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Abstract

The transition toward modern smart gas metering is being modelled by the Mea-

suring Instruments Directive (MID). This thesis details the development of a TDC-

based (Time-to-Digital Converter) ultrasonic gas flow sensor, starting from an in-

depth comparative analysis of current commercial state-of-the-art solutions.

Central to this work is a custom hardware architecture featuring an optimized single-

path, V-shaped conduit with a 65◦ incidence angle. This specific geometry is de-

signed to match a balance: maximizing Differential Time-of-Flight (DToF) sensitiv-

ity while avoiding lateral beam deviation and signal attenuation. By operating at a

transducer frequency of 500 kHz, combined with a Split Burst excitation technique

and a Programmable Gain Amplifier (PGA), the system achieves picosecond-level

temporal resolution and robust immunity to Cycle Slip phenomena without heavy

computational loads.

To further optimize metrological stability, an adaptive filter was developed for sig-

nal processing that merges the zero-flow stability of a Kalman filter with the rapid

step-response of an Improved Weighted Recursive Filter (IWRF).

Experimental validation on a certified test bench demonstrates that the prototype is

comparable with the current commercial standards. Thanks to mechanical and hard-

ware precision, a simple two-parameter linear calibration was sufficient to confine

the percentage error between -1.04% and +1.16%, safely within the strict Maximum

Permissible Error (MPE) limits required by MID Class 1.5.

Finally, the optimized hardware-firmware co-design achieves an ultra-low power

consumption of approximately 20µA, confirming its suitability for battery-powered

smart meters.
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1. Introduction

Gas flow measurement is applied in a wide range of sectors, from residential natural

gas distribution to industrial process control, to critical safety and energy monitoring

applications. In recent years, technological advances and new national rules have

pushed a progressive shift from traditional mechanical meters to static solutions

(with no moving parts) that offer superior reliability, virtually eliminating wearing

and ensuring long-term stable metrological performance.

With the widespread implementation of smart metering systems, the requirements

placed on a gas meter have become extremely stringent, not only accuracy and

long-term stability are expected, but also extremely low power consumption, self-

diagnostic capability, remote communication, and intrinsic robustness to variations

in temperature, in pressure, and in the chemical composition of the gas.

When looking at the range of available technologies, classification is typically based

on the physical principle used for detection, the main types include volumetric

flowmeters, differential pressure meters, vortex flowmeters, thermo-mass flowmeters,

and ultrasonic flowmeters. Each approach brings specific advantages and limitations

regarding accuracy, dynamic measurement range, pressure drop induced in the sys-

tem, and overall construction complexity. For example, industry requires robustness

for high flow rates, while the domestic sector focuses on compactness and energy

efficiency.

An aspect that cannot be neglected, especially when measuring for billing and trade

purposes, is compliance with international regulatory requirements. In Europe, the

reference point is the MID (Measuring Instruments Directive), which defines the

accuracy classes, the maximum permissible error (MPE) limits, and the repeatabil-

ity criteria that the instrument must guarantee throughout its operational lifetime.

Compliance with these standards is not only a legal requirement, but also a guar-

antee of economic fairness between supplier and end consumer.
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1.1 MID Directive

The international regulatory requirements for gas meters in the EU is Directive

2014/32/EU, commonly known as MID (Measuring Instruments Directive).

For gas meters and volume conversion devices, the specific requirements are detailed

in Annex IV (MI-002) of the directive. The regulation defines the flow sensor require-

ments, which concern not only measurement accuracy within the defined accuracy

classes (Class 1.0 and 1.5 for residential and commercial use), but also long-term

stability, resistance to external influences (electromagnetic, climatic, and mechani-

cal), and protection toward software and hardware tampering [12].

The document defines the critical parameter that determines the accuracy of the

instrument:

Table 1.1: MID parameter definition
Minimum flow rate (Qmin) The minimum flow rate at which the gas meter

provides indications that satisfy the requirements
regarding maximum permissible error.

Maximum flow rate (Qmax) The maximum flow rate at which the gas meter
provides indications that satisfy the requirements
regarding maximum permissible error.

Transitional flow rate (Qt) The transitional flow rate is the flow rate value oc-
curring between the maximum and minimum flow
rates, where the flow rate range is divided into
two zones, the "upper zone" and the "lower zone".
Each zone has a characteristic maximum permis-
sible error.

Overload flow rate (Qr) The overload flow rate is the highest flow rate at
which the meter can operate for a short period of
time without deteriorating.

Base conditions The specific conditions to which the measured
quantity of fluid is converted.

The normative, for the devices intended to be used for use residential, commercial

and light industry, define two classes:

• Class 1.5 that includes domestic and residential meters (typically sizes G4 and

G6).

• Class 1.0 that includes larger meters, used in industrial environmental or for

large commercial applications (typically G10 and above)

The manufacturer must also specify the instrument’s nominal operating condi-

tions, taking into account the following elements:
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• The gas flow range shall at least satisfy the following conditions:

Table 1.2: Gas flow ranges
Classe Qmax/Qmin Qmax/Qt Qr/Qmax

1,5 ≥ 150 ≥ 10 1,2
1,0 ≥ 20 ≥ 5 1,2

• The temperature range of the gas, with a minimum range of 40 °C.

• The instrument shall be designed for the range of gasses and the range of de-

livery pressures in the country of destination. In particular, the manufacturer

must indicate the family or group to which the gas belongs and the maximum

operating pressure.

• A minimum thermal range of 50 °C with respect to the climatic environment.

The sensor must ensure compliance with the Maximum Permissible Errors (MPE)

defined as the deviation between the measured value of the test instrument (Vmis)

and the reference volume considered "true" (Vref), provided by a certified calibra-

tion bench or a master meter.

The analytical formula for calculating the percentage error (E%) is as follows:

E% =
Vmis − Vrif

Vrif

× 100 (1.1)

This error must remain within a tolerance band that varies depending on the oper-

ating range and the instrument’s accuracy class.

The error curve is divided into two operating zones based on the flow rate Q (Table

1.3):

• The zone between Qmin and Qt (excluded) where the fluid dynamic conditions

are more unstable and the signal-to-noise ratio of the sensor is lower.

• The Nominal zone, between Qt and Qmax where there is the normal operating

in which maximum precision is required.

Table 1.3: Maximum Permitted Errors
Classe 1,5 1,0

Qmin ≤ Q < Qt 3 % 2 %
Qt ≤ Q ≤ Qmax 1,5 % 1 %

9



Finally, the legislation also defines the characteristics related to electromagnetic

immunity, durability, and power supply (which guaranties use in the event of a

blackout if connected to the grid or guaranties a minimum lifetime of 5 years in the

case of battery powered) [12].

1.2 Technology Comparison

Among the predominant technologies for gas flow measurement, two differ in impor-

tance and diffusion: thermal dispersion mass meters (thermomassive) and ultrasonic

meters [10, 17].

The operating principle of thermomassive meters is based on the heat transfer

laws of a moving fluid. The typical sensor architecture involves the use of two

thermometric resistors, the first measures the actual temperature of the fluid acting

as a reference, while the second is electrically heated in order to maintain a constant

temperature difference compared to the first. When the gas flows through the pipe,

the fluid molecules remove a specific amount of heat from the heated sensor by

forced thermal convection, the electrical current necessary to compensate for this

dispersion and keep the thermal jump constant is directly proportional to the mass

flow rate of the gas. This principle exploits an intrinsic property of the gas, such

as its specific heat at constant pressure (cp) which determines the capacity of the

molecules to absorb heat [1, 6].

Figure 1.1: Thermomassive technology

As for ultrasonic sensors, there are two main variants: Doppler effect meters and

transit time (ToF) meters. Since Doppler meters require the presence of particles or

bubbles to reflect the acoustic signal, in the natural gas sector ToF meters are used

exclusively, in which a pair of piezoelectric transducers (or multiple in a multi-path
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configuration) are mounted with a certain angle θ which respects to the flow axis.

The transducers alternately emit acoustic pulses upstream and downstream, the

acoustic wave that travels in the same direction of the flow is accelerated, while the

one traveling in the opposite direction is slowed down. Through a rigorous physical-

mathematical model, it is possible to derive the gas velocity (v) as a function of the

upstream (tup) and downstream (tdown) ToFs, the acoustic path length (L) and the

incidence angle (θ) [5, 6], as will be subsequently discussed in paragraph 2.1.

Figure 1.2: Ultrasonic technology

A fundamental divergence between the two technologies regards the nature of

the variable directly extrapolated from the sensor. The thermomassive is a direct

mass measurement instrument, this provides the advantage of not requiring com-

pensation calculations for temperature or pressure fluctuations in order to obtain

the transferred mass value. On the contrary, the ultrasonic ToF calculates the av-

erage gas velocity and then derives the instantaneous volumetric flow rate at the

actual operating conditions, since the gas is a highly compressible fluid, for billing

purposes or for standardized gas measurement (Sm3), the meter must be coupled

with temperature and pressure sensors, to convert the measured volume into the

volume in Base conditions [1, 17].

The two technologies are designed to satisfy different fluid dynamic requirements

and precision needs. Thermomassive meters offer an intrinsic high sensitivity at low

flow rates, they offer an extremely wide measurement range (turndown ratio) up

to even 1000:1, but their relative accuracy is generally positioned on average val-

ues (often between 1% and 2% of the reading). On the contrary, ToF ultrasonic

meters reach a higher degree of precision, ensuring uncertainties that can reach be-

tween ±0.5% and ±0.1%. However, the critical limit of the ultrasonic technology

is detecting extremely reduced ToF differences at low flow rates since the differ-

ence between tup and tdown goes into the order of picoseconds. Consequently, while

guaranteeing very high precision, ultrasonic systems require a more complex signal
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processing compared to the thermal counterpart [1, 2].

1.2.1 Robustness to Gas Composition Variations and Hydro-

gen Blending

The resistance of the two meters to the chemical fluctuations of the transported gas

highlights the most important objective disparity. Modern challenges, such as the

blending of hydrogen within natural gas distribution networks for decarbonization

purposes, profoundly alter density, specific heat, and thermal conductivity.

Ultrasonic technology is mathematically independent from the speed of sound in

the medium, consequently, abrupt variations in the gas mixture do not directly

affect the determination of the flow velocity. Field studies demonstrate that the

metrological errors of ultrasonic instruments remain almost unchanged also in the

presence of H2NG mixtures with hydrogen up to 23% by volume, once this threshold

is exceeded, the sensor can no longer process the signal because hydrogen has a speed

of sound approximately 3.7 times higher than that of air or methane, consequently,

as hydrogen is injected, the speed of sound of the mixture increases until it exceeds

the maximum limit of hardware design. Furthermore, an advantage of ultrasounds

is the ability to inversely calculate the speed of sound in real time, making it possible

to deduce gas alterations or the presence of contaminations.

In the case of thermomassive measurement, since the principle is crucially based

on the thermal absorption of the fluid, the original calibration of the instrument is

strongly dependent to a chemically specific gas (its specific heat (cp) and its thermal

conductivity (λ)). In the presence of hydrogen, which has a thermal conductivity

three times higher than air or methane, the heat transfer is massively modified,

experimental tests show that the measurement maintains metrological conformity

only if the hydrogen fraction does not exceed 2%, with mixtures containing 23% of

hydrogen, the alteration of the thermophysical profile brings the weighted mean error

(WME) up to 15.8% in the worst cases. Although modern sensors and predictive

algorithms attempt to mitigate these discrepancies, the use of thermal meters in

networks with a highly unstable or heterogeneous chemical composition remains

problematic if not strictly calibrated for the specific mixture [13].
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2. Fundamental Principles

The ultrasonic sensors differs from mechanical technology, that depends on kinetic

energy of the flux, or from thermomassive technology, that depends on thermal prop-

erty of the gas, the ultrasonic method is based on a Time of Flight (Transit-Time),

it is derived from the variation of velocity that an ultrasonic wave ensures where

across a flux in moving. The wave that travels in the flux direction (downstream)

is accelerated by the flux velocity, while the wave that travels in the opposite way

of the flux (upstream) is slowed down.

In this chapter we will see a physical-mathematical model that relates the Time-of-

flight (ToF) with the average flux velocity.

