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Abstract 

Transport control and tracking systems allow to track the car position and other requested parameters (fuel consumption, speed, 
temperature etc.) over GSM networks. It is desirable to have ability to monitor the diesel fuel consumption using ultrasonic flow meter. 
It was suggested to use the transit time ultrasonic flow meter with beam and flow axes matched instead of conventional inclined 
ultrasound channel. The initial study carried out to estimate the feasibility of such device design is presented. 

Numerical experiments have been carried when estimation of the time of flight was accomplished using the direct correlation 
method combined with parabolic sub-sample interpolation. Signal energy, operation frequency and bandwidth, electronics noise, analog 
to digit converter (ADC) sampling speed and resolution were taken into account. 

System prototype has been designed for experimental investigation. System contains pulser, reception amplifiers, dual channel 
ADC with buffer memory and USB communication unit. Experiments with and without ultrasonic channel were carried out. It was 
concluded that under zero flow condition the transit time difference has 2,4 ps standard deviation and -0,29 ps average; virtual flow 
obtained has 0.4 .10-4  m/s standard deviation and 0.5 .10-5  m/s mean. 
Keywords: Ultrasonic transit time flow meter, time-of-flight estimation, ultrasound electronics, fuel consumption monitoring. 
 
 
Introduction 

With the rapid development of global navigation 
satellite systems (GNSS) and information and wireless 
communication technologies, the number of applications 
exploring the information of geographical position is 
expanding [1, 2]. Especially there is an increase of real 
time transport tracking systems [3, 4]. Started for shipping 
industries, tracking systems are used for solid and liquid 
waste collection process tracking and management, goods 
distribution, military and other areas. New generation of 
the systems is not just transmitting the position information 
over GSM networks in real time to the remote host but also 
adds vehicle speed, cabin and outdoor temperature, engine 
parameters, fuel consumption, remaining fuel level or even 
driver physiological status [5, 6]. To prevent the fuel theft 
by drivers it is desirable to have the ability to monitor the 
real time diesel fuel consumption using flow meter. The 
desired accuracy should be within 1 %. 

Flow meters of interest can be sorted into positive 
displacement; inferential, oscillatory, differential pressure, 
ultrasonic and mass flow meters [7, 8]. The differential 
pressure meter possess the following advantages: the 
measurement is based on the accurately measurable 
dimensions of the primary device, no necessity for direct 
flow calibration, excellent reliability, reasonable 
performance and modest cost seems to out weight the other 
methods. But their high permanent pressure head loss, poor 
accuracy (~ 3% typically), low turndown ratio (3:1 
typically) make them unsuitable for gasoline flow 
measurement (100:1 turndown) [7, 10].Today the most 
popular meter in transport tracking systems is the positive 
displacement meter [9, 11]. As of interferential (mostly 
presented by turbine meters) it is giving a way to ultrasonic 
and Coriolis meters due to the need for an on-site 

calibration to compensate for viscosity [7, 12]. But this 
type has the resistance to the flow path and consequently 
produces an unrecoverable pressure loss [7, 13]; also its 
precision is demanding clean flow, is susceptible to wear, 
therefore the positive displacement meters being are 
gradually being replaced by modern meters such as 
turbine, ultrasonic and Coriolis meters [7]. The Coriolis 
meter [14] measures mass flow directly and can provide 
the density also with a very high accuracy (better than 
±0.1 %). But it is subject to vibrations witch is the case in 
vehicle on the road. Thermal mass flow meters [15] seem 
very attractive but due to inertness of temperature sensors 
and thermal propagation speeds in liquids seem 
complicated. So, the ultrasonic flow meter seems the best 
solution [16, 17]. The initial study carried out to estimate 
the feasibility of such device design is presented. 

