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Abstract: The double-threshold method has been widely used in ultrasonic flow measurement to determine time-of-flight (TOF) 
due to its low cost and ease of implementation. Performance of this method is negatively affected by the cycle-skip phenomenon 
which occurs frequently under inconstant working conditions, especially varied fluid temperature. This paper proposes a method 
to suppress the phenomenon to facilitate reliable determination of TOF in ultrasonic flow measurement. First, the double-threshold 
method is used to generate a feature point to segment the signal. Second, based on the correlation coefficient and signal power, 
judgement factors of individual signal periods are calculated to determine signal onset. Finally, a valid zero crossing which has a 
constant lag from the onset is selected to determine the TOF. Thus, the cycle-skip phenomenon is suppressed. Two additional 
modifications are proposed to eliminate the influence of varied signal frequency and low sampling rate. The proposed method was 
validated by an experiment based on an ultrasonic water flow sensor. Results showed that the frequently appearing cycle-skip 
phenomenon can be successfully suppressed by the proposed method. 
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1  Introduction 

 
Ultrasonic technology is widely used in flow 

measurement in virtue of its significant advantages, 
such as no invasion, low pressure loss, and high 
precision (Lynnworth and Liu, 2006). Different types 
of ultrasonic flowmeters have been developed, 
including a transit-time flowmeter and a Doppler 
flowmeter (Tezuka et al., 2008; Rajita and Mandal, 
2016). Of all types, the transit-time flowmeter is the 
most popular one because of its simple principle and 
ease of use. For transit-time-based ultrasonic 
flowmeters, reliable determination of time-of-flight 

(TOF) is the basis of measurement accuracy; the TOF 
indicates the time elapsed between the emitted signal 
and received signal. The simple threshold method has 
been one of the most commonly used for detecting 
ultrasonic signals since it was proposed decades ago 
(Frederiksen and Howard, 1974). Although the 
method is indeed simple and low cost, some problems 
are apparent when it is applied in TOF determination. 

The simple threshold method determines the 
TOF at the exact moment when the signal first crosses 
a given threshold. A slight fluctuation of the signal 
will cause large deviation in the TOF value since the 
threshold is non-zero. This problem was overcome by 
the double-threshold method, utilized in the system 
built by Carullo and Parvis (2001). The system con-
tains a zero-crossing detector and a threshold com-
parator. The threshold comparator here does not de-
termine TOF; it only enables the zero-crossing  
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detector after the point where the signal first crosses 
the threshold (called the feature point). Then, the first 
zero crossing after the feature point (called the valid 
zero crossing) determines the TOF. The double- 
threshold method has been widely applied and has 
reached fairly high precision in TOF determination 
(Li et al., 2014; Espinosa et al., 2018). However, the 
feature point may be located at different cycles when 
the amplitude or shape of the ultrasonic signal 
changes, so the valid zero crossing will be as well. 
This will cause the determined TOFs to vary in an 
integer multiple of the signal period, which is called 
the cycle-skip phenomenon. There is no doubt that 
large error will occur in conjunction with the phe-
nomenon. Several methods have been proposed to 
avoid this phenomenon (Wu et al., 2014; Zhu et al., 
2017; Fang et al., 2018). 

Based on study of the ultrasonic signal of a gas 
flowmeter, Zhu et al. (2017) proposed a variable ratio 
threshold method to generate a stable feature point. 
The cycle-skip phenomenon was successfully sup-
pressed at different flow rates. However, the research 
only focused on flow rate, while temperature and 
pressure were kept consistent in the experiment. Be-
cause temperature has a great influence on the enve-
lope of ultrasonic signal (Bravo et al., 1994), the 
method might fail in the case of varied temperature. 
Fang et al. (2018) employed similarity judgement in 
the double-threshold method. Their modified method 
ensures that employed zero crossings are located at 
the same cycle by calculating the similarity of signals 
from two consecutive measurements. However, the 
method can only be performed in continuous condi-
tions. If working conditions change appreciably while 
the meter is suspended, after the meter restarts it is 
difficult to find the same zero crossing via the method. 
Wu et al. (2014) introduced self-correlation into TOF 
estimation during ultrasonic ranging. They calculated 
correlation coefficients between individual signal 
cycles and the cycle where the feature point was lo-
cated for TOF estimation, which prevented the  
cycle-skip phenomenon. However, the weak point of 
this method is failure in the presence of noise in a 
similar frequency range as the ultrasonic signal, a 
condition commonly observed in ultrasonic flowme-
ters (Roosnek, 2000; Zheng et al., 2016; Jiang et al., 
2017). 