2.1 Transit-Time Measure

The function of the sensor is based on the Differential Time-of-Flight (DToF ) method.

The physical concept is that the propagation velocity of an acoustic wave in a moving

fluid is the vector sum of the speed of sound in the static medium (c) and the

component of the fluid velocity (v) projected along the direction of propagation.

In an ultrasonic system, two transducers (A and B) alternatively works as emitter

and receiver, the ultrasonic wave traveling in the direction of flow (downstream) is

accelerated by the gas velocity, while the wave traveling in the opposite direction

(upstream) is slowed down.

2.1.1 Time of Flight derivation

As mentioned above the propagation velocity is the vector sum of the sound of

velocity in a static medium (c) and the component of the fluid velocity (v) along

the path, we can write:

cup = c− v cos θ (2.1)

cdown = c+ v cos θ (2.2)
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Figure 2.1: Schematic diagram of the principle of time-difference method

As a consequence, the absolute value of ToF is given by the equations 2.3 and 2.4,

where L is the length of the ultrasonic path, c is the velocity of sound in the medium,

v is the flow velocity, and θ is the angle of incidence:

tup =
L

c− v cos θ
(2.3)

tdown =
L

c+ v cos θ
(2.4)

2.1.2 Flux velocity derivation

One of the main advantages of the DToF technique is the deletion of the dependence

on the speed of sound c, making the measurement robust to changes in gas composi-

tion. Combining equations 2.3 and 2.4 we can define the gas velocity v as a function

of the measured times:

v =
L

2 · cos(θ)
·

(

1

tdown

−
1

tup

)

(2.5)

The equation 2.5 shows that the velocity is independent from the sound velocity

(c) of the medium and so this implies that the velocity is not directly influenced by

the gas composition.

2.1.3 Derivation of volumetric flow rate

The velocity (v) obtained in the equation 2.5 represent the average velocity along

the ultrasonic path, but, the flux in the pipe can be laminar or turbulent modifying

the velocity profile making the velocity along the ultrasonic path different from the

average velocity along the overall tube, for this reason an hydrodynamics correction

14



factor1 (k or Kp) must be applied. To obtain the instant volumetric flow rate (Q)

is obtained by multiply the velocity for the transversal section (S) of the tube:

Q = k · S · v (2.6)

2.2 Thermodynamic Dependence

While the equation 2.5 deletes the sound velocity (c) dependence in the calculation

of the velocity flux (v), the tacking of c is fundamental. From the ToF measurements

the system can derive the sound velocity cmeans in the medium [14]:

cmeans =
L

2
· (

1

tup
+

1

tdown

) (2.7)

For an ideal gas, the theoretical sound velocity depends on temperature (T) and

molar composition following the Newton-Laplace equation:

ctheo =

√

γ ·R · T

M
(2.8)

From the comparison between cmeans and ctheo is possible to know if there are

contamination in the fluid watching if the measured sound velocity significantly dif-

fers from the theoretical one for the gas at a given temperature [16].

Another parameter that affects the measured value is the pressure; in fact, the

gas is a compressible fluid and so the quantity of matter (in number of moles) and

so the energy content present in a cubic meter of gas varies, in order to obtain

a measure that represents the effective mass of gas transported it is necessary to

normalize the measured volume to standardized reference conditions [12].

In order to obtain a base volume (Vb) from the measured volume (Vm) is necessary

convert the parameter following the relation:

Vb = Vm ·
Pmis

Pb

·
Tb

Tmis

·
Zb

Zmis

(2.9)

where Pmis and Tmis are the Pressure and Temperature measured to the operating

condition, Pb and Tb are the base pressure and the base temperature (1013.25hPa

and 288.15K), Zmis and Zb are the gas compressibility factors at measured and base

conditions. In a domestic gasmeter the preassures are low (few mbars) and so the

1The correction factor k depends by the Reynolds number (Re) and from the flux profile,
typically k=0.75 for laminar regime and k=0.95 for turbulent regime

15



impact of Zb/Zmis can be assumed equal to one (Z ≈ 1), but becomes essential in

industrial applications [11].
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3. Mechanical design

The accuracy, the sensitivity, and the energy consumption of an ultrasonic gas flow

meter based on time-of-flight (ToF) depends, in critical way, on the mechanical

propagation and spatial position of the ultrasonic transducers. The topology choice

defines the interaction between the ultrasonic wave and the fluid, determining the

main performances of the system before that the signal is elaborated [14].

3.1 Single-path and Multi-path

The first fundamental classification in ultrasonic flow sensor design concerns the

number of transducers used to calculate the ToF.

In a multi-path system, multiple pairs of ultrasonic transducers are used to mea-

sure gas velocity along different directions of the pipe cross-section. Therefore, the

multi-path design offers high accuracy in compensating for flow noise, making it use-

ful for industrial applications. However, they have higher hardware costs, greater

mathematical complexity, and higher power consumption, making them an oversized

solution for low-power devices [20].

On the other hand, the single-path topology uses a single pair of transducers, the

ultrasonic wave travels through the pipe along a single defined path, however, opti-

mizind of the duct shape and wave reflection geometry becomes crucial to have high

accuracy and low noise. You can see the two system paths in the figure 3.1.

Figure 3.1: Single and Multi path
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Figure 3.2: V W and Z shaped

3.2 Clamp-on

In the single-path system there are several way to arrange the transducers, which

can lead to different configuration, some examples are the V-shaped, the Z-shaped

and the W-shaped. An overview of this mounting is shown in figure 3.2 [9].

• Z-shaped: the transducers are mounted on the opposite side of the tube and

the ultrasonic wave across the fluid in direct line, the wave moves on a distance

equal to the distance of the transducers.

• V-shaped: both transducers are placed on the same side, the ultrasonic wave

is emitted across the fluid and bounces one time on opposite face and go on

the other transducer, this allows the waves to move on a distance higher than

the physical distance of the transducers.

• W-shaped: the ultrasonic wave suffers multiple reflection (typically 3) on the

face of the tube before to go to the receiver; it is used is a very thin tube to

maximize the path length.

3.3 Topology Selection

An analysis of experimental tests shows that the design based on a Z-shaped has an

uncertainty higher risk than the V-shaped, particularly at high flows, due to a higher

deviation of the ultrasonic wave and on negative incidence angular as you can see in

figure 3.3 where different V-shaped and Z-shaped are compared [14]. However, the

W-shaped theoretically maximizes the ∆t increasing the length but every reflection

gives a loss of energy [21].

The V-shape offers a series of advantages, in the first place, this architecture

has an intrinsic capacity in noise compensation due to fluid dynamics, in fact, the

velocity profile in a pipe is not uniform due to turbolence. Since the V-shape has a

double crossing of the tube section, the ultrasonic wave propagates along specular
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paths, allowing a self-compensation of transversal deviations or disturbances. In the

second place, in parity of diameter, the V-shape doubles the length of the acustic

path (L) with respect to the Z-shape. A higher L means a higher interaction between

ultrasonic wave and the flow of gas, increasing proportionality the difference between

measurable ToF increasing the accuracy at low flux, so it increases the Signal-to-

Noise Ratio (SNR) [14].

The mathematical core of mechanical sizing is the balance (trade-off) between

the incidence angle (θ), the acoustic length (L) and trasversal section of the tube

(S). From these three parameter depends the mechanical uncertainty of the mea-

surement.

Modifying the transversal section (S) returns different fluid velocities (v) for the

same volumetric flow rate (Q), since v=Q/S. If S is reduced, v increases, which

improves the resolution at low flow rates. However, if v becomes too high, the ultra-

sonic beam suffers a larger lateral deviation (it is physically shifted downstream by

the moving gas). This deviation is a parasitic effect that causes asymmetric signal

attenuation and different ADC signal levels between the upstream and downstream

directions, increasing the measurement uncertainty.

Modifying the acoustic length (L) it have a different value of DToF (DToF ∝ L·v·cos θ
c2

,

where c is the sound velocity), an higher L means an higher DToF and it increase the

sensitivity, increase the resolution at low flux but increases the signal attenuation

and increase also the deviation of the beam.

Modifying the incidence angle (θ) also change the DToF (DToF ∝ v cos θ), if θ increase

cos θ decrease, and so DToF decrease and it have a lower sensitivity but it have a

more compact route and lower sensitivity to lateral deviation of the beam [14].

Table 3.1: Geometrical and performance parameters of the analyzed designs in [14]
Design L(mm) W(mm) H(mm) S(mm2) θ(◦) Min.DToF(ns) Max.v(m/s)

V1 73.8 9.9 19.2 190.55 45 51.71 10.50
V2 61.1 8.3 23.6 194.75 65 25.04 10.27
V3 58.8 8.5 22.3 189.49 67 22.90 10.55
V4 54.7 10.2 19.1 195.30 63 24.00 10.24
V5 63.4 8.1 23.7 191.13 65 26.48 10.46
V6 58.6 9.1 22.5 203.39 65 23.00 9.83
V7 56.6 8.1 20.7 166.32 65 27.17 12.02
Z1 54.8 5.0 36.0 180.21 60 28.72 11.10
Z2 50.1 6.3 30.6 192.98 58 25.96 10.36

Another mechanical choice that affects the uncertainty is due to the separation

plates for flow stabilization purposes, the figure 3.4 shows the uncertainty achieved
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Figure 3.3: Uncertainty by shape analyzed in [14]

with a V design with and without lamination (V2 that has L=61.1mm, W = 8.3mm,

H=23.6mm, S=194.75, and θ = 65◦).

Figure 3.4: Uncertainty achieved with and without lamination analyzed in [14]

3.4 Transducer Frequency Selection

The frequency choice for transducers is typically in the 200 kHz - 500 kHz range;

this frequency band represents the optimal trade-off between signal attenuation and

timing precision for gas applications. Higher frequencies (in the MHz range, usually

adopted for liquid meters) suffer from excessive acoustic attenuation in gases. On

the contrary, lower frequencies exhibit a slower slew rate at the zero-crossing point

increasing the timing uncertainty in the case of TDC (Time-to-Digital) architecture

as we will see in chapter 4.1.
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In gases, the ultrasonic attenuation increases quadrically with frequency (αatt ∝

f 2), experimental data shows that in air the attenuation is more or less 42.7 dB/m

@ 200kHz and 44.8 dB/m @ 500kHz, and this difference amplifies in a real gas

media(e.g. methane), as a consequence a 200kHz system has a greater received sig-

nal amplitude, ensuring in lower gain in amplifies stage (ensuring also lower power

consumption) and with a higher SNR. Another advantage of 200kHz regards the

zero-flow drift (800ps @ 200kHz vs 1200ps @ 500kHz), allowing to 200kHz to have

a lower threshold of minimum detectable flux (i.e 1.3L/h @ 200kHz vs 2.1L/h @

500kHz), providing an higher accuracy at low flux without using complex compen-

sation algorithms [14].

On the other hand, a 500kHz signal have a period of only 2µs, which respects 5µs

of 200kHz, this entails into a significantly steeper signal slope (slew rate) in the

point in which the signal across the zero, this higher slope allow the detecting of

Zero-Cross Detection higher robust to the SNR, allowing to TDC to obtain a time

resolution of picoseconds.
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4. ToF Detection Algorithms

The signal transmitted by the ultrasonic wave, after propagating through the fluid

medium, reaches the receiving transducer with a very low amplitude (often in the

order of tens of millivolts) and high noise interference, which is why ToF detection

algorithms play a fundamental role in defining the final quality of the measurement

[8].

Figure 4.1: Transmitted and received signal

The main two methods to extract ToF in a transit time-based gas flow sensor are

based on:

• time-to-digital (TDC), based on the threshold and zero crossing detection of

the received signal

• analog-to-digital (ADC), based on the capture of the whole received waveform

4.1 Time-to-Digital Converter

The simplest way to deduce a ToF measure by a TDC is by the threshold detection.

The measurements beings when the signal is transmitted and ends when the received

echo signal first exceeds the threshold point.

However, according to acoustic energy formula, the ultrasonic sound energy density
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is:

E =
ρ · c · ω2 · A2

2
(4.1)

where E represents the sound energy density, ρ is the medium density, c is the ul-

trasonic speed, ω is the ultrasonic frequency, and A is the ultrasonic amplitude.

