM]) is performed near 
the assumed intersection point (Fig. 5) in order to 
eliminate the gross error in determining the time 
of the zero signal level crossing.

 
Fig. 4. The plot of the UPS voltage from the receiving 

PZT output versus time (without a shift)

 
Fig. 5. Determination of the UPS propagation 

duration by the "zero crossing" method

The zero-crossing time of this method can be 
determined on the basis of the obtained data ac-
cording to the formula:

( )
( )
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 .  (2)
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In general, the error in determining tP is re-
duced to the two components of the method er-
ror caused by difference in the interpolated line 
(straight line) shape from the real signal shape in 
the investigated section, and the error ΔU caused 
by the inaccuracy in determining the signal volt-
age level (characterizes the errors of the receiving 
measurement path, including ADC). The first com-
ponent of the error is fairly thoroughly described in 
[6], however it is difficult to estimate theoretically. 
Nevertheless, it can be estimated by imitation 
modeling or simulation. The second component 
of the error can be calculated from the law of the 
partial error accumulation [7]:
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Putting (2) in (3), we obtain the formula (4), 
where Δt is the absolute error in determining the 
values of the signal samples with respect to time 
(characterized by the instability of the signal sam-
pling period TS).
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The main feature of this determining method tP 
is that the found time does not depend on the signal 
amplitude. If the signal exceeds the comparator 
threshold, the measurement is occur automatically.

However, the "zero-crossing" method, with all 
its advantages, imposes quite stringent require-
ments for the UPS form. Thus, it is necessary to 
provide the high rise speed of the signal. Otherwise, 
a second or even third period of signal oscillation 
may be captured. This is not so scary, especially 
since some specialized micro-circuits manufac-
turers for ultrasound measurement of liquid and 
gas consumption get values for the first, second, 
third, etc. (to a fixed number) periods, followed by 
averaging these values to improve the accuracy of 
the measurements. Just this fact should be taken 
into account at the calculations. But still, beginning 
with the third period of the signal, there can be a 
change in the signal frequency, and, consequently, 
of its period, which can lead to an additional error 
in determining the propagation time tP.

4. UPS Filtering
As follows from the analysis of the UFM error 

components [1], the greatest contribution to the 
total error is made by the error in the time intervals 
determining t1 and t2 [1]. Thus, for a duration of 
t1 and t2 about 1-100 μs, and, accordingly, of the 
τ parameter, on the order of   1-10 ns, in order to 
provide a total relative error in the flow determining 
at 1-3 % level, it is required to achieve an absolute 
error in the determination of t1 and t2 about tens 
of ps. This imposes high restrictions on the imple-
mentation of the considered devices.

Thus, the "zero-crossing" method has a weak 
resistance to the noise effect on the useful signal. 
This can lead to an incorrect operation of the 
comparator. This is especially true for ultrasonic 
devices with clamp-on PZT, since, as a rule, when 
installing a PZT on a pipe, there is no information 
on the state of its internal surface.

Taking into account the modern level of digital 
technology development, the most promising and 
possible way to solve this problem seems to be the 
transfer of signal processing from the analogue part 
to the digital one, i.e. digital processing (DSP) of 
received signals [4, 6, 8] using is represented, for 
example, filtering to noise reduction.

There are many different ways of digital fil-
tering (DF) [8], but within this report we will be 
limited ourselves to the most widespread way –  
based on the Butterworth filter. One of its advan-
tages is simplicity of implementation and linear 
phase-frequency response characteristic (PFC) in 
the transmission bandwidth. In addition, the syn-
thesis of this filter as a DF allows high order filters 
to be implemented to provide a bigger steep climb 
of the frequency response characteristic (MFC) at 
the cutoff frequencies, which is simpler than for 
an analog filter.

For a linear recursive DF, to which the But-
ter-worth bandpass filter belongs, the relationship 
between the input sequence x(n) and the response 
of the filter y(n) to the input action is written as a 
difference equation:

( ) ( ) ( )
2 2

0 1

DF DFN N

k k
k k

y n = b x n k - a y n k
= =

− −∑ ∑  .  (5)

Here n = 0, 1, 2, ... is the sequence number 
of the signal sequence at the input of the DF;      
k = 0, 1, ..., 2NDF; NDF – the order of the DF;    
ak, bk are the DF coefficients. It is worth noting 
that since the frequency response of the band-pass 
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filter is essentially obtained by superimposing the 
MFC of two filters – low-pass and high-pass filters, 
respectively, the number of coefficients of this 
filter will add up from the order of the low-pass 
and high-pass filters.

Further, in Fig. 6 shows the MFC and 
PFC curves for the 2nd order bandpass DF at  
f0 = 2 MHz, the transmission bandwidth B = 10 %  
relative to f0 (due to the narrow transmission 
bandwidth of the PZT) and the signal sampling 
frequency fS = 1 / TS = 50 MHz. As an example 
of filtering, we first apply the AWGN noise with 
a signal-to-noise ratio SNR = 10 dB to the signal 
from Fig. 4 and delay the signal for a time equiv-
alent to the movement of the UPS in the liquid 
(see Fig. 7) at V = 10 m/s, D = 100 mm, α = 45°,  
c = 1468 m/s (liquid – cold, pure, without impu-
rities, water at a temperature TLQD = 15 °C). Such 
a high level of noise is caused by features of the 
UFM operations, in particular, with the clamp-on 
PZT, when the noise can be commensurate with 
the level of the useful signal. In Fig. 8. the filtering 
result is shown.