With microprocessors developed, methods based 
on digital signal processing have been proposed. 
Cross-correlation is one of the most commonly used, 
and was first introduced into ultrasonic flow meas-
urement by Beck (1981). The correlation function 
between the received signal and a preset reference 
waveform is calculated and the peak of the function 
implies the time elapsed between the two signals, i.e. 
the TOF. The cross-correlation method has been 
widely applied and recognized as the optimum 
method in TOF estimation (Barshan, 2000). The 
method is not sensitive to noise or variations in signal 
amplitude, but its performance is highly dependent on 
the similarity between the reference waveform and 
actual signal, which can be discrepant (Sunol et al., 
2019). Even though there may be enough reference 
waveforms stored in the system, selecting the right 
one is still a challenge without awareness of the 
measurement conditions. The curve-fitting method 
arose in recent decades after two models of ultrasonic 
signal were proposed (Sabatini, 1997; Demirli and 
Saniie, 2001). This method estimates TOF by 
searching for the best parameters of the model from 
the received signal. There have been some studies 
which successfully applied curve-fitting to TOF es-
timation (Hoseini et al., 2012; Lu et al., 2016). Ap-
plication of an intelligence algorithm significantly 
improved the performance of the curve-fitting method, 
especially its anti-noise capability (Hou et al., 2015). 
The curve-fitting method overcomes the shortcom-
ings of the cross-correlation method since no refer-
ence waveform is needed. However, the method is 
quite time-consuming as several complicated algo-
rithms need to be run, which makes it difficult to 
implement the method in a real-time system. 

Compared to the digital methods discussed, the 
double-threshold method is much easier to implement. 
However, the cycle-skip phenomenon remains a 
challenge to its reliability. In this paper, we propose a 
method based on the correlation coefficient and signal 
power to suppress the cycle-skip phenomenon. The 
double-threshold method is first conducted to gener-
ate a feature point and the signal before the feature 
point is segmented into individual periods. Then, a 
judgement factor (defined as the product of the cor-
relation coefficient and the signal power) is calculated 
for each period to find the onset. As the signal to noise 
ratio (SNR) around the onset is too low to guarantee 
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the precision of TOF, a zero crossing which has a 
constant lag from the onset is selected as the valid 
zero crossing. TOF is then determined using the valid 
zero crossing to avoid the cycle-skip phenomenon 
and guarantee the precision of TOF. This method has 
better anti-noise capability due to the use of dual 
parameters. Noise with large amplitude but a different 
frequency can be distinguished by the correlation 
coefficient, and noise with a similar main frequency 
but smaller amplitude can be distinguished by its 
signal energy. The proposed method is completely 
based on the individual periods of single ultrasonic 
signal. Thus, compared to most digital methods, it is 
much less sensitive to variations in signal waveform. 
For better performance in practical application, we 
propose two additional modifications to solve the 
problems caused by varying signal frequency and low 
sampling rate. Experiments based on an ultrasonic 
water flow sensor were carried out to validate the 
proposed method. 

Problems with double-threshold method in flow 
measurement are illustrated with experimental data in 
Section 2. Details of the proposed method are de-
scribed based on actual signals in Section 3. Experi-
mental setup and results are introduced in Section 4, 
and finally the paper is concluded in Section 5. 
 
 
2  Problems with the double-threshold 
method in ultrasonic flow measurement  
 

Fig. 1 illustrates the basic principles of the  
double-threshold method and the cycle-skip phe-
nomenon. Signals in Fig. 1b were sampled with the 
sensor shown in Fig. 1a (details in Section 4.1). Signal 
1 was sampled at 10 °C and signal 2 was sampled at 
30 °C. Other conditions such as flow rate and elec-
tronic settings were kept the same during the exper-
iment. The main frequency and sampling rate of both 
signals were 1 MHz and 100 MHz, respectively. A 
detailed introduction to the experiment is presented in 
Section 4. The onset points of both signals were 
moved to the same position for the comparison. 