Variuos factor such as impurities, uneven distribution of velocity fields, and changes

in temperature and pressure can cause variation in ultrasonic energy attenuation

resulting in a decrease in amplitude of the echo signal [15,23].

If the amplitude variations is relatively small could lead in a phenomenon called

Amplitude-dependent time walk. Mathematically, the ultrasonic signal received near

the first wavefront can be approximated as a sine wave (V (t) = A ·sin(2πft), where

A is the maximum amplitude and is dependent on the gas attenuation and f is the

resonant frequency of the transducer that is a constant). The rate at which the

signal grows over time, called Slew Rate (SR), is defined by the first derivative of

the voltage with respect to time and so it have its maximum value when the slope

across the zero (cos(2πft) = 1) demonstrating that the slope of the signal is directly

proportional to its amplitude (since f is constant):

SRmax = A · 2πf (4.2)

To free time measurement from amplitude fluctuations the Zero-Crossing Detection

technique can be applied. With this technique the time measurement ends when the

wave equation is equal to zero (A · sin(2πft) = 0), so when the sin argument is an

integer multiple of π. The time instant in which the wave crosses zero depends only

on f of the transducer and the wave phase, resulting mathematically independent of

SR variations and therefore independent of amplitude (A), a graphical representation

of the threshold and zero-crossing can be seen in Figure 4.2.

Instead, if the amplitude attenuation variation due by gas condition is relatively

high, the waves could not reach the threshold amplitude with the same peak, leading

in a critical issue called Cycle Slip, as you can see in figure 4.3. In this case the

system will be affected from ad error equal to an entire period (T = 1/f) totally

variates the flux measure, to solve this issue a Dynamic Threshold is applied, figure

4.4 [25].

The main advantage of TDC is the low energy consumption because it is not a

continuous sampling, but the circuit wakes up only in the microseconds required for

signal emission and reception. Another two advantages are the low computational

load, allowing to MCU to do only simple opreations staying in sleep mode for most
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Figure 4.2: TDC method

of the time (the latency between receiving the signal and obtaining the data is

practically zero, allowing the system to return to "deep sleep" almost instantly),

and the costs, due to a simple architecture. Moreover, modern TDC chips allow to

measure the time intervals with a resolution in the order of picoseconds, to obtain

this result with an ADC it is mandatory to use very high sampling frequency.

4.1.1 Dynamic Threshold Adjustment Method

This approach is divided into two sequential phases: the definition of a reference

value via a weighted recursive filter (which will be explained in the chapter 5.2.2)

and the subsequent feedback adjustment of the threshold voltage [25].

Once a reliable filtered value y[n] is obtained, the system performs a feedback

check by comparing the latter with a group of N historical measurements xi. The

goal is to understand whether the current voltage threshold is locking on the correct

wave peak, or whether, due to signal attenuation or amplification, it is detecting an

earlier or later peak.

The algorithm calculates two counters:

• R: The number of times the measured value is greater than the filtered value

(xi > y), indicating that the threshold captured a peak late with respect to

the target.

• F : The number of times the measured value is less than or equal to the filtered
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Figure 4.3: Cycle Slip phenomena

Figure 4.4: Dynamic threshold

value, indicating early detection.

By defining the error as E = R− F , the threshold update follows these decision

rules:

1. If |E| ≤ N/2, the error distribution is balanced. This indicates that the thresh-

old is correctly centered on the characteristic peak and is kept unchanged.

2. If E > N/2, the system is predominantly detecting peaks after the target.

This is an indicator of a decrease in signal amplitude (e.g. due to an increase

in flow rate), making it necessary to lower the threshold level.

3. If E < −N/2, the system is capturing earlier peaks. The amplitude of the

target is increased and the threshold must be raised to avoid early false triggers.

To prevent instability at very low flows or in the presence of impurities, the

entire dynamic compensation algorithm is activated only when the flow rate exceeds

a minimum safety value Qs [25].
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4.2 Analog-to-Digital Converter

The ADC digitizes the entire received acoustic waveform. To obtain a high time

resolution, the signal is typically oversampled at frequencies range from 4 MHz to

16 MHz. Having a complete digital representation of the signal allows at the appli-

cation to have versatile mathematical algorithms, enabling two different approach

analysis: the extraction of the absolute ToF or the direct calculation of their differ-

ence (∆t) [24].

First, the absolute ToF (tup and tdown) can be calculated by applying digital thresh-

old or envelope detection algorithms to the sampled array. This software-based

approach mimics the logic of a TDC but offers greater immunity to noise, providing

the absolute temporal values often required by the flow velocity equations.

Second, to obtain an extremely precise time difference, it calculate the ∆t directly

by applying a cross-correlation algorithm. This algorithm calculates the cross-

correlation function R12(τ) between the downstream acquired segment (x1(t)) and

the upstream acquired segment (x2(t)):

R12(τ) =

∫ T/2

−T/2

x1(t) x2(t+ τ) dt (4.3)

Where the time delay τ is equal to (∆t), the Cross-Correlation function reach its

maximum value, as shown in Figure 4.6 [14, 18].

Comparative studies [14] demonstrate that the ADC-based method offers higher

accuracy and greater robustness against noise than TDC, especially at high flow

rates, since it uses the global properties of the wave and not a single point. How-

ever, it involves significantly higher power consumption and requires computational

resources not compatible with ultra-low power microcontrollers (MCU) [25].

However, similarly to TDC systems, if the signals suffers an high deformation trav-

elling across the gas the cross-correlation algorithms can be confused between two

near peaks resulting in a Cycle Slip, a way to prevent this situation is using the

Hilbert Transform (HT).

From a mathematical point of view, the application of this transform to a real signal

x(t) is defined by the following integral:

x̃(t) = H[x(t)] =
1

π

∫

∞

−∞

x(u)

t− u
du (4.4)

In practice, this operation is equivalent to calculating the convolution between the

starting signal and the function 1/(πt). The result of this transformation represents

26



the imaginary component which, once added to the original real signal, defines the

so-called analytical signal:

xa(t) = x(t) + jx̃(t) (4.5)

The main advantage of this formulation is the possibility of deriving the envelope

of the signal x(t) by simply calculating the modulus of the analytical signal just

described:

|xa(t)| =
√

x2(t) + x̃2(t) (4.6)

Once the envelopes of the signals under consideration have been extracted (e.g. an

emitted signal x(t) and a received one y(t)), a cross-correlation can be performed

to locate the peak position and estimate the ToF. A more often advantageous algo-

rithmic alternative is to apply cross-correlation by using the Hilbert Transform of

the signal y(t), obtaining a function (CCFHT) expressible as:

Rxỹ(τ) = CCF [x(t)ỹ(t+ τ)] (4.7)

Due to the limitations imposed by the sampling rate fs, an estimate based only

on finding the maximum value of Rxỹ(τ) provides a raw resolution (the ToF being

proportional to n/fs, with n representing the identified sample). To overcome this

problem and obtain a sub-sample resolution (necessary for calculating the DToF),

zero-crossing detection (zero-crossing) is used.

The application advantage of this technique lies in the possibility of using a

simple linear interpolation on the CCFHT data around the zero-crossing point to

correct the peak position. Compared to the heavier parabolic or Gaussian interpo-

lations used traditionally, linear interpolation provides a much lighter, lower-power

implementation while maintaining the desired "subsample" accuracy [14].
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Figure 4.5: Feedback-Type Dynamic Threshold Method Flowchart in [25]
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Figure 4.6: Schematic diagram of the principle of Cross-Correlation

29



5. Post-Processing data

The raw numerical value ToF obtained by TDC (Time-to-Digital Converter) or

ADC (Analog-to-Digital Converter) is typically affected by error due to physical

phenomena and ambient noise that affect the ultrasonic signal and by temporal

quantization. The errors can be classified into three categories:

1. Impulsive noise (outliers): extreme values caused by electromagnetic interfer-

ence, air bubbles, impurities, cycle skipping or false triggering phenomena.

These data must be identified and fixed prior to any future calculations.

2. White noise (jitter): stochastic fluctuations around the real value, due to

thermal noise in the electronics and the temporal quantization. This noise is

particularly critical at low flow rates [22].

3. Flow dynamics: real changes in flow rate that should be over-filtered. Too

aggressive filtering would introduce a delay in the system response, compro-

mising accuracy [8].

Figure 5.1: Time Difference under static
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5.1 Pre-Filtering

In order to mitigate the error due to Impulsive noise the data can be sorted, filtered

and error compensated.

Although numerous sorting algorithms are available (e.g. bubble sort, insertion

sort), the Shell sort is particularly suitable for ultrasonic flowmeters due to its

low computational complexity, which is highly advantageous given that the typical

sample size is small (usually n = 10).

After sorting the data will be analyzed in order to remove peaks due to impulsive

noise, to do this we can use the Peters methods. The Peters formulas is used to

calculate the standard deviation (s):

s =

√

π

2

n
∑

i=1

|xi − x̄|
√

n(n− 1)
(5.1)

where xi represents the i-th sampled data point, x̄ is the average of the measure-

ments, and n is the number of measurements. For a number of measurements n ≤ 10,

a new measurement xnew is considered valid if it satisfies the condition:

|xnew − x̄| ≤ 2s (5.2)

If the measurement falls within this tolerance it is considered effective, otherwise it

is classified as a random error and must be mitigated, typically it is re-established

with an average value compared to adjacent values [22].

Figure 5.2: Peters Filter
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5.2 Post-Filtering

The White Noise effect is removed in post-processing with classical, low computa-

tional, digital filter like Movine Average, Improved Weighted Recursive, Kalman or

alwo with a combination of these like in Kalman and Arithmetic Average Filer, how

you see in this chapter every filtering algorithm have its pro and cons.

5.2.1 Moving Average Filter

The Moving Average is the most simple filtering that can be applied. The algorithms

works on a time windows of n samples and the output value is simply the arithmetic

average of last n samples:

yk =
1

n

n−1
∑

i=0

xk−i (5.3)

where xk−i is the sample at (k − i) instant and n is the window size. The effect

of this technique depends on window size, an high n means an higher filtration

resulting in a smoother curve, however, if the window size is too large, the filter

introduces a significant time delay proportional to (n−1)/2 and excessively smooths

the data, compromising the system’s capacity to track rapid flow variations and

abrupt changes in the real trend [25].

Figure 5.3: Moving Average Filter in rest condition

5.2.2 Improved Weighted Recursive Filter

Another typical approach, to minimize the impact of noise, is the Standard Recursive

Filter (or Exponential Moving Average), which calculates the current filtered value
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Figure 5.4: Moving Average Filter in flux variation condition

yn by combining the raw measured data xn with the previous filtered output yn−1:

yn = α · xn + (1− α) · yn−1 (5.4)

where α is a fixed smoothing factor between 0 and 1.

While this filter, much like the simple Moving Average, is computationally light

and effective in steady-state conditions, it presents significant disvantage during

dynamic operations because it assigns fixed weights suffering of the same problem

of Moving Average Filter, so it suffers from a "smearing" effect and introduces a

noticeable lag [8]. To overcome the lag and the inadequate dynamic response of

classical filters, the Improved Weighted Recursive (IWR) Filter can be applied.

Unlike standard methods, this algorithm dynamically assigns a specific weight (Wi)

to each data based on the mathematical and physical characteristics of the transit

time [25]. The weight of a single measurement is evaluated through two diagnostic

parameters:

• Consistency (λi): The absolute difference between the variation of the up-

stream transit time (tup_dif ) and the downstream transit time (tdown_dif ), In

an ideal fluid, these two variations should be almost equal.

• Deviation (φi): The absolute difference between the current raw data and the

previous filtered output, representing the temporal stability of the measure-

ment.
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Based on these parameters, the Dynamic Reliability Coefficient (or raw weight ηi)

of the individual measurement sample is calculated as:

ηi =
λm − λi

λm

·
φm − φi

φm

(5.5)

where λm and φm are the maximum allowable threshold values for consistency and

deviation, respectively. If a measurement is affected by strong interference or dy-

namic anomalies, its error parameters will approach the maximum limits, and its

assigned weight ηi will tend to zero, effectively neutralizing its impact on the final

average.