Requirements 
The aim is to carry the measurements in trucks, in 

which diesel engines are usually used. Fuel pump is taking 
the diesel from the fuel tank and delivers it to injection 
system. The injection system has its own compressor to 
increase the pressure in the injectors’ chamber (~50 bar). 
The fuel pump has a higher delivery rate than it is 
consumed by injectors. The excess fuel is returned back to 
the fuel tank through a reverse valve. The valve keeps 
0,7..1,4 bar pressure in order to avoid fuel gas chokes and 
ensure the necessary fuel amount delivery for the 
compressor. Such fuel circulation also ensures the cooling 
of pumps. The real fuel consumption is the difference 
between direct and return flows. Fuel consumption ranges 
from 3 l/h up to 120 l/h. Direct fuel flow rate is within 
10…200 l/h. The diameter of the hose is 8 mm; this equals 
to 50 mm2. Then the mean flow velocity is 0.05…1.1 m/s.  
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Depending on a channel geometry, liquid properties 
and flow speed the flow profile is changing. To predict the 
type of the flow present, use is made of the Reynolds 
number [30, 31]:  

 
νμ

ρ HH DVVD ⋅
==Re , (1) 

where ρ is the density of the fluid (kg/m³), V  is the mean 
fluid velocity (m/s), D  is the hydraulic diameter of the 
pipe (m), ν  is the kinematic viscosity (m2/s). The 
Reynolds number showed that the flow is laminar if Re is 
below 2000, transitional if Re=2000…4000 and turbulent 
above 4000. At laminar flow the fully developed velocity 
profile is parabolic: particles move in straight lines in a 
laminar manner with each fluid layer flowing smoothly 
with no mixing between the past adjacent layers. The fluid 
flow profile is described as a function of the distance r 
from the pipe axis ratio to the pipe radius R [10]:  
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At the center the speed Vr is twice the mean velocity V. 
We have approached the AB „ORLEN Lietuva“ fuel 

properties investigation laboratory and have obtained the 
kinematic viscosity values at various temperatures. These 
values later were used to calculate the Reynolds’ numbers 
relation to the temperature and the flow velocity range 
(Fig. 1).  
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Fig.1. Reynolds‘ number versus flow speed and temperature  

It can be concluded that at room temperatures the 
profile will always be laminar and only at elevated 
temperatures will turn into transitional. Assuming the 
laminar flow profile the maximum at pipe center will be 
0.1…2.2 m/s. This results in 25:1 turn-down ratio (1 %).  

The ultrasonic flow meter 
A few techniques can be used in ultrasonic metering: 

the Doppler shift [18], the pulse transit time alteration by 
flow [19-21], the sing-around frequency difference [22], 
the phase shift of two different frequencies signals [23], 
ultrasound propagation path properties modulation 
detection by two offset channels correlation [24].  

We consider the ultrasonic pulse transit time technique 
in this study: it has been well studied, will allow for full 
duplex of measurement channel with least complications.  

Assuming that the ultrasonic beam is matched with a 
flow axis, for signal to travel the distance L between 
ultrasonic transducers against the flow will take a longer 

time ToFup because the ultrasound propagation speed c will 
be counteracted by the flow velocity V [7, 8]: 

 
Vc

LToFup −
= . (3) 

The signal travel time ToFdn down the flow will be 
shorter because the ultrasound propagation speed will be 
increased by the same direction flow: 

 
Vc

LToFdn +
= . (4) 

Then the flow velocity can be obtained if the distance 
L and the transit times ToFup and ToFdn are available: 
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−
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2
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Usually the transit times are combined delay of the 
whole system [12, 13].  

At the maximum 200 l/h flow the mean velocity will 
be 1.1 m/s. Compared to the ultrasound velocity in diesel 
(1400 m/s) this is only 0.1% fraction. It was suggested to 
match the ultrasonic beam and flow axes instead of 
conventional inclined ultrasound channel (Fig. 2).  
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Fig.2. Suggested measuring chamber construction  

In such case flow interaction with the ultrasonic beam 
will be maximized. This arrangement will allow to 
combine the direct and return flow chamber, taking the 
differential flow directly. The idea is not new: we have 
located the patent by Siemens [16] published in 1983. 

Eq. 5 can be used to get the ToF influence on the V 
result. Sensitivity coefficients are obtained as partial 
derivatives: 
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Then, assuming that both transit times ToFup and ToFdn 
are almost equal (flow velocity is only 0.1%) and have the 
same variability, the deviation σToF in flow velocity value 
caused by deviation in ToF value  σt can be obtained  

 22
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⋅
=⋅⋅= σσκσ , (7) 

or, it can be reversed for ToF accuracy requirements: 

 
L

ToFup
Vt

22 ⋅
= σσ , (8) 

Again, assuming that the systematic errors can be 
compensated, then variability due to random ToF 
estimation errors is taken in further analysis. Then, for the 
ultrasound path length L 0.1 m required ToF errors should 
not exceed 40 ps the for minimum flow and 800 ps for the 
maximum. Taking the 95% confidence interval 20 ps ToF 
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estimation standard uncertainty for minimum flow and 
400 ps for maximum are required. 