An amplitude threshold was set to generate a 
feature point when the signal crossed it. The first zero 
crossing after the feature point (a positive one) was 
selected as the valid zero crossing to determine TOF. 
This is the basic principle of the double-threshold 

method, which can be implemented in either an ana-
log or digital way. The cycle-skip phenomenon occurs 
when signal amplitude varies, as shown in Fig. 1. 
Signal 2 had a much larger amplitude than signal 1. 
This caused the feature point as well as the valid zero 
crossing of signal 2 to come three cycles earlier than 
those of signal 1. As a result, the TOFs determined 
here had a deviation of three periods in addition to the 
reasonable difference caused by temperature.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The additional deviation certainly caused error 

in further computations. It should be recognized that 
for specified signals, there is always a proper thresh-
old to ensure the feature points locating at the same 
cycle. However, it is difficult to find the proper 
threshold for signals under all conditions. Because 
many factors including fluid type and fluid tempera-
ture lead to variations in amplitude and waveform of 
ultrasonic signal which have been reported in many 

Fig. 1  Illustration on principle and problems of double-
threshold method: (a) sensor; (b) experimental signal 

(a) 

(b) 
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papers (Bravo et al., 1994; Zheng et al., 2016; Zhu et 
al., 2017; Fang et al., 2018), measurement conditions 
are unpredictable and it is not easy to find a proper 
threshold in some applications, such as those with 
wide temperature ranges. 

It is notable that noise at a similar frequency to 
the signal was observed just before the onset of both 
signals, which will be further discussed. 
 
 

3  Method 
 

The proposed method can be recognized as 
complementary to the double-threshold method, and 
is aimed at eliminating the cycle-skip phenomenon. 
The approach is to estimate the onset point of the 
ultrasonic signal with the judgement factors for indi-
vidual cycles of the signal, which are based on cor-
relation coefficients and signal power. In this section, 
we will use signal 1 to introduce the method (Fig. 1) 
because of its typical defects including distorted 
waveform, the presence of noise at a similar fre-
quency, and varied signal frequency. 

3.1  Effectiveness and limitation of the correlation 
coefficient 

In the proposed method, the received signal of an 
ultrasonic transducer is sampled and preprocessed. 
The signal is first debiased to facilitate further com-
putations. Then, the double-threshold method is used 
to generate a feature point. The signal period where 
the feature point is located is selected as the reference 
period and labeled as pref. The signal before the ref-
erence period is segmented into individual periods 
and labeled as p1, p2, …, pn, as shown in Fig. 2. Note 
that the number of periods should be large enough to 
ensure that the signal onset point is covered. 

After preprocessing, correlation coefficients 
between each period and reference period are 
 

 
 
 
 
 
 
 
 
 

calculated. For two discrete sequences x(n) and y(n), 
correlation coefficient ρ(x, y) is defined as follows: 
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where σx and σy are standard deviations of sequences 
x(n) and y(n) respectively. For period pi, the correla-
tion coefficient is represented as ρi, i.e. ρi=ρ(pi, pref), 
i=1, 2, …, n. 

The correlation coefficient is a measurement of 
the coherence of two signals, indicating similarity 
between them. The more similar the sequences are, 
the closer to 1 (perfect positive correlation) or −1 
(perfect negative correlation) the coefficient will be. 
For sequences with a weak relationship to each other, 
the coefficient will be around 0. 

Since ultrasonic signal is a periodic sequence, 
the correlation coefficient between different periods 
of the signal is close to 1 and that between signal and 
noise is close to 0. This is effective for signal with 
high SNR or with different frequencies compared to 
the noise. For example, the correlation coefficients 
that result from replacing the noise in signal 1 with 
white Gaussian noise are shown in Fig. 3. 