Considering a window of N samples, the raw weights are then normalized to

ensure their sum equals 1:

Wi =
ηi

∑N−1

i=0
ηi

(5.6)

Finally, the filtered output yn is calculated as the normalized weighted average of

the acquisitions:

yn =
N−1
∑

i=0

Wi · xn−i (5.7)

This methodology guarantees excellent zero-point stability while maintaining

high responsiveness to actual flow changes, as reliable measurements are heavily

weighted, whereas physically incoherent data are dynamically excluded [25].

Figure 5.5: Improved Weighted Recursive Filter in rest condition

5.2.3 Kalman Filtering Algorithm

The Kalman Filter is an optimal recursive estimator that minimizes the mean square

error, making it highly effective at suppressing white noise and improving the sys-
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Figure 5.6: Improved Weighted Recursive Filter in flux variation condition

tem’s zero-point stability [8].

The flow dynamics measurement system can be represented by the following discrete

state-space models:

x(k) = Ax(k − 1) +Bu(k − 1) + w(k − 1) (5.8)

z(k) = Cx(k) + v(k) (5.9)

where x(k) is the state variable; the state transition matrix A linearly maps the

state from step k − 1 to step k at the current time; matrix B represents the gain of

the optional control input u(k − 1), however, due to the fact that the state of the

flow process has no control inputs, u is assumed equal to zero; the random signal

w(k− 1) is the process excitation noise with covariance matrix Q (which represents

the model uncertainty); the observation matrix C maps the true state space into the

observed space, and v(k) represents the measurement noise with covariance matrix

R (which represents the sensor measurement error) [8].

Statistically, the noise vectors w(k) and v(k) are modeled as mutually indepen-

dent, zero-mean, white-noise processes [19]. Their covariance matrices, Q and R,

are formally defined by their expected values (E):

E[w(k)w(j)T ] =







Q(k) fork = j

0 fork ̸= j
(5.10)

E[v(k)v(j)T ] =







R(k) fork = j

0 fork ̸= j
(5.11)
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In a practical implementation, Q and R act as the fundamental tuning parameters

of the Kalman Filter. The matrix R is related to the intrinsic noise of the ultra-

sonic hardware (e.g. the TDC quantization error), while Q represents the confidence

in the mathematical model tracking the flow dynamics. Tuning these parameters

(e.g. setting R = 10−5 and Q = 10−1) allows the designer to balance the filter’s

behavior: Un rapporto Q/R più elevato implica che il sistema segua più da vicino le

misurazioni del sensore, aumentando la reattività, mentre un rapporto più basso si

basa maggiormente sul modello, migliorando l’effetto di levigatura contro forti jitter

del segnale [8].

The Kalman filtering algorithm can be divided into two main phases:

1. Prediction: in which the filter evolves the state based exclusively on the

mathematical model of the system.

• The prior state estimate x̂(k|k−1) is calculated by applying the transition

matrix A to the previous state, representing the theoretical trajectory of

the system:

x̂(k|k − 1) = A(k − 1) · x̂(k − 1|k − 1) (5.12)

• The prior error covariance estimate is calculated as:

P (k|k − 1) = A(k − 1)P (k − 1|k − 1)AT (k − 1) +Q(k − 1) (5.13)

2. Correction: in which the filter compares the prediction with the actual mea-

surement to update and adapt the system state.

• The calculation of the Kalman Gain K(k) matrix, which defines the opti-

mal weighting between the model prediction and the new measurement:

K(k) = P (k|k − 1)CT (k)
[

C(k)P (k|k − 1)CT (k) +R(k)
]

−1
(5.14)

• The posterior state estimate is obtained by the sum of the prediction and

a corrective parameter based on the measurement residual:

x̂(k|k) = x̂(k|k − 1) +K(k)[z(k)− C(k)x̂(k|k − 1)] (5.15)

• The posterior error covariance is updated using the identity matrix I:

P (k|k) = [I −K(k)C(k)]P (k|k − 1) (5.16)
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where P (k|k) is the covariance of the estimation error, K(k) is the filter gain,

R(k) is the observation noise covariance matrix, and Q(k−1) is the process excitation

noise covariance matrix [8, 19].

Figure 5.7: Kalman Filter in rest condition

Figure 5.8: Kalman Filter in flux variation condition
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6. State of the art

In this chapter, the state of the art of today’s sensors will be shown by executing a

comparative study between three different ultrasonic gas flow sensors currently used

in modern smart meters.

Before entering in the test configuration, it is important to note that the three an-

alyzed devices (which, for confidentiality and corporate compliance reasons, will be

identified anonymously as Sensor A, Sensor B, and Sensor C) cannot be purchased

on the consumer market by private individuals, but are designed and calibrated

exclusively for Business-to-Business (B2B) dynamics. The absence of availability

on the consumer market is justified by the critical nature of the application, given

that gas measurement for billing purposes requires the entire gas meter system to be

certified according to the European MID (Measuring Instruments Directive) regula-

tions. Consequently, these sensors are supplied only to industrial partners capable

of guaranteeing an integration that respects the manufacturing tolerances and strict

metrological requirements.

6.1 Commercial Solutions

The three examined sensors belong to the G4 category, this means that they are

certified to operate up to 6m3/h, all three are in a Single-path configuration, and

all three have two internal separation plates to obtain laminar flow.

6.1.1 Sensor A

Sensor A uses a V-shaped topology but since the exact geometric details are cov-

ered by industrial secrecy, the internal dimensions and topology have been estimated

empirically: the acoustic path (L) has an approximate length of 55mm, with a cross-

section (S) of about 286mm2 and an incidence angle (θ) of about 60◦. Analyzing

the transducer excitation via oscilloscope revealed a frequency of about 500kHz.
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The module is designed to measure air and CH4 up to a full scale of 7200l/h, oper-

ating in an environmental temperature range from −25◦ to +55◦ and in a pressure

range from 1.0 to 3.5kPa. The intrinsic pressure drop of the tube is ≤ 200Pa (mea-

sured at 25◦ with a flow of 6000L/h), while the error on the thermal measurement

is ±0.675◦.

As for energy management, in Normal mode it gives a flow measurement every 2

seconds (0.5Hz) with a consumption of about 26.8µA, but if the measured flow is

zero for over 30 seconds the device enters in Low-power mode, reducing the absorp-

tion to about 10.2µA. For quick bench testing purposes, an Inspection Mode can

also be activated, which lowers the sampling period to 125ms.

Regarding the communication interface with the microcontroller, a standard UART

at 9600bps is available. The data frame is delivered in HEX format and returns

the instantaneous volumetric flow rate value (in L/h), the measured times of flight

(Tup and Tdown) and every 30 seconds also a value of temperature (the temperature

reading causes an increase in consumption of about 1.4µA). The protocol also han-

dles alignment through handshaking mechanisms (ACK/NAK) to ensure maximum

robustness of the serial communication.

6.1.2 Sensor B

Sensor B is characterized by a different mechanical design, estimated as W-shaped,

while regarding the mechanical dimensions they have been estimated as: a path

length (L) of about 80mm, a cross-section of about 330mm2 and an incidence angle

(θ) of about 30◦, with a transducer frequency of 200kHz.

The module is designed to measure Real Gas and air up to 6000l/h, therefore it is

characterized by a lower full scale compared to sensor A. In this case, the pressure

range is higher attesting to a value of 30kPa, while as for the temperature, an oper-

ating range from −25◦ to +55◦ is guaranteed, therefore equal to sensor A. Regarding

the intrinsic pressure drop of the tube, we obtain a lower value compared to sensor

A, which stands at ≤ 140Pa, the same applies to the temperature measurement

error which in this case drops to ±0.607◦.

Also in this case we have two operating modes: the Normal mode which returns

a measurement output every 2 seconds registering an absorption of 36µA, and the

Low-power mode with a consumption of 25µA, therefore in this case we find higher

consumptions compared to sensor A. In this case there are two modes to facilitate

bench testing, one called Pulsation mode, which returns an output every 2 seconds

based on various samplings performed every 125ms, bringing the instantaneous con-

sumption to 197µA, and a second called Detection mode, which returns an output
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every 125ms maintaining the same sampling frequency (8Hz), but in this case the

consumptions rise to 317µA.

As for the communication interface, also in this case we have a UART protocol at

9600bps, with HEX packets. Through specific commands the system can return not

only the flow rate Q (in L/h) and the ToFs Tup and Tdown but also some status flags

capable of signaling any anomalies. Information regarding the temperature can be

updated once a second or once every 30 seconds based on user requests, but ev-

ery temperature reading leads to a consumption of about 0.4µA. Also in this case,

a handshaking management is provided to guarantee the robustness of the serial

communication.

6.1.3 Sensor C

Sensor C, like sensor A, employs a V-shaped topology, with internal dimensions

(estimated empirically) of 66mm regarding the path length (L), a cross-section (S)

of about 264mm2 and an incidence angle (θ) of about 45◦, with 200kHz transducers.

The module is designed to measure Air, CH4 or even natural gas mixtures up to a

flow rate of 6000l/h, operating in an environmental temperature range from −10◦

to +40◦ (therefore narrower compared to A and B) and in a pressure range up to

20kPa. The accuracy on the thermal measurement is ±0.5◦, while regarding the

intrinsic pressure drop of the tube, no data is provided.

This sensor is characterized by two operating modes: the Normal mode generating

an output once per second with a consumption of 40µA, and a Low-power mode in

which the output is provided once every 2 seconds where the absorption drops to

25µA. In this case the device, in addition to being equipped with the temperature

sensor, is also equipped with a pressure sensor, however, the energy consumptions

of the two measurements are unrevealed.

Compared to sensors A and B, the UART interface works at a higher baud rate,

equal to 38400bps. The logical interface is more advanced compared to A and B,

in fact, in this case it is possible to obtain, in addition to the instantaneous flow,

also the calculated volume both in the raw state (working conditions) and thermally

compensated (base conditions), the calculated speed of sound (with a resolution of

0.1m/s), the gas concentration, and various error flags. It also allows the selective

enabling via software of the temperature and pressure compensation. It is important

to point out, however, that sensor C is the only one not able to know the reverse

flow value, but in case of reverse flow it turns on an error flag and this can be a

serious problem in some cases.
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6.2 Test Methodology and Metrics

To guarantee a direct and fair comparison of the three commercial sensors, and sub-

sequently also the sensor developed during this thesis project, it was decided to test

all the devices using the same certified test bench in order to eliminate systematic

uncertainties deriving from variations in baseline conditions, such as fluctuations in

temperature or atmospheric pressure.

The testing was structured by defining a duty cycle that simulates the typical op-

erational dynamics of a domestic user (class 1.5, for G4 nominal sizes). The chosen

profile includes a setpoint ramp first increasing and then decreasing, articulated in

the following volumetric flow rate values: 0, 0.04, 0.6, 1.2, 3.6, 6, 3.6, 1.2, 0.6, 0.04,

0 m3/h. This profile was designed to cover the entire dynamic range required by the

MID directive, including the defined minimum flow rate (Qmin) of 0.04 m3/h, the

transitional flow rate (Qt) of 1.2m3/h, and the maximum flow rate (Qmax) of 6m3/h.

The data collected from the bench will be analyzed and compared based on the

following metrics:

• Offset: The Offset represents the residual flow value read by the sensor when

the actual flow rate on the bench is strictly equal to 0m3/h. It is a vital param-

eter (also known as Zero-flow drift), as it determines the minimum detection

threshold; a fluctuating or high offset risks counting "phantom flow" when the

user is inactive.

• Accuracy: For each setpoint of the cycle, the relative percentage error of the

measurement will be calculated by applying the formula provided by the MID

directive (formula 1.1):

E% =
Vmis − Vrif

Vrif

× 100

in order to verify if the sensors respect the limits of the Maximum Permissible

Error (MPE), as defined in chapter 1.1.

• Range and Turndown: Going to evaluate the maximum flow value read by

the sensor falling within a 1.5% error as defined by the MID directive. From

here it is also possible to obtain the Turndown value as the ratio between Qmax

and Qmin, which as defined by the MID directive must be ≥ 150 for a class

1.5 device.
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• Linearity and Sensibility: The flow values imposed by the bench (X axis)

and the values measured by the sensors (Y axis) will be plotted on a scat-

ter graph to draw a regression line. The slope of this line will provide the

sensibility of the system for the different flow rates. Linearity will instead

be quantified by evaluating the maximum deviation and the variance of the

individual acquired points compared to the ideal linear model. High linearity

enormously simplifies the work of the software compensation algorithms.