Random errors of time of flight estimation 
The most important procedure in a transit time 

ultrasonic flow meter will be to determine the ultrasonic 
pulse time-of-flight (ToF). The best case would be to find 
the maximum of the matched filter output. The minimal 
random errors produced are defined by resolution in the 
temporal domain 

 
eFπ

δ
2

1
= , (9) 

where Fe is the effective bandwidth of the signal. The 
signal-to-noise ratio (SNR) at the matched filter output 
peak is given by 

 
0

2
N

ESNR = . (10) 

where E is the signal energy (Ws), N0 is the signal noise 
power density (W/Hz). Then minimal random errors that 
can be achieved by matched filter application are defined 
by the Cramer-Rao lower bound (CRLB) [25, 26]: 
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where E is the signal energy, Fe is the effective bandwidth 
of the signal. The signal sT(t) energy can be calculated as: 
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The effective bandwidth is given by 
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Eq. 11 can be reversed in order to evaluate whether such 
random errors as predicted by Eq. 8 are feasible by means 
of energy of received signal: 

 
( )( )2

0

4 eFTOF
NE

⋅⋅
≥

σπ
. (14) 

Assuming the 1 MHz effective bandwidth [28], 
2 nV/√Hz preamplifier total input noise density [33, 34] 
and 10 mV received signal amplitude [32], the effective 
signal duration must be 1.27 μs. Such duration can be 
easily achieved using non-complicated spread by phase 
manipulated sequence of 2-3 chips. If no spreading is 
assumed, with the same parameters required signal 
amplitude at reception should be 12mV. 

Use of the digital signal involves the quantization and 
sampling [27]. If the sampling frequency adhered the 
Nyquist criteria then subsample values can be obtained 
using the sinc function. Or, at the peak position (Fig. 3) the 
parabolic interpolation is sufficient [29].  

The peak positions m-1, m and m+1 can be used 
directly to find the parabolic equation for apex and ToF 
value is obtained directly: 
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The numerical simulation has been carried out in order 
to evaluate the influence of acquisition parameters on the 
TOF estimation performance. The signal has been 
simulated as CW with the Gaussian envelope and 
amplitude of unity. 
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Fig. 3. Parabolic interpolation for TOF estimation 

The 1 MHz center frequency and the 0.5 MHz 
bandwidth (-3 dB) transducer were assumed. The 
simulation has been carried out using MATLAB. Random 
errors of the ToF have been obtained by taking large 
number of runs (more than 1000) and obtaining the 
standard deviation of the ToF value estimated. The noise 
has been simulated using randn function. The SNR has 
been varied by changing the multiplier σ# of randn 
function. 

In order to investigate the sampling frequency 
influence on the ToF estimation the sampling frequency 
has been varied from 1 MHz to 100 MHz (Fig.4).  
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Fig. 4. The variance of TOF vs. sampling frequency 

It can be seen that there is notable change in the ToF 
uncertainty if the sampling frequency is above 10MHz.  

The carrier frequency has significant influence on the 
effective bandwidth [28]. This can be seen when analyzing 
Eq. 11 and 13: for narrowband signals the centroid of the 
signal spectral density f0 should prevail. The frequency f0 is 
actually a carrier frequency fc of the signal. The influence 
of the carrier frequency on the ToF estimation performance 
has been investigated through numerical experiment 
(Fig.5).  