A sudden decline of the correlation coefficient 
can be observed in Fig. 3. On the basis of this phe-
nomenon, the signal onset can be found and the TOF 
determined. This is the main principle of the method 
proposed by Wu et al. (2014). However, the decline 
becomes harder to distinguish when the noise and 
signal frequencies are similar. Fig. 4 shows correla-
tion coefficients of signal 1 with original noise which 
has a similar frequency to the ultrasonic signal. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2  Illustration of preprocessing 
Fig. 3  Correlation coefficients of signal 1 with white
Gaussian noise 
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3.2  Employment of signal power 
 
It is difficult to pick up the onset with only cor-

relation coefficients, as shown in Fig. 4. Therefore, 
signal power is introduced into the method as the 
other parameter to derive the judgement factor. The 
average power of a discrete signal s(n) is defined as 
follows: 

 

21
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Since every single period of signal is defined in a 

finite length, the average power of periodic signal sT(n) 
is introduced, which equals the average power in one 
period. For a single cycle of ultrasonic signal x(n), 
n=1, 2, …, N, the average power is: 
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where N represents the number of points in the cor-
responding period of signal. The power of each period 
of signal is calculated and labeled as Pi, i.e. Pi =P(pi), 
i=1, 2, …, n. Signal power is a measurement of signal 
strength. As noise usually has much lower amplitude 
than the periods of ultrasonic signal, there will be a 
great difference in signal energy before and after 
onset. The corresponding signal power for each pe-
riod in signal 1 is shown in Fig. 5. 

With the two parameters ρi and Pi calculated, we 
can calculate the judgement factor by fi=ρi·Pi. The 
corresponding judgement factors for signal 1 are 
shown in Fig. 6. 

As a product of two parameters, the new 
judgement factor will show a significant decline as 
long as there is a decline in either parameter. In the 
case of noise with large amplitude but different fre-
quency from the ultrasonic signal, there will be a 
sudden decline in the correlation coefficient, as 
shown in Fig. 3. In the case of noise frequency being 
similar to the ultrasonic signal but with smaller am-
plitude, the correlation coefficients might be close as 
shown in Fig. 4, but Fig. 5 indicates that there will be 
a sudden decline in signal power. Thus, the proposed 
method has a stronger anti-noise capability. A premise 
for the method is that signal must not have noise with 
both large amplitude and similar frequency near the 
onset, which is a reasonable condition for real appli-
cations. Otherwise, neither of the parameters will 
show a significant difference between ultrasonic 
signal and noise, and in fact, any method would fail to 
find the onset under such conditions. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
By detecting the sudden decline of the judge-

ment factor, the first period of ultrasonic signal can be 
determined, i.e. the onset. Considering low SNR near 

Fig. 5  Power of each period of signal 1 

Fig. 4  Correlation coefficients of signal 1 with noise in
similar frequency (original noise) 

Fig. 6  Judgement factor of each period of signal 1 
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the onset, the zero crossing that has a constant lag 
from the onset was selected to determine the TOF to 
guarantee the precision. As shown in Fig. 6, the third 
zero crossing after onset was selected as the valid zero 
crossing and the determined TOF was 81.75 μs. 

3.3  Optimizations for varying signal frequency 
and low sampling rate 

With regard to practical application, there are 
two problems with the proposed method. Details of 
the problems and corresponding solutions are de-
scribed in this section. 

3.3.1  Optimized segmentation method for varying 
signal frequency 

Theoretically, the frequency of ultrasonic signal 
is stable from the onset to the end. This means that the 
number of points is always the same for every period 
in the signal with a fixed sampling rate. However, the 
actual frequency of ultrasonic signal usually varies. If 
a method which uses a fixed number of sampling 
points for segmentation is applied to an actual ultra-
sonic signal, the initial phase of each period will be 
different and this will cause an unexpected decline in 
correlation coefficients. Because an ultrasonic signal 
can be seen as a modulated sinusoidal wave, a sinus-
oidal function with time-varying frequency can be 
constructed to explain the problem. 