5. Correlation processing
In addition to filtering, another way to increase 

the accuracy of determining the time tP is the 
correlation processing [2, 3]. About it it was told 
in section 2 of the current report, which refers to 
the CCM.

An additional option to improve the accuracy of 
determining tP can be use of the CCF interpolation 
[9]. It should be noted that when interpolating a 
function, usually given in the shape of a curve, 
in order to increase the accuracy of interpolation, 
one should take into account the shape of the in-
terpolated curve and the shape of the interpolation 
polynomial, the latter being in accordance with the 
shape of the interpolated curve. Theoretically, in 
the ideal case, the shape of the CCF, when both sig-
nals are absolutely identical in shape, corresponds 
to the sinc(x) function [10].

There are many different ways of interpolation 
[9]. Interpolation methods of the CCF work prefer-
ential in a time domain. However, the "three-point" 
methods of the CCF interpolation near the region of 
its global maximum were widely used [9]. They are 
also called "curve fitting" methods. Thus, among 
these interpolation methods, the CCF interpolation 
can be separated by a parabola [10, 11], a cosine 
[11], and a Gaussian curve [11].

 

Fig. 6. MFC and PFC graphs of the synthesized 2nd 
order bandpass Butterworth DF

Fig. 7. Graph of the UPS voltage dependence  
with superimposed noise and time shift

 
Fig. 8. Graph of the UPS voltage dependence  

after filtering
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These methods are based [10, 11] on three sam-
ples of the CCF having the largest values. I.e. this is 
the sample R(τmax) corresponding to the CCF global 
maximum, and two other, neighboring samples – 
R(τmax-1) and R(τmax+1), respectively (see Fig. 9). 
The area around the CCF peak is determined by the 
time interval between these samples, i.e. TS. It can 
be argued that the absolute error of interpolation 
in determining τ will increase simultaneously with 
the increase in TS.

 
Fig. 9. Graphical explanation of the three-point 
interpolation methods of the CCF near its peak

The time interval characterizing the differrence 
between the position of the CCF real peak (see 
Fig. 9), i.e. true value of τ, and the sampling τmax 
position of the discrete (unsampled) CCF corre-
sponding to its maximum is called the CCF peak 
offset [11]. In fact, this is the absolute error in 
determining τ (before interpolation). This offset 
occurs if the value of τ is not a multiple of the in-
teger number TS. The time interval characterizing 
the difference between the position of the sampled 
and the discrete (unsampled) CCF corresponding 
to its maximum and the peak position of the inter-
polated CCF is an estimate of the CCF peak offset 
Δτ`. The bias error, or, in another way, the error 
in estimate τ, due to interpolation, is determined 
[11]: ΔτINT= Δτ`- Δτ.

In addition, the CCM allows to determine not 
only τ – the difference between the propagation 
times of the UPS for the liquid flow and against 
the flow, but also the UPS propagation times t1 and 
t2, if the correlation of the UPS with the so-called 
"template", an exemplary (model) signal. As that 
it’s possible, you can choose not only the signal 

without noise (see Fig. 4), but also the probing 
signal applied to the transmit-ting PZT (for ex-
ample, the sine).

6. Conclusions
This section presents the results of numeri-cal 

simulation for estimating the absolute error in 
determining the signal propagation time through a 
liquid flow for single measurements. In the case of 
further calculations and multiple (repeated) meas-
urements, the error values may differ slightly from 
presented here, but not seve-rely. This is caused by 
some variation in the noise level as a random value 
relative to the set value. So, for the "zero-crossing" 
method, the following absolute error values were 
achieved: 1.1349 ns without the signal filtering and 
0.95133 ns with filtering (2nd order filter). Table 1 
shows the results of the absolute error estimation in 
the case of calculation by the cor-relation method 
(CCM). As possible options, we propose a calcu-
lation of the CCF as a convolu-tion of the UPS and 
the transmitted probing sig-nal (TPS, three sine 
periods with an amplitude of 15 V) or a sample 
(model) signal without noise (see Fig. 4) with dif-
ferent methods of three-point CCF interpolation.

The best result, with other things being equal, 
is provided by the CCM and cosine CCF interpo-
lation. The signal filtering does not im-prove the 
situation, but even worsens it. This is true for a 2nd 
order filter. An additional decrea-se of the random 
error can give an increase in the filter order and 
averaging the multiple (re-peated) calculations 
results of the time tP.

Table 1. The absolute error values for various 
methods of calculating the UPS propagation 

time through a liquid flow, [s]

Type of 
the CCF 

interpolation 

UPS 
filtering 

CCF calculation as a convolution 
of the testing UPS with … 

TPS signal from Fig. 
4 

— no 5.0573·10-7 5.7338·10-9 
yes 1.0057·10-6 5.7338·10-9 

parabolic no 5.1125·10-7 1.1476·10-8 
yes 1.0119·10-6 1.1413·10-8 

cosine no 5.002·10-7 2.8945·10-11 
yes 9.9955·10-7 3.4382·10-11 

Gaussian 
curve 

no 5.1131·10-7 1.1538·10-8 
yes 1.012·10-6 1.1475·10-8 
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