It can be seen that the increase of the carrier frequency 
significantly improves the ToF estimation uncertainty. The 
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influence of the sampling frequency is negligible. Note the 
10 times oversampling points. Such conclusion might be 
confusing, but it should be kept in mind that a constant 
noise power density was kept here and the subsample 
interpolation using Eq. 13 was used. The bandwidth 
influence is rather weak: the bandwidth close to fc is 
making significant ToF errors reduction. Nevertheless, it is 
worth to increase the bandwidth since a larger bandwidth 
will allow resolution and peak detection reliability 
improvement. 
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Fig. 5. Random TOF errors vs. carrier frequency 

The quantization noise is related to the ADC resolution 
and has a direct impact on TOF variance [28]. The 
numerical simulation results are presented in Fig.6. 
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Fig. 6. Random TOF errors vs. ADC resolution 

It was concluded that there is no need for the ADC 
resolution increase beyond the circled points: further 
resolution increase is swamped by electronics noise and 
there is no uncertainty reduction. As reference, conditions 
satisfying the results obtained by Eq. 14 correspond to     
75 dB. It can be concluded that 10 bits then should be 
enough to satisfy the required uncertainty limits. The 
received signal strength assumed for Eq. 14 was quite 
pessimistic. In addition there is no need for momentary 
accuracy since some integration of the flow velocity will 
be done anyway. Besides, thanks to the matched beam and 
flow axes, ultrasonic beam will reside on velocity profile 
corresponding to the maximum speed. 

Preliminary experiments 
The experimental system for transducers excitation 

and simultaneous up-stream and down-stream signals 
acquisition has been developed (Fig. 7). The system 

contains pulser control logic (5 ns…2000 ns programmable 
duration), pulser output power stage with programmable 
high voltage (0 V…500 V) DC/DC regulated power 
supply, pulse expander, high bandwidth, high slew rate low 
noise amplifier with signal protection (+/- 0.5 V) and 
filtering circuits (0.5 MHz…30 MHz Butterworth 3-rd 
order), dual channel programmable sampling frequency 
(12.5 Ms/s, 25 Ms/s, 50 Ms/s and 100 Ms/s) 10 bit flash 
ADC with buffer memory and glue logic, high speed 
USB2 interface and data host PC used for collection, 
storage and processing of acquired data. 
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Fig. 7. Experimental system structure 

 
In order to estimate the errors introduced by the signal 

acquisition electronics the dry channel (no ultrasonic 
transducers, no measuring chamber) experiment has been 
carried out. The pulser control logic output was connected 
to the ADC directly via 20 dB, 30 dB and 40 dB 
attenuator. The signals recorded were filtered using 
matched filter: the first signal from the record was stored 
as the reference and the rest used for cross correlation 
processing. 

The sampling frequency used was 100 Ms/s and 
12.5 Ms/s. Measurements were repeated 1000 times. The 
results of ToF estimation (parabolic subsample 
interpolation) were used for experiment standard deviation 
and mean calculation. The experiments (Fig.8) indicate, 
that at 20 dB attenuation the standard deviation was 5,4 ps. 
This is below 20 ps ToF estimation standard uncertainty 
required for the projected performance achievement. 

Deviation from Fig.4 results here is because there was 
no antialiasing filter used at all. The ADC used has 300 
MHz bandwidth. The noise energy from 300MHz 
bandwidth was distributed over 50 MHz bandwidth (first 
Nyquist zone) for 100 Ms/s case and over 6.25 MHz 
bandwidth for 12.5 Ms/s case. Therefore noise aliasing for 
a lower sampling rate was eight times higher. 
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Another experiment was aiming to evaluate the whole 
electronics influence. The output of the high voltage 
generator was supplied directly into the amplifier’s input. 
The sampling frequency was 100 Ms/s, 100000 
measurements were carried out at 1 Hz pulse repetition 
frequency. Both channels were sending the excitation 
signals and receiving simultaneously. The low level 10 V, 
excitation signal was used with duration 120 ns. The 
excitation generator was used for both channels, separation 
was through two parallel opposite connected ES1P diode 
pairs, and coaxial cables used had similar lengths. Fig. 9 
shows the signal on ADC (red-Channel 1, blue-channel 2), 
Fig.10 presents the correlation function. 
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Fig. 9. Experimental signals on ADC 

The signals recorded were filtered using the matched 
filter: the first signal from the record was stored as the 
reference and the rest used for cross correlation processing. 
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Fig. 10. Experimental signals’ correlation function 

It was concluded that there is trend in the  ToF in both 
channels which was attributed to the filters present in the 
reception channel. The obtained results for channel 1 and 
channel 2 ToF were used to calculate the difference. There 
was little remaining trend in ToF difference: the 
experimental standard deviation was 13 ps, mean value 
was -6.9 ps.  