Assume that a sine wave is described as follows: 
 

  c c( ) sin 2π ( ) ,  x t f c t f t             (4) 

 
where fc is the nominal central frequency of the ul-
trasonic transducer and c(t)fc represents frequency 
variation with time t. Sample the signal at a frequency 
fs=N·fc, and the obtained sequence can be described 
as: 

 

c c
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If taking every N points of data as one period, the 

initial phase of each period can be calculated by re-
placing n in Eq. (5) with kN, where k=0, 1, 2, …; then 
we can obtain the phase of the kth period: 

c
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k

k c k k
f
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         (6) 

 
Eq. (6) shows that the phases of the periods φ are 

varying along with their positions in the signal. Var-
ying phase might cause an unexpected decrease in 
correlation coefficient, as shown in Fig. 7a. Conse-
quently, p1 is mistaken as the first period of ultrasonic 
signal due to the unexpected decline. 

To solve this problem, we optimized the method 
for signal segmentation based on zero-crossing de-
tection. First, we detected the first zero crossing be-
fore the feature point as the start of the reference 
period, and labeled its index as I0. For other n seg-
mentations, additional n indices were needed. For 
signal with center frequency fc and sampling rate fs 
=N·fc, indices Ij, j=1, 2, …, n, could be determined by 
the following steps: 

(i) Search zero crossing from the point (Ij−1−N) 
to both sides within U((Ij−1−N), δN). δN represents the 
maximum uncertainty of a signal period, which is 
determined by the transducer and sampling rate. 

(ii) Take the index of the first zero crossing 
found as Ij, and take (Ij−1−N) as Ij if no zero crossing is 
found. 

After segmenting with the optimized method, a 
new problem appeared: that the numbers of points in 
different periods might be different. This prevented 
computation of a correlation coefficient, but the 
problem was solved by simply changing the length of 
the reference period to match the length of the period 
it was being correlated with. Results based on the 
optimized method are shown in Fig. 7b.  

All discussions in the paper are based on ex-
perimental signals, and the optimization was adopted 
in the measurements above as well. 

3.3.2  Employment of fast Fourier transform (FFT)- 
based interpolation for data with a low sampling rate 

Regardless of the segmentation method, the 
sampling rate also has an influence on the initial 
phase of different periods. As it is almost impossible 
to sample every zero crossing, a segmented period 
always starts from a point near its positive zero 
crossing, so the uncertainty of the initial phase is: 

 

c
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π2π π
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2   
fN

u
N f

                       (7) 



Liu et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng)   2021 22(9):695-706 701

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Eq. (7) shows that the uncertainty of initial phase 

for signal with specified frequency increases when 
the sampling rate decreases. This will also cause an 
unexpected decline in the correlation coefficient. Fig. 
8 shows correlation coefficients for signal 1 with a 
sampling rate of only 5 MHz. Note that the original 
data was sampled at 100 MHz, and data with a low 
sampling rate was extrapolated from the original data 
by selecting one point every 20 points. 

Correlation coefficients calculated with a sam-
pling rate of 100 MHz show almost ideal character-
istics (Figs. 3 and 4). While the data with a 5-MHz 
sampling rate shows an unexpected decline and 
causes error in the judgement in Fig. 8. However, it is 
impractical for an embedded system to reach such a 
high sampling rate. Actually, the sampling rate of an 
embedded system is rarely higher than 10 MHz. To 
solve the problem, FFT-based interpolation is  

employed here to improve the equivalent sampling 
rate. 

Here we will give a brief introduction to FFT- 
based interpolation. The sampling rate of discrete 
signals in a time domain can be increased by inserting 
zeros in the frequency domain (Lyons, 2004). First, 
the ratio between the number of points of the se-
quence before interpolation and that after interpola-
tion (the “interpolation factor”) is predetermined. In 
this method, the frequency-domain sequence of signal 
x(n) is computed as X(m). According to the interpo-
lation factor, a corresponding number of zero-valued 
sample points are inserted in the middle of X(m) to 
generate a new sequence X′(m). By conducting in-
verse fast Fourier transform (IFFT) on X′(m), an in-
terpolated time-domain sequence x′(n) is obtained. 