• Hysteresis: Going to compare the reading obtained at the setpoints during

the increment phase with the reading during the flow decrement phase. This

comparison will highlight any "fluid dynamic memory" phenomena or settling

delays in the digital filters of the sensors.

• Repeatability: To guarantee the economic fairness required by the market, a

sensor must provide identical readings under equal conditions. Repeatability

will be tested by calculating the statistical dispersion of the measurements,

repeating the acquisition for the same setpoint n consecutive times.

6.3 Comparison

Based on the test methodology and the metrics defined in Section 6.2, the empirical

data acquired from the test bench have been plotted and analyzed. Figure 6.1 illus-

trates the transient response of the three commercial sensors (A, B and C) subjected

to the standardized duty cycle that covers the dynamic range of the nominal size of

G4, from 0 to 6 m3/h.

Analyzing the offset and the Zero-flow drift (Figure 6.2), Sensor A demonstrates

an almost ideal behavior with a residual reading of about 0.001m3/h and a negligible

standard deviation. Sensor B, on the other hand, shows a negative offset (about

−0.013 m3/h at the beginning), which would require a zero calibration procedure

to avoid metrological errors. Sensor C presents an unnatural flattening exactly at

0.0 m3/h with zero variance at the beginning of the test; this behavior strongly

suggests the implementation of a very aggressive software deadband to artificially

mask the intrinsic white noise at zero flow.

Regarding the transient response, Sensors A and B strictly track the setpoint

ramp over the entire dynamic range. On the contrary, Sensor C reveals serious

problems at both ends of the spectrum. At high flow rates, it completely fails to

reach the maximum setpoint (Qmax = 6 m3/h), erroneously flattening out around
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Figure 6.1: Flow comparison of sensors A, B, C in dynamic test

Figure 6.2: Flow comparison of sensors A, B, C at zero flow
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5.368 m3/h. Furthermore, as shown more clearly in Figure 6.3, Sensor C is remark-

ably slow in detecting small flow variations. This delayed response is symptomatic

of a too aggressive post-processing filter, probably adopted to compensate for a poor

raw Signal-to-Noise Ratio (SNR). As theoretically analyzed in Chapter 5, standard

filtering techniques like the Moving Average introduce a significant time delay pro-

portional to the window size, excessively smoothing the data and compromising the

system’s ability to track rapid dynamic variations.

Figure 6.3: Flow comparison of sensors A, B, C in response to small variations

The evaluation of hysteresis and repeatability highlights further discrepancies.

Comparing the ascending and descending steps (for example, at the 3.6 m3/h set-

point), Sensor A maintains a sharp, consistent and square-wave-like profile in both

directions, keeping the white noise well contained. This indicates the probable use

of an advanced adaptive filtering algorithm, such as the Improved Weighted Re-

cursive or Kalman filters discussed in Chapter 5, capable of dynamically assigning

weights to mitigate noise without introducing severe phase delays. In contrast, Sen-

sor C suffers from a massive "fluid dynamic memory" during the descending ramp:

its measurement collapses, showing violent and irregular fluctuations with a noise

standard deviation that exceeds 0.06 m3/h. Sensor B also shows a slight increase

in ripple during the descent phase compared to the ascent, although not as high as

Sensor C.

A quantitative analysis was conducted by evaluating the Percentage Error and

the Linearity and Sensitivity parameters, in order to rigorously verify compliance
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with the limits imposed by the MID directive for Class 1.5 devices.

Flow Rate (m3/h) A Error (%) B Error (%) C Error (%)
0.04 -0.75 -0.50 -16.50
0.60 -1.67 2.20 -7.00
1.20 1.67 2.38 -10.83
3.60 1.33 4.11 -4.20
6.00 1.92 3.90 -10.53

Table 6.1: Comparison of the Percentage Error for sensors A, B and C at different
flow rate setpoints.

Figure 6.4: Comparison of the Percentage Error per series relative to the volumetric
flow rate.

As theoretically defined by Equation 1.1, the accuracy analysis (Percentage Er-

ror) allows evaluating compliance with the Maximum Permissible Error (MPE) lim-

its. The regulation tolerates an error of ±3% in the lower zone (between Qmin and

Qt) and a more restrictive limit of ±1.5% in the nominal operating zone (between

Qt and Qmax). The values calculated on the test bench, summarized in Table 6.1

and plotted in Figure 6.4, confirm the clear performance differences.

Sensor A is clearly the most accurate. At low flow rates the error remains well

within the ±3% limit (registering −0.75%). In the nominal zone, the sensor only

slightly touches the restrictive ±1.5% limit, with a peak of 1.92% at the maximum

flow rate (6 m3/h). Sensor B shows good accuracy at Qmin, but its performance
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rapidly degrades as the flow increases, systematically falling outside the MID limits

(error of 4.11% at 3.6 m3/h). Finally, Sensor C critically fails the metrological re-

quirements across the entire spectrum, with an underestimation peak of −16.5% at

the minimum flow rate and settling around a very severe −10% at high flow rates.

These accuracy data are directly reflected in the calculation of Range and Turn-

down (Qmax/Qmin). The MID directive imposes a turndown ratio ≥ 150 for class

1.5 meters, since the valid turndown is calculated considering exclusively the dy-

namic range in which the sensor respects the MPE limits, the three devices show

very different compliances. Sensor A is the only device to approach the regulatory

target: strictly respecting the limit at Qmin (0.04 m3/h) and only marginally ex-

ceeding it at Qmax (6 m3/h), it guarantees an effective turndown of 150. Sensor B,

despite starting with an accurate measurement at minimum flow, exits the ±1.5%

tolerance limits already starting from the transition flow Qt (1.2 m3/h with an error

of 2.38%), prematurely halting its validatable maximum flow rate and reducing its

useful turndown to a value below 30, totally insufficient for homologation. Sensor

C, resoundingly failing the MPE requirements right from the minimum flow, does

not possess an operating range compliant with the directive, effectively making its

turndown ratio null and unclassifiable.

It is important to underline, however, that the MID directive does not evaluate the

single isolated sensor, but rather certifies the entire measurement system (the gas

meter as a whole). Consequently, Sensors B and C could theoretically fall within

the regulatory parameters following a rigorous calibration procedure of the entire

system before being placed on the market. It is crucial to consider, however, that

the correction of such marked non-linearities and deviations requires the implemen-

tation of heavy software calibration curves (such as extensive look-up tables). This

compensatory approach inevitably entails a greater computational load for the host

microcontroller, translating into an increase in overall energy consumption.

The data extracted via linear regression (Figure 6.5 and Table 6.2) mathemati-

cally quantify the described anomalies. Sensor A and Sensor B demonstrate excellent

linearity (R2 = 0.99999) with negligible maximum deviations (∼ 0.014 m3/h). How-

ever, Sensor A presents an ideal sensitivity of 1.0183, while Sensor B shows a higher

slope (1.0402), translating into a systematic overestimation at high flow rates. Sen-

sor C confirms itself as the least performing solution: the sensitivity drops to 0.9068

and the maximum deviation touches 0.1654 m3/h (a value ten times higher than

the other devices), making the output difficult to compensate via software.

In conclusion, Sensor A represents the reference "gold standard" among the
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Sensor Sensitivity (Slope) Max Deviation (m3/h) R2

Sensor A 1.0183 0.0145 0.99999
Sensor B 1.0402 0.0148 0.99999
Sensor C 0.9068 0.1654 0.99829

Table 6.2: Linearity and sensitivity parameters

Figure 6.5: Analysis of linearity and sensitivity: comparison between the reference
flow rates (bench) and the measured values.
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tested state-of-the-art devices, balancing excellent zero stability, high tracking lin-

earity and low noise. These empirical results clearly quantify the problems of the

current state of the art and provide an ideal target for the validation of the archi-

tecture developed in this thesis.
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7. Realization

Following the studies relative to the system and the state of the art, we proceeded

towards the realization of our own Gas Flow Sensor.

SISTEMARE

7.1 Architecture Design

The fundamental first step in the realization of the hardware architecture of the ul-

trasonic flow sensor is the choice of the Time-of-Flight detection technology. As we

have seen in chapter 4, the two main methodologies for ToF extraction are the Time-

to-Digital Converter (TDC) and the Analog-to-Digital Converter (ADC). Wanting

to make a quick recall, the TDC method stands out because it does not digitize and

process the entire received acoustic waveform, but simply measures the time interval

between the emission of the signal and the instant in which the received echo exceeds

a specific amplitude threshold and crosses zero (Zero-Crossing technique). The ADC

technology is theoretically capable of providing greater noise immunity, but this ap-

proach requires superior computational resources and energy budget. From the tests

carried out on the state of the art, discussed in chapter 6, it was noted how an ADC

method can fall within the energy consumptions required by the MID directive only

provided that algorithms capable of using the lowest possible computational cost

are applied and using microcontrollers designed and optimized for this architecture.

However, this compromise leads to metrological results slightly inferior compared

to those obtainable with the TDC technology, while failing to reduce consumptions

in an equal way. For this reason, it was decided to opt for a TDC architecture, in

order to obtain the best possible metrological result at the lowest computational

and, consequently, energy cost.

In a TDC architecture, the hardware is active only for the time necessary to send

and receive the acoustic pulse, furthermore, since there are no continuous data ar-

rays to process, the calculation latency is almost zero and the microcontroller can

return almost instantaneously to a deep sleep state. To counterbalance the intrinsic

49



vulnerability of the TDC to amplitude variations of the acoustic wave in the gas (the

Cycle Slip phenomenon), in addition to the integration of a Split Burst algorithm,

it was also decided to use a programmable gain amplifier (PGA) that dynamically

adapts the amplitude of the input signal.

Finally, the adoption of the TDC technology led to the choice of an operating fre-

quency of the transducers of 500kHz in order to maximize the detection precision.

At this frequency, in fact, a steeper Slew Rate is obtained compared to 200kHz,

thus optimizing the Zero-Crossing Detection and making the detection extremely

more robust against the signal-to-noise ratio (SNR). Furthermore, exploiting the

high slope of the signal, the TDC chip is able to compensate for the greater am-

plitude attenuation suffered by the acoustic wave in the gas, reaching a very high

timing stability and a metrological resolution in the order of picoseconds.

The initial validation phases of this architecture were conducted through a de-

veloper board equipped with an STM32U5 and an evaluation board equipped with

the TDC chip, to then conclude in the design of a custom PCB aimed at integration

into the prototype.

7.2 Mechanical Design

Parallel to the development of the electronic architecture, we proceeded with the me-

chanical design of the measurement pipe. As seen in chapter 3, the choice of topology

defines the physical integration between the ultrasonic wave and the fluid, determin-

ing the basic metrological performances even before signal processing. Among the

available single-path configurations, the V-shaped topology was selected, excluding

the Z-shaped and W-shaped architectures. On one hand, the Z configuration exposes

the system to high uncertainty at high flow rates, due to the strong lateral deviation

of the ultrasonic beam dragged by the gas. On the other hand, the W configuration,

while theoretically maximizing the time of flight difference (DToF ), entails an ex-

cessive dissipation of acoustic energy at each reflection on the walls. The V-shaped

structure offers two advantages: the double transverse crossing of the pipe section

provides an intrinsic self-compensation of the noise caused by turbulences and by

the asymmetry of the gas velocity profile, and that, with the same pipe diameter,

the acoustic path length (L) doubles compared to the Z configuration, increasing

the interaction with the fluid and improving the Signal-to-Noise Ratio (SNR) at

minimum flow rates (Qmin).
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The sizing of the measurement pipe was guided by the analysis of the empirical

results obtained from the experimental tests by José R. García Oya shown in para-

graph 3.3 and by the experimental data obtained during the state of the art shown

in chapter 6. Based on this, the sensor was engineered with a cross-section S of

310mm2, a path length L of 53.2mm and an incidence angle θ of 65◦. Each of these

parameters responds to a specific physical need:

• Since the gas velocity is v = Q/S, excessively reducing the section would

increase the fluid velocity, improving the resolution at low flows, but it would

lead to a parasitic deviation of the ultrasonic beam at high flow rates. A

section of 310mm2 guarantees that the lateral deviation remains contained,

avoiding the asymmetrical attenuation of the signal between upstream and

downstream measurements.