The last experiment was aiming to evaluate the 
ultrasonic transducers and electronics total influence. Two 
ultrasonic 1 MHz transducers were placed at 50 mm 
distance in distilled water. High voltage pulser signals 
were delivered to both transducers simultaneously. 
Separation was achieved by use of pulse expanders: two 
parallel opposite connected ES1P diode pairs.  

There are two ways to obtain the ToF value: 
correlation is obtained between the excitation signal’s 
signature and the opposite channel’s propagated signal; or 
the same channel excitation signal signature and the 
propagated signal. Two techniques will differ in which 
delays are eliminated from the velocity calculation. After 
combination with Eq. 5 in the first case delays from the 
reception channel remain; in the second case delays of 
transmission channel remain. If the generator part of errors 
is prevailing, then it is recommended to use the first 
technique (opposite channels signatures). If the amplifier 
(reception) channel has larger errors then the second 
technique is preferred (same channel). 

Experiments processed using the first technique 
(opposite channels) have showed that the experimental 
standard deviation was 113 ps, the mean value was − 
536 ps, the obtained virtual (actually it was zero) velocity 
of the flow was 0.0090 m/s with the standard deviation 
0.0019 m/s. We would like to remind that the mean flow 
velocity will be changing from 0.05 m/s at 10 l/h to 1.1 m/s 
at 200 l/h.  

Experiments processed using the second technique 
(same channel) indicated 2,4 ps experimental standard 
deviation and -0,29 ps mean value; “zero” velocity of the 
flow was 0.0000049 m/s with the standard deviation 
0.0000049 m/s. At the pipe axis (if laminar flow) velocity 
is 0.1 m/s at 10 l/h. The results indicate that the ultrasonic 
transit time flow meter with the parameters used in initial 
study is feasible. 
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Conclusions 

Numerical and prototype experiments were aimed to 
investigate whether the ultrasonic transit time flow meter 
for 0.05…1.1 m/s mean flow velocity at 1% expanded 
uncertainty is feasible. Investigation results indicate that 
under zero flow condition the transit time difference has 
2,4 ps standard deviation and -0,29 ps average; virtual flow 
obtained has 0.00004 m/s standard deviation and 
0.000005m/s mean. Such results make ground that 
ultrasonic transit time flow meter with parameters used in 
initial study is feasible. 
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Pradinė ultragarsinio impulsinio dyzelino srauto matuoklio analizė 

Reziumė 

Transporto kontrolės ir sekimo moduliuose transporto priemonės 
koordinatės ir vartotojo pageidaujami išmatuoti parametrai (kuro 
suvartojimas, tachometro rodmenys, temperatūra ir t. t.) perduodami 
GSM tinklais. Pageidaujama turėti galimybę registruoti momentines kuro 
sąnaudas naudojant ultragarsinį dyzelino srauto matuoklį. Pasiūlytas 
impulsinis srauto nustatymo būdas, kai naudojamas ne įstrižas matavimo 
spindulys, kaip įprasta, bet ultragarso spindulys ir srautas sutapatinamas, 
leidžiant ultragarsą išilgai srauto. Siekiant nustatyti tokio įrenginio 
sukūrimo galimybes, atlikta pradinė analizė, taip pat skaitiniai 
eksperimentai signalo sklidimo laiko įverčiui gauti tiesioginės koreliacijos 
metodu, naudojant parabolinės interpoliacijos laiko patikslinimą. Įvertinta 
zondavimo signalo energijos, darbo dažnio, elektronikos triukšmų, 
skaitmeninio analogo keitiklio taktavimo dažnio ir skyros įtaka. 

Eksperimentams atlikti suprojektuotas tokios sistemos prototipas. 
Sistemą sudaro impulsų generatorius, priėmimo stiprintuvai, dviejų 
kanalų 100 Ms/s skaitmeniniai analogo keitikliai su buferine atmintimi ir 
ryšio su USB sąsaja modulis. Atlikti eksperimentai be ultragarsinio 
kanalo ir su ultragarsiniu kanalu. Nustatyta, kad nesant srauto 
eksperimentinė standartinė deviacija skirtuminiam pralėkimo laikui yra 
2,4 ps ir vidurkis yra -0,29 ps. Gautas tariamasis srauto greitis kinta esant 
0,00004 m/s standartinei deviacijai ir 0,000005 m/s vidurkiui.  
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