After we improved the sampling rate of the 
signal from 5 MHz to 20 MHz by interpolation, the 
unexpected decline in correlation coefficients disap-
peared, as shown in Fig. 9. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 8  Correlation coefficients of signal 1 with 5-MHz 
sampling rate 

Fig. 7  Correlation coefficients of signal 1 based on differ-
ent segmentation methods: (a) method using fixed number
of points (wrong onset estimated) and (b) optimized
method 

(a) 

(b) 

Fig. 9  Correlation coefficients of signal 1 with 20-MHz
sampling rate interpolated from 5 MHz 
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3.4  Complexity analysis of the method 
 
The proposed method is realized by four steps: 

interpolation, signal segmentation, judgement factor 
calculation, and TOF determination. The calculation 
burden mainly comes from interpolation and judge-
ment factor calculation. Complexities of the two steps 
are calculated separately. 

The interpolation consists of one r-point FFT 
and one R-point IFFT, where r and R represent the 
number of points before and after interpolation. Thus, 
the complexity of interpolation is O(r·log(r)+ 
R·log(R)). Assume that there are n periods of signal to 
calculate judgement factors and each period contains 
N points. According to Eqs. (1) and (3), 6n·N of ad-
dition and 3n·N+n of multiplication operations are 
needed in total. Thus, the complexity is Θ(n·N). 

As demonstrated in Figs. 3–9, 10 periods of 
signal and one period of reference are enough for 
calculation. As a result, we can obtain r=55 for signal 
with a sampling rate of 5 MHz, as shown in Fig. 8, 
and R=220 after interpolating to 20 MHz. Conse-
quently, n=10 and N=20. With a definite number of 
points, the exact number of operations in our analysis 
can be determined as 8496 of addition and 5474 of 
multiplication. For digital signal processors (DSPs) 
such as TMS320C5535 with an instruction cycle of 
10 ns, the time required for the proposed method is 
theoretically 0.1397 ms, which is still be far less than 
the typical output cycle of 10 ms of industrial ultra-
sonic flow sensors such as SFC-010T from TOKYO 
KEISO, Japan even after taking all other operations 
into consideration. 
 
 
4  Experimental validation 
 

Our proposed method is designed to suppress the 
cycle-skip phenomenon in ultrasonic flow measure-
ment, which occurs frequently when the amplitude 
and waveform of received signal change. Thus, we 
applied the method under these conditions to verify its 
effectiveness. 

As described in previous sections, many factors 
involving fluid type and fluid temperature have an 
influence on ultrasonic signal. Of these, fluid tem-
perature has the most obvious effect on both ampli-

tude and waveform of the signal (Bravo et al., 1994; 
Zheng et al., 2016). Thus, water temperature was 
chosen as the variable parameter in the experiment. 
On the other hand, the TOFs were expected to directly 
indicate whether cycle skip occurred or not. Thus, 
other settings of the experimental setup were kept 
unchanged and only downstream signals were sam-
pled so that the TOFs would change smoothly with 
temperature if no cycle skip occurred. 

Ultrasonic signal from a water flow sensor was 
sampled with a National Instruments (NI, USA) ac-
quisition system, and the data was then processed 
with MATLAB on a PC. TOFs based on the double- 
threshold method and the proposed method were 
computed for validation. 

4.1  Experimental setup 

The experiment was carried out on a calibration 
system with an ultrasonic water flow sensor. A 
schematic of the experimental setup is shown in 
Fig. 10. The flow circuit consisted of a tank with a 
heater, a condenser, a pump, a manual valve, and a 
reference flow meter for flow adjustment. The flow 
sensor was connected in series in the circuit, and a 
temperature sensor was installed at the inlet of the 
flow sensor to record temperature during the exper-
iment. The flow sensor was connected to an analog 
converter for signal conditioning, including filtering 
and amplifying. The conditioned signal was then 
sampled by an NI acquisition system, and the data 
was finally processed on a PC by MATLAB. The 
calibration system was custom made by the 
GANGYIN Flow Testing Equipment Company in 
Ningbo, China. The model and specifications of 
sensors used in the experimental setup are shown in 
Table 1. 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 10  Schematic of the experimental setup 
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The ultrasonic flow sensor used to sample signal 
was made by our team, and had a measurement tube 
made of perfluoroalkoxy alkane (PFA) and two ul-
trasonic transducers made of PZT-5H. Fig. 11 shows 
the structure of the sensor and Table 2 lists the values 
of corresponding parameters. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The transducers were excited by three sinusoidal 