• The path length of 53.2mm represents the ideal compromise to guarantee

a sufficiently large DToF (proportional to L) without incurring an excessive

attenuation of the acoustic signal. Considering the choice to operate at 500kHz

(which suffers a greater attenuation compared to 200kHz), an L = 53.2mm

allows the wave to arrive at the receiver with enough energy so as not to

require either a high transmission voltage or a high input gain that would lead

to higher energy consumptions.

• It was decided to fix the incidence angle θ at 65◦ because it is the value

that returned absolutely the best results in the tests performed by José R.

García Oya in [14], the models characterized by such an angle demonstrated

the lowest and most stable uncertainty curve along the entire range of flow

rates. Although smaller angles would mathematically generate a greater DToF

(since DToF ∝ cos(θ)), tests demonstrated that a more acute angle makes

the ultrasonic beam excessively vulnerable to lateral deviation caused by gas

dragging at high speeds, decreasing the accuracy of the system.

Finally, the pipe was equipped with three separation plates, as tests confirmed their

crucial role in the laminar stabilization of the flow.

In order to quickly validate these geometric choices without incurring the high

costs and long realization times of an industrial mold, the physical structure of the

sensor was manufactured using rapid prototyping techniques in 3D printing. How-

ever, from a fluid dynamic point of view, it is fundamental to consider the impact

of this production process, which, unlike an injection molding process that guar-

antees perfectly smooth walls, generates the object by successive layer deposition,

51



introducing an intrinsic surface roughness along the pipe walls, risking triggering

parasitic micro-turbulences that hinder the hold of a purely laminar flow.

Figure 7.1: 3D Printed Sensor

7.3 Transducer Matching

Transducer Matching represents a crucial phase to guarantee maximum energy effi-

ciency and minimum measurement uncertainty. In this work, in order to optimize

the acoustic response of the device and guarantee an accurate echo detection, the

joint adoption of two strategies became necessary: the insertion of a damping resis-

tor in series with the transducer and the implementation of a frequency sweeping

algorithm for dynamic calibration.

A piezoelectric transducer can be electrically seen as a resonant RLC system, the

fundamental parameter that describes its frequency selectivity and the decay time

of the oscillations is the Quality Factor (Q). In TDC-based ToF applications, a high

Q represents a critical limit, because when the front-end sends the excitation burst,

the piezoelectric crystal stores elastic energy which, at the end of the burst, causes

an oscillation due to mechanical and electrical inertia. This phenomenon, known

as ringing, protracts over time, lengthening the overall duration of the emitted

ultrasonic pulse. To mitigate this effect, a series resistor was inserted into the

excitation circuit in order to increase the energy dissipation by Joule effect in the

driving branch. In a series RLC resonant circuit, the relationship linking the quality
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factor to the resistance is described by the following equation:

Q =
1

R

√

L

C
(7.1)

By increasing R, the Q factor decreases proportionally, although this entails a re-

duction in efficiency by reducing the amplitude of the transmitted peak, the result

is an extremely short and defined acoustic pulse [7]. Furthermore, the addition of

this resistor also has a hardware protection task by going to limit the peak cur-

rents and protecting the output stages of the TDC chip. Finally, it is important to

specify that during the echo reception phase, the internal architecture of the TDC

switches the excitation pin to ground, consequently, the damping resistor will find

itself connected in parallel to the receiving transducer, acting as passive damping

on the input wave, absorbing the parasitic oscillations of the receiving crystal and

improving the Zero-Crossing of the signal.

By lowering the Q factor, the impedance and frequency response curve of the trans-

ducer flatten out, the bandwidth increases, but the resonance peak becomes less

pronounced. Added to this dynamic are the non-idealities of the transducers, for a

component with a nominal frequency of 500kHz and a typical tolerance of ±5%, the

actual resonance frequency can vary between 475kHz and 525kHz, not counting the

further drifts caused by temperature (a meter must guarantee a temperature range

going from −25◦ to +55◦) or by the acoustic coupling with the pipe. In a system

damped by the resistor, blindly exciting the piezoelectric at a nominal 500kHz risks

making the system work outside the efficiency peak, for this reason, a frequency

sweeping algorithm was implemented. During the calibration phase, the microcon-

troller commands the TDC to generate a series of excitation bursts by progressively

varying the carrier frequency within a predefined range (for example ±10%), and, for

each tested frequency, the system acquires the peak-to-peak amplitude of the return

echo and identifies the frequency that produces the echo with the maximum ampli-

tude and the highest SNR. However, due to the intrinsic quantization constraints

of the chip’s hardware divider, the frequency sweeping algorithm does not perform

a linear analog scan, but a set of discrete frequencies derived from the 8MHz clock;

around 500kHz, the physically generable values are: 444.4kHz, 470.5kHz, 500kHz,

533.33kHz and 571.4kHz.

Precisely in this scenario, the flattening of the resonance curve induced by the damp-

ing resistor (i.e. the increase in the transducer’s bandwidth) becomes a systemic

advantage because the real mechanical resonance frequency of the crystal will al-

most certainly fall at an intermediate point between two of these discrete hardware
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steps, a high-Q transducer (characterized by a very narrow resonance curve) would

suffer a dramatic collapse in efficiency. In contrast, a low-Q system presents a much

more homogeneous and flat amplitude response around the natural frequency. This

characteristic physically compensates for the chip’s inability to generate the exact

frequency, minimizing the mismatch error induced by the signal quantization.

7.4 TDC settings

As analyzed in chapter 4, one of the main challenges in ultrasonic measurements

is the resolution of the Cycle Slip. To mitigate this problem, during the design

phase it was chosen to discard the classic uniform burst excitation in favor of the

advanced Split Burst mode. In this mode, the sending of the wave packet is divided

into two parts: a first part of 10 pulses, followed by a phase jump, and concluded by

another train of 8 pulses. Physically, while the mechanical oscillation of the trans-

ducer jumps from the initial to the final one, the imposed phase jump generates

a marked deviation in the acoustic wave periods, this anomaly acts as a temporal

marker within the ultrasonic echo, making the recognition of the wave’s position

certain regardless of its absolute amplitude.

The use of this technique allowed not having to apply the Dynamic Threshold al-

gorithm (seen in paragraph 4.1.1), allowing a saving of computational and, conse-

quently, energy resources. However, although the Split Burst allows the temporal

marker to be uniquely identified, the reception architecture guarantees maximum

reliability if the amplitude of the received acoustic wave settles in an optimal range

(ideally around 300mV ). Since the wave amplitude is variable as a function of the

flow, gas composition, and temperature, a software-variable Programmable Gain

Amplifier was applied in order to keep the echo amplitude within the optimal range

so as to guarantee the stable switching of the comparator.

The front-end is capable of sending excitation pulses at various voltage levels

thanks to a system with a series of capacitors called a Charge Pump. Having cho-

sen an ultrasonic beam length (L) of less than 55mm, together with the use of the

PGA, allowed maintaining a hardware firing voltage at the minimum settable, thus

managing to limit the peak consumption of the system. However, the emission of

these high-frequency pulses can generate ground returns and electromagnetic inter-

ference. To avoid false triggers caused by this crosstalk, a total hardware blanking

of the comparator (Noise Mask Windows) was implemented for the first 30µs fol-
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lowing the firing, making the system physically deaf during the energy discharge. In

addition to this initial block, a fixed delay window (Release Delay Windows) mathe-

matically calibrated on the pipe geometry was set, in this way, the comparator input

is unblocked to actively analyze the signal only upon expiration of this time, i.e. in

the narrow theoretical surroundings of the arrival of the first useful acoustic wave.

Once the delay window expires, the comparator waits for the ultrasonic wave to

exceed a specific threshold, called the First Hit Level (FHL). Once this threshold is

exceeded, the system was configured to acquire the zero-crossing times of all con-

secutive waves starting from the second useful wave, dividing the ToFs into three

main blocks: the wave times before the phase anomaly, the wave times during the

anomaly, and the final wave times to confirm the trend. The processing of all zero-

crossing times allows white noise and quantization error to be drastically reduced,

providing an extremely solid temporal data point. Furthermore, the firmware ana-

lyzes the period differences between the three blocks, locates the phase jump and,

if it detects a Cycle Slip, mathematically realigns the measurement by subtracting

or adding a nominal wave period to the ToF. This design choice guarantees excep-

tional metrological stability and relieves the microcontroller of the computational

burden required by the Dynamic Threshold, containing the energy consumptions of

the system.

Confirming and validating the architectural choices just described, the acquisi-

tions captured via oscilloscope allow physically visualizing the behavior of the analog

front-end during the measurement phase.

Observing the overview of the acquisition cycle (as shown in Figure 7.2), it is possi-

ble to appreciate the entire measurement time window. The yellow trace represents

the transmitted signal (excitation burst) sent to the transducer, while the green

trace represents the signal received by the other transducer.

Focusing attention on the detail of the transmission pulse (Figure 7.3), the struc-

ture and effectiveness of the Split Burst technique emerge clearly on the yellow trace.

The acquisition highlights with precision the initial pulse train, the sharp phase jump

imposed by the TDC chip, and the subsequent final pulse train. This intentional

anomaly acts precisely as a temporal marker, marking the acoustic wave and guar-

anteeing the system a unique reference to prevent the Cycle Slip phenomenon. At

the end of the excitation burst, the mechanical and electrical damping transient

(ringing) is also visible, the duration of which is properly mitigated by the use of

the damping resistor inserted in the driving branch.
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Figure 7.2: Overview of the acquisition cycle: transmission (yellow) and reception
(green).

Figure 7.3: Detail of the transmission signal: evidence of the Split Burst technique
and the phase jump.

56



Shifting the analysis to the return echo (Figure 7.4), the arrival of the acoustic

wave on the receiving transducer is observed on the green trace. The amplitude of

this signal, although attenuated by passing through the gaseous medium, is kept

within an optimal range thanks to the intervention of the Programmable Gain Am-

plifier (PGA). This signal conditioning is fundamental to guarantee stable switching

of the comparator once the First Hit Level (FHL) is exceeded, allowing the correct

acquisition of the Zero-Crossing instants from which the firmware will locate the

phase jump.

Figure 7.4: Detail of the return echo and the signal conditioned by the PGA.

Finally, to expand the analysis, Figure 7.5 illustrates the macroscopic behavior of

the system over a wider time scale. As discussed in the operating principle (Chapter

2), flow measurement via the DToF method requires the alternating acquisition of

flight times in both directions, upstream and downstream. On the oscilloscope trace,

it is clearly observed how the system inverts the roles of the two transducers between

one measurement cycle and the next. In the first event (on the left), highlighted

by a predominant peak on the green trace, one transducer acts as an emitter, in

the subsequent burst, the peak appears specularly on the yellow trace, confirming

that the transmission and reception roles have perfectly inverted. This mechanism

is managed entirely via hardware by the TDC chip, guaranteeing the symmetrical

acquisition necessary for the differential calculation.
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Figure 7.5: Macroscopic behavior: alternation of the transducers in the transmission
and reception phases in the upstream and downstream cycles.

7.5 Filtering

The raw data extracted from the TDC chip, although characterized by a very high

temporal resolution, are intrinsically affected by environmental and instrumental

disturbances. As theoretically analyzed in Chapter 5, the measurement environ-

ment inside a gas pipe is subject to turbulences, micro-bubbles of impurities, and

thermal noise from the electronics. Furthermore, the stringent MID regulations and

the constraint of operating with an extremely reduced energy budget dictate that

the host microcontroller (STM32) performs filtering operations in the shortest pos-

sible time, in order to rapidly return to a deep sleep state.

For these reasons, the software architecture of the sensor was structured by im-

plementing a sequential processing pipeline divided into two main stages: a first

Pre-Filtering stage, dedicated to the rejection of impulsive disturbances (outliers)

on individual measurement bursts, and a second Post-Filtering stage, aimed at re-

ducing white noise and smoothly tracking fluid dynamics.