pulses, with a frequency of 1 MHz and peak-to-peak 
amplitude of 20 V. Conditioned signal from the 
converter was sampled at 100 MHz. This high sam-
pling frequency was set for pre-research. Data theo-
retically obtained at a low sampling rate could be 
easily produced according to the ratio between 
100 MHz and the desired sampling rate (5 MHz was 
used for final computation). The water temperature 
was changed continuously from 10 °C to 70 °C by the 

condenser and heater. The manual valve was kept still 
and the pump was kept at the same rotation speed to 
maintain the flow rate at 4 L/min. Details of the ex-
perimental setup are listed in Table 3. 

 
 
 
 
 
 
 
 
The flow circuit was first turned on and kept 

running at the set flow rate. At the beginning of the 
experiment, water in the tank was cooled down to 
around 8 °C by the condenser. Then, the heater started 
to work instead of the condenser to increase the 
temperature until the predetermined threshold was 
reached. The converter and acquisition system were 
turned on to record ultrasonic signal, and the water 
temperature was recorded accordingly. The acquisi-
tion system recorded one sequence of signal per 
second and only down-stream signal was recorded. 
The experiment ended when the water temperature 
rose over 70 °C and over 20 000 sets of signals were 
recorded. 

4.2  Experimental results 

With all signals sampled, we computed TOFs 
based on both the double-threshold method and the 
proposed method for verification. The amplitude 
threshold was set to a fixed ratio of the maximum 
signal value to prevent triggering failure. 

Before computation, we reduced the sampling 
rate by selecting one point every 20 points, an equiv-
alent sampling frequency to 5 MHz. This sampling 
rate can be easily implemented on an embedded sys-
tem. Over 20 000 sets of data were acquired. As it is 
difficult to show all results clearly in one figure, 200 
sets of data uniformly distributed from 10 °C to 70 °C 
were selected. The results are shown in Fig. 12. 

As described above, only water temperature was 
varied during the experiment. Thus, we expected the 
TOF values to change smoothly with temperature if 
and only if the same zero crossing was used for all 
data. It is obvious from the dash curve in the figure 
that different zero crossings were used at different 
temperatures. The cycle-skip phenomenon occurred 

Table 1  Specifications of sensors used in the experimental 
setup 

Sensor 
Reference  
flow meter 

Temperature  
sensor 

Supplier YOKOGAWA, Japan HUANGONG, China 
Model AXFA14G-E1-21 SBWZ246JW/K331 
Type Magnetic Thermistor (Pt100) 

Measure-
ment range 

1.414–47.124 L/min 0–100 °C 

Accuracy ±0.35% reading ±0.5% full scale 
Output 4–20 mA 4–20 mA 

Table 3  Settings for the experiment 

Parameter Value 

Sampling frequency, fs (MHz) 100 

Temperature range, T (°C) [10, 70] 

Flow rate, q (L/min) 4 

Table 2  Detailed parameters of the ultrasonic flow sensor 

Parameter Value 

Inner diameter, ID (mm) 6 

Outer diameter, OD (mm) 12 

Length of sound path, L (mm) 112 

Diameter of transducers, d (mm) 10 

Thickness of transducers, t (mm) 2 

Resonant frequency of transducers, fr (MHz) 1 

Fig. 11  Structure of the ultrasonic flow sensor 
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as temperature rose when the double-threshold 
method was used. 

Fig. 13 shows signals at different water temper-
atures. Significant variations in both the amplitude 
and envelope of signal were observed. This explains 
why the cycle-skip phenomenon occurred when using 
the double-threshold method. 

Note that the last cycle-skip phenomenon took 
place around 45 °C. In order to show the influence of 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

the phenomenon on flow measurement, the ultrasonic 
flow sensor was calibrated at 43 °C and 49 °C. The 
instrument coefficient employed in the converter was 
first adjusted according to results of the double- 
threshold method at 43 °C and 4 L/min, and kept 
consistent in further calibrations. Calibration results 
are shown in Table 4. 

The average error of flow rate with TOF deter-
mined by the proposed method varied within 1% from 
43 °C to 49 °C due to the variation of temperature. 
However, the variation in average error was nearly 
2% when TOF was determined using the double- 
threshold method. Additional deviation was intro-
duced because of the cycle-skip problem. A theoret-
ical analysis of the errors in flow rate measurement 
follows. 

In order to eliminate the influence of variation in 
sound speed caused by temperature, the flow rate can 
be calculated by 

 

d u
d u

1 1
( , ) ,q f t t K

t t
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                    (8) 

 
where tu represents the upstream TOF, td represents 
the downstream TOF, and K represents the instrument 
coefficient of the ultrasonic flow sensor. Thus, the 
relative error of q caused by variations in tu and td can 
be estimated by  
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Table 4  Calibration results of the ultrasonic flow sensor at 43 °C and 49 °C  

TOF determina-
tion method 

Flow rate  
(L/min) 

At 43 °C At 49°C 

Average error (%) Repeatability (%) Average error (%) Repeatability (%) 

Double-threshold 
method 

3 −0.090  0.036  1.850  0.072  

4   0.010  0.094  1.750  0.070  

5 −0.110  0.007  1.500  0.064  

6 −0.290  0.040  1.210  0.003  

7 −0.570  0.030  1.120  0.065  

The proposed 
method 

3   2.090  0.074  1.810  0.091  

4   2.010  0.096  1.690  0.125  

5   1.900  0.047  1.530  0.076  

6   1.640  0.015  1.200  0.032  

7   1.430  0.040  1.070  0.100  

 

Fig. 13  Signals at different water temperatures 

Fig. 12  TOF results based on double-threshold method
and the proposed method 
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According to Fig. 12, where cycle skip occurred 
at 45 °C, we can obtain dtu=dtd−1 μs=dt and tutd 
79 μs. Then the relative error of q can be calculated as 

 

u d

d 1 1
d 2.53%.
 

    
 

q
t

q t t
              (10) 

 
This is the error caused by one period of varia-

tion in TOF; the error would be greater if the cycle 
skip caused more periods of variation in TOF. To 
eliminate the additional error, the cycle-skip phe-
nomenon must be avoided. The proposed method 
determines TOF by distinguishing ultrasonic signal 
periods and noise periods, so the result is independent 
of waveform variation. As shown by the solid curve in 
Fig. 12, the cycle-skip phenomenon was successfully 
suppressed by the proposed method. 
 
 

5  Conclusions 
 

The double-threshold method is still a com-
monly used method of TOF measurement because of 
its low cost and ease of implementation. However, 
performance of the method is negatively affected by 
the cycle-skip phenomenon. This paper proposes a 
method to suppress the phenomenon for reliable de-
termination of TOF in ultrasonic flow sensors. First, 
the double-threshold method is employed to generate 
a feature point. Signal before the feature point is 
segmented into several individual periods. Next, 
judgement factors of these periods are calculated 
based on the correlation coefficient and signal power. 
The onset of ultrasonic signal is then determined by 
detecting the sudden decline of judgement factors. 
Finally, a valid zero crossing which has a constant lag 
from the onset is selected to determine TOF. The 
cycle-skip phenomenon is consequently suppressed. 
For better practicality, we also propose two modifi-
cations to solve the problems caused by varying fre-
quency and low sampling rate of ultrasonic signal. 

The proposed method has three main benefits: 
strong anti-noise capability due to the use of dual 
parameters, practicality due to the optimization skills, 
and robustness to signal waveform variation due to 
single-signal-based processing. A condition for suc-
cessful use of the method is a lack of noise with both 
the same frequency and large amplitude near the onset 

point, which is reasonable for actual ultrasonic signals. 
We tested the method with an experiment based on an 
ultrasonic water flow sensor. Signals with increasing 
water temperature, i.e. with varying shape, were 
sampled and then processed using both the double- 
threshold method and the proposed method. The 
calculated TOF results prove that the proposed 
method is remarkably successful in suppressing the 
cycle-skip phenomenon. 
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