58



7.5.1 Pre-Filtering

During a single measurement cycle (composed of one upstream and one downstream

firing), the TDC does not return a single temporal data point, but acquires an array

of n samples (typically n = 10) corresponding to the Zero-Crossing instants of the

waves within the temporal marker (Split Burst). Before extracting the average time

of flight, it is fundamental to purge this array of any anomalous measurements due to

false hardware triggers or isolated Cycle Slip phenomena not natively compensated

by the front-end.

The first operation performed by the firmware is sorting the array of samples.

Among the various available algorithms, it was chosen to implement the Shell Sort.

This engineering choice derives from the need to minimize CPU clock cycles: since

the array size is very small (n ≤ 10), the Shell Sort offers an ideal compromise be-

tween code simplicity and execution speed, avoiding the memory overhead required

by more complex algorithms like Quick Sort or Merge Sort.

Once the array is sorted, the data is passed to a Peters filter for statistical vali-

dation. The firmware calculates the arithmetic mean x̄ and the standard deviation

s of the samples (as described by Equation 5.1). Subsequently, it applies a stringent

tolerance window equal to ±2s and each single acquired ToF is tested against this

band: if the value deviates from the mean by more than two standard deviations, it

is classified as impulsive noise.

From the firmware implementation point of view, if a data point is flagged as

an outlier, brutally discarding it would reduce the number of useful samples, alter-

ing the statistical weight of the measurement. Therefore, the software replaces it

by recalculating it through a linear interpolation based on adjacent valid samples.

The application of the Peters filter allows identifying and effectively neutralizing

anomalous peaks that would otherwise massively shift the calculation of the ∆t.

7.5.2 Post-Filtering

The data output from the Pre-Filtering block represents the validated Time-of-Flight

for a single sampling instant. However, the analysis over a wider time window reveals

the presence of white noise (quantitative jitter). As evident from the acquisition of

the raw flow (Figure 7.6), the management of this stochastic component presents a

twofold challenge linked to the gas dynamics.

On one hand, under zero-flow conditions and at minimum flow rates (Qmin),

the noise is particularly critical in percentage terms: since the difference in time

of flight (DToF ) is in the order of a few picoseconds, even a minimal fluctuation
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risks overwhelming the useful signal, destroying the accuracy of the measurement.

On the other hand, as the flow rate increases up to the maximum limit (Qmax),

the absolute amplitude of the dispersion drastically increases. As clearly visible in

the figure, the thickness of the raw trace widens considerably at the higher flow

steps (e.g. at 6m3/h). This phenomenon is attributable to the strong fluid dynamic

turbulences triggered by the high speed and to the attenuation of the useful signal

due to the lateral deviation of the ultrasonic beam.

To mitigate this stochastic component of the signal along the entire operating

range, without losing reactivity to transients, three different algorithmic approaches

were coded and validated on the microcontroller.

Figure 7.6: Time course of raw data at various flow rate steps.

The first tested algorithm was the Moving Average Filter. Its firmware imple-

mentation is trivial and requires very few resources: it uses a circular buffer to keep

the last N samples in memory and returns their arithmetic mean. In stationary rest

conditions, the filter significantly reduces the standard deviation of the noise. How-

ever, the analysis of the transient response (Figure 7.8) highlighted its structural

limit: to obtain high noise suppression, a large buffer is necessary, which inevitably

introduces a severe temporal phase delay (lag). During sudden flow variations, the

filter "drags" the measurement, making the sensor extremely slow in detecting flow

gradients, an unacceptable defect for the restrictive MID specifications.

To overcome the phase delay limit, we proceeded to implement the Improved

Weighted Recursive (IWR) Filter. At the firmware level, complexity increases since

the microcontroller must iteratively calculate the Consistency (λi) and Deviation

(φi) parameters to evaluate the dynamic reliability of the single data point. When

the system detects a coherent variation between upstream and downstream (an

unequivocal sign of a real fluid dynamic change), it assigns a very high weight Wi

to the new sample. Conversely, if the variation is asymmetrical or incoherent, it
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Figure 7.7: Moving Average in station-
ary conditions (zero-flow).

Figure 7.8: Moving Average during a
flow variation

is downgraded to noise. The tests performed (Figures 7.9 and 7.10) confirm the

drastic improvement: in stable conditions the filter behaves almost similarly to the

moving average, while in the presence of a flow step, the algorithm reacts almost

instantaneously, faithfully following the real flow rate setpoint.

Figure 7.9: IWR Filter in stationary
conditions

Figure 7.10: IWR Filter during a flow
variation

Finally, to seek absolute optimization of metrological stability, a one-dimensional

Kalman Filter was coded. This filter, although computationally more burdensome

for the STM32 CPU due to the continuous matrix operations (Prediction and Cor-

rection), offers the advantage of estimating the optimal state by minimizing the

mean squared error. The filter tuning was performed by acting on the covariance

matrices Q (process noise) and R (TDC measurement noise). By setting a Q/R ratio

experimentally calibrated on the tolerances of the ultrasonic chip, excellent behavior

was obtained in zero-flow, paying however a greater delay during transients (Figures

7.11 and 7.12). The Kalman filter ignores strong transient jitters by relying on the

internal mathematical model, but rapidly updates the gain K(k) as soon as the

readings confirm a coherent shift in the fluid state.

At the conclusion of the analysis on the individual algorithms, a test campaign

was conducted to simultaneously compare the performance of the filters over the

entire dynamic range. While the hardware front-end and the Pre-Filtering block

acquire and validate raw data with a sampling period of 125 ms (equal to a frequency
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Figure 7.11: Kalman Filter in stationary
conditions

Figure 7.12: Kalman Filter in flow vari-
ation

of 8 Hz), the Post-Filtering block aggregates these samples to return the final fluid

dynamic data point every 2 seconds.

This engineering choice responds to a twofold need. On one hand, it provides the

algorithms with a sufficiently populated statistical window (exactly 16 raw samples

for each useful output) to drastically reduce the variance of stochastic noise. On the

other hand, it aligns the prototype with the operational specifications of the com-

mercial meters analyzed in Chapter 6 (which natively operate at 0.5 Hz), allowing

the duty cycle of the microcontroller to be optimized and energy consumptions to

be reduced.

To critically evaluate the behavior of the three standard logics (Moving Average,

IWRF and Kalman), the related outputs decimated at 2 seconds were compared in

the two operational scenarios of zero-flow and rapid flow rate variation (Figure 7.13,

Figure 7.14).

Figure 7.13: Comparison of the 3 stan-
dard filters in stationary zero-flow con-
dition

Figure 7.14: Comparison of the 3 stan-
dard filters in response to a rapid flow
transient

Analyzing the detailed graphs, the characteristic behavior of the various algo-

rithms clearly emerges. The Moving Average confirms its structural limit: while

partially reducing noise, it introduces a phase delay in the steepest flow gradients,

"dragging" the measurement. The IWRF, instead, is extremely reactive in promptly

locking onto the new step setpoints, but pays a slight price in terms of signal flat-

ness in stationary conditions. Conversely, the Kalman filter proves unsurpassable in
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flattening white noise in constant flow stretches (guaranteeing exceptional zero sta-

bility); however, its intrinsic predictive inertia generates a "rounding" of the signal

during sudden flow variations, slowing down the sensor’s response to the step.

To obtain absolute maximization of metrological stability, overcoming the in-

trinsic limits of the individual methods just highlighted, the final architecture of the

firmware was ultimately equipped with a dynamic solution that merges the IWRF’s

response logic to variations with the one-dimensional statistical robustness of the

Kalman. Under stable conditions, the system entrusts the filtering to the Kalman

algorithm, which zeros out the stochastic jitter. As soon as a coherent and sudden

flow rate variation is detected, the hybrid logic bypasses the inertia of the Kalman’s

predictive model, allowing the measurement to "lock onto" the new setpoint with

the immediate promptness of the IWRF. The results of this hybrid filter are visible

in Figure 7.15, and in Figure 7.16.

Figure 7.15: Comparison of the filters in
stationary zero-flow condition

Figure 7.16: Comparison of the filters in
response to a rapid flow transient

Figure 7.17: Comparison over the entire flow profile

As evident from analyzing the entire dynamic range (Figure 7.17), the final result
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of the Adaptive Hybrid Filter (purple trace) is an almost ideal stepped profile.

7.6 Temperature and Pressure Compensation

As analyzed in chapter 2.2, extracting the fluid velocity provides a measurement of

the gas volume at current working conditions (Vmis). Since gas is a highly compress-

ible fluid, for billing purposes and to comply with the metrological requirements

of the MID directive, it is strictly necessary to convert the measured volume into

the volume at standard base conditions (Vb). Such thermodynamic compensation

depends linearly on the operating temperature and pressure, in accordance with the

ideal gas equation (Eq. 2.9).

Vb = Vm ·
Pmis

Pb

·
Tb

Tmis

·
Zb

Zmis

Furthermore, accurate knowledge of the temperature is fundamental to estimate the

correct theoretical speed of sound (ctheo) and validate the goodness of the ultrasonic

measurement.

To acquire these environmental parameters, the system was equipped with a high-

precision combined piezoresistive MEMS sensor, the LPS22DF model by STMicro-

electronics, this component integrates both a barometer and a temperature sensor

in a single chip. From a metrological point of view, this chip provides absolute

pressure and temperature readings that are factory pre-calibrated and immune to

external electromagnetic interference, guaranteeing a resolution of 0.00024 hPa and

a relative accuracy of ±0.01 hPa. Given such performance, the sensor maintains a

current absorption of just 1.7µA (sampling at 1 Hz), to then drop to only 0.9µA

in power-down mode. This extremely low absorption represents an indispensable

requirement to meet the energy budget of a battery-powered smart meter.

At the architectural level, the LPS22DF was connected directly to the host micro-

controller exploiting the I2C serial communication bus; this allows the LPS22DF

to work in a decoupled way with respect to the host, which will only have to deal

with acquiring the temperature reading when necessary. Since the thermodynamic

drifts of the gas mixture inside the pipe present time constants significantly higher

compared to the flow dynamics (pressure and temperature variations occur very

slowly), the acquisitions on the I2C bus are activated with an extremely low fre-

quency, typically once every 30 seconds in order to keep system consumptions to a

minimum while still obtaining a sufficiently updated compensation for volumetric

compensations.
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7.7 Printed Circuit Board

Following the preliminary logical and circuit validation performed via evaluation

board, we proceeded with the design of a custom PCB (Printed Circuit Board).

The routing design required particular attention primarily on the signal tracks ded-

icated to the upstream and downstream transducers; these were traced maintaining

strict geometric symmetry and a balancing of parasitic capacitances. This circuit

precaution was necessary because any asymmetries in the electrical path would in-

troduce differential propagation delays, which would add to the actual acoustic time

of flight, compromising the calculation of DToF and the subsequent flow estimation.

To guarantee maximum rejection of electromagnetic interference (EMI) and mini-

mize background noise, the board was engineered by maximizing the extension of

the ground plane (GND) on both layers. Specifically, the PCB was divided into

functional macro-areas to physically separate them so as not to create disturbances

between the digital domain and the ultrasonic domain. To protect the TDC chip,

an extensive network of decoupling capacitors was added, strategically positioned in

the immediate vicinity of the power supply pins.

The board was also equipped with a linear voltage regulator (XC6206P) in order

to provide a stabilized, filtered and constant power supply to the rest of the com-

ponents, protecting them from any power supply voltage ripples. As discussed in

paragraph 2.2, a MEMS sensor (LPS22DF) was integrated, connected via I2C, to

acquire local temperature and pressure data, necessary for the volumetric conver-

sion algorithm. As for the communication interface, the PCB hosts a serial com-

munication bus (UART) directed towards the microcontroller (STM32) in order to

dynamically vary the various settings of the firmware and the TDC and extract the

various system output data.

Finally, the system debugging and calibration phase was supported by the insertion

of numerous Test Points (TP) along the critical signal lines. These access points

allow monitoring the analog waveforms and the various timing flags directly from

the oscilloscope, allowing physically validating the firmware behavior and testing

any architectural modifications in the field.
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Figure 7.18: PCB
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8. Results

In this chapter, the experimental results obtained from testing the developed ultra-

sonic flow sensor prototype are presented and analyzed. In the first section (8.1), the

direct comparison between the raw (uncalibrated) measurements of the prototype

and the industrial state of the art will be illustrated, evaluating key parameters such

as offset, linearity, sensitivity, and drawing a projection of metrological compliance

with the strict standards of the European MID directive. Subsequently (Section

8.2), the calibration techniques applicable to the system aimed at further refining

the percentage error curve will be explored. Finally, Section 8.3 will be dedicated

to the analysis of the power budget and global energy consumption, confirming

the absolute suitability of the developed architecture for integration into modern

battery-powered smart gas meters.

8.1 Comparison with the State of the Art

In order to rigorously evaluate the performance of the developed ultrasonic flow

sensor, the prototype was tested on the same certified test bench used for the state-

of-the-art analysis. To guarantee a direct and impartial comparison with the B2B

commercial devices (Sensors A, B and C), the same standardized duty cycle was

used, which covers the entire dynamic range required by the European MID directive

for G4 size meters (from 0 to 6 m3/h).

As highlighted in the previous chapters, the MID directive does not evaluate

the single isolated sensor, but rather the entire finished and calibrated measurement

system. However, in this experimental phase, it was decided to test the prototype

without the application of fluid dynamic calibration curves, in order to be able

to have a direct comparison with the other tested sensors. The objective is to

demonstrate that the design choices guarantee a structural metrological stability

requiring a minimum computational load for calibration, safeguarding the restriction

of very low energy consumption.
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8.1.1 Raw Performance Analysis

The raw acquisition of the developed prototype, in zero-flow conditions, shows an

average offset of -0.0012 m3/h with a standard deviation of just 0.00025 m3/h. This

result is excellent, it confirms that the implementation of the hybrid filter effectively

suppresses thermal and quantization noise, positioning itself at the same level as the

commercial "gold standard" Sensor A (which registers a residual reading of 0.0001

m3/h) and Sensor B (which starts from -0.0013 m3/h with greater deviation) without

resorting to the aggressive software deadbands used by Sensor C to artificially mask

the noise.

Analyzing the transient response to the flow rate steps, the prototype demon-

strates to closely track the setpoints imposed by the bench along the entire dynamic

range. Unlike Sensor C, which fails the measurement at high flow rates by collaps-

ing to 5.368 m3/h, and unlike Sensor B which shows ripple and fluctuations during

descent, the realized sensor does not suffer from "fluid dynamic memory", reacting

instantly and cleanly both in the ascending ramp and in the descending ramp.

Figure 8.1: Comparison of the response of the sensors

Shifting attention to Linearity and Sensitivity, we confront the most critical hard-

ware validation parameter, as it attests to the intrinsic quality of the mechanical

design. As can be seen from the graph (Figure 8.2) and Table 8.1, the raw perfor-

mance of the prototype is very good. The coefficient of determination (R2) stands

at 0.9999, effectively equaling the linear perfection of sensors A and B (R2 = 1.0000)

and surpassing Sensor C (R2 = 0.9983). The sensitivity (Slope) equal to 1.001 also

demonstrates that the structural gain of the system is almost ideally 1:1 compared
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to the actual flow rate imposed by the bench.

Figure 8.2: Raw linearity analysis: comparison between the bench reference flow
rates and the measured values

Sensor Sensitivity (Slope) R2

Sensor A 1.018 1.0000
Sensor B 1.040 1.0000
Sensor C 0.907 0.9983
Realized 1.001 0.9999

Table 8.1: Comparison of linearity and sensitivity parameters

8.1.2 Error Analysis and MID Compliance Projection

To validate the compliance of the system to the regulatory parameters, the Percent-

age Error (E%) of the uncalibrated prototype was calculated against the strict MID

Class 1.5 tolerance bands, namely ±3% in the low zone from Qmin to Qt, and ±1.5%

in the nominal zone from Qt to Qmax.

The plotted data (Figure 8.3) provide the final and most important design val-

idation. Despite being a device without a calibration curve, the raw percentage

error already touches MID compliance at high flow rates, recording an exact 0.00%

deviation at 6 m3/h and touching the regulatory limits with the tolerance band in

the rest of the curve. The deviations found (in particular the error recorded around

-7.50% at the minimum flow rate of Qmin = 0.04 m3/h) are the pure and physiologi-

cal consequence of the natural offset and the lack of a trivial software compensation

factor at the origin.
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Figure 8.3: Comparison of the Percentage Error relative to the volumetric flow rate

Unlike less performing commercial sensors (like Sensor C, whose strong fluid

dynamic distortions and sensitivity collapse to 0.907 force the use of complex poly-

nomial interpolations with high computational absorption), the error structure of the

developed prototype is strictly linked to a linear equation with R2 = 0.9999. This

means that, during the industrialization phase, to translate the entire curve within

the narrow MID Class 1.5 band, it will be sufficient to apply a very light two-point

correction via firmware (such as a simple offset adjustment or linear gain).

8.2 Calibration

In this section, two different compensatory strategies applicable to the system will be

explored and compared: a two-parameter linear calibration (Offset and Multiplier),

made possible by the marked intrinsic linearity of the hardware, and a more complex

multipoint calibration based on polynomial regression, necessary if nonlinear trends

need to be corrected or extreme accuracy requirements are required.
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8.2.1 Two-Parameter Linear Calibration

The simplest and most efficient method is the linear calibration, which models the

correction according to the equation of a straight line:

Qcorr = (Qmis + Offset)× Multiplier (8.1)

This strategy uses only two parameters to translate and rotate the reading curve.

The addition of a constant Offset has a percentage impact inversely proportional to

the flow rate, it intervenes massively on minimum flows, compensating for the se-

vere physiological underestimates of the sensor close to zero and allowing the starting

threshold (Qstart) to be calibrated precisely. Although a positive offset generates a

high percentage error below the minimum approved flow rate (Qmin), this deviation

is irrelevant for certification purposes, since in that zone the meter must only detect

the passage of gas (e.g. for leak detection) without strict accuracy constraints. The

Multiplier (or Gain), instead, acts as a span correction, proportionally compressing

or expanding the values to counteract the sensor’s tendency to overestimate or un-

derestimate in medium-high regimes.

In the present case, the empirical optimization led to the identification of an ideal

pair of parameters: an offset of +3.7 L/h and a multiplier of 0.99. As visible in

Table 8.2, this simple calibration allowed flattening the error curve, confining the

entire excursion of the sensor to an excellent range between -1.04% and +1.16%

over the entire operating spectrum, falling within the MPEs required by the MID

directive, which we recall being ±3% for flow values between Qmin (0.04 m3/h for

category G4) and Qt (1.2 m3/h for category G4), and ±1.5% for values between Qt

and Qmax (6 m3/h for category G4).

Real Flow [l/h] Qmis [l/h] Raw Error Qcorr [l/h] Calibrated Error

40 37.00 -7.5% 40.29 +0.73%

600 608.96 +1.49% 606.53 +1.09%

1200 1222.49 +1.87% 1213.93 +1.16%

3600 3650.00 +1.39% 3617.16 +0.48%

6000 5994.03 -0.1% 5937.75 -1.04%

Table 8.2: Results of the linear calibration
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Figure 8.4: Comparison between the raw percentage error and the error after linear
calibration

8.2.2 Multipoint Calibration and Polynomial Regression

Should the required accuracy exceed the physical limits of two-parameter lineariza-

tion, it is necessary to employ to a multipoint calibration. The most sophisticated

algorithm to obtain a single continuous curve, free from logical discontinuities, is the

use of a polynomial of degree N − 1, where N represents the number of calibration

points.

The fundamental rule of this approach is that as the sampling points increase,

the curve’s ability to accommodate the sensor’s distortions increases, reducing the

overall error. However, this increase in precision brings with it an increase in com-

putational cost. Using, for example, 5 calibration points, the system calculates a

4th-degree polynomial:

Qcorr = a ·Q4
mis + b ·Q3

mis + c ·Q2
mis + d ·Qmis + e (8.2)

To mitigate the heavy computational cost of the polynomial and make the algo-

rithm usable even on embedded architectures, Horner’s Method can be used. This

mathematical technique decomposes the polynomial by factoring out the indepen-

dent variable Qmis, completely eliminating the need to use slow power functions and
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reducing the equation to a simple sequence of nested multiplications and additions:

Qcorr = ((((a ·Qmis) + b) ·Qmis + c) ·Qmis + d) ·Qmis + e (8.3)

The peculiar mathematical characteristic of a polynomial generated on 5 points

is that the calculated curve will pass exactly over those coordinates. Consequently,

in correspondence with the selected calibration flow rates, the measurement error

can be mathematically equal to zero, however, it is essential to analyze the behavior

of the curve outside these exact nodes. First, although the curve ensures a smooth

transition between the calibrated points, the error does not remain strictly at zero.

If the physical behavior of the sensor is very irregular, the high-degree polynomial

will tend to oscillate physiologically between one point and another, the higher

the degree of the polynomial, the greater the risk of instability in the intermediate

values. Secondly, if the sensor detects a flow rate lower than the first calibration

point (e.g. flow rates close to zero) or higher than the last (beyond 6 m3/h), the

polynomial equation tends to diverge violently towards infinity. In these so-called

"out-of-scale" zones, the error can explode to unacceptable values. It is therefore

mandatory to implement safety limits (clamping) at the firmware level, forcing the

algorithm to use a fixed correction factor or to freeze the curve as soon as the tested

safety margins are exceeded.

8.3 Power Consumption

Energy efficiency represents a fundamental technical requirement for modern smart

gas meters, which must guarantee years of battery autonomy as prescribed by the

European MID directive. The total energy consumption of the system is given by

the sum of the contributions of the three main active components: the ultrasonic

front-end (TDC), the thermodynamic sensor (LPS22DF), and the microcontroller

(i.e. STM32U031F4Px).

The choice to adopt a TDC-based architecture proved to be a winner from an

energy point of view. The hardware of this chip is awakened exclusively for the

microseconds necessary for the emission and reception of the ultrasonic burst. From

the empirical measurements acquired via the Otii Battery Profiler (Figure 8.5), the

TDC chip registers an average absorption (AVG) of just 11.0 µA over a standard

acquisition window. During the active phase of acoustic excitation, physiological

current peaks (MAX) reaching 571 µA are observed; however, given the extreme

brevity of these transients, their impact on the long-term average consumption is

minimal.
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Figure 8.5: Absorption profile of the TDC chip

For volumetric thermodynamic compensation, the system relies on the LPS22DF

combined MEMS pressure and temperature sensor. This component is characterized

by intrinsically low consumptions: it absorbs just 1.7 µA when sampling at 1 Hz, and

drops to 0.9 µA in power-down mode. Given that the thermodynamic phenomena

of the gas and temperature variations are slow processes, acquisitions via the I2C

bus occur with a reduced frequency (once every 30 seconds), allowing the sensor

to spend almost all of its time in power-down and stabilizing its overall average

contribution around 0.9 µA [3].

The task of managing and processing the measurements can be entrusted, for

example, to the ultra-low-power STM32U031F4Px microcontroller. The use of TDC

technology guarantees near-zero computational latency, allowing the microcontroller

to almost instantly return to a deep sleep state between one acquisition and the

next. According to the official specifications, in active mode (Run mode with LDO

regulator) the STM32U031F4Px registers a dynamic absorption of only 52 µA/MHz.

For the vast majority of the time, having an output duty cycle set to 0.5 Hz, the

device enters a state of deep energy saving, called Stop Mode, which keeps the

contents of the SRAM and registers intact, limiting consumption to only 0.515 µA

without RTC, or 0.63 µA with active RTC. Furthermore, the extremely fast wake-up

time of just 4 µs from Stop mode minimizes any energy waste during the transition

between the stand-by and active calculation phases [4].

Excluding the brief dynamic operating time of the microcontroller, the resting
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baseline established by the TDC block and the LPS22DF sensor stands at about

11.9 µA, adding the static currents of the microcontroller (∼ 0.6µA) and averaging

the short wake-up peaks of the STM32 (∼ 6µA), the complete system maintains a

global operating consumption that hovers around 20 µA.

This power budget positions the realized prototype in a condition of absolute

metrological and energy advantage compared to the commercial solutions examined

in Chapter 6:

• The Sensor A (primary reference) consumes on average 26.8 µA working at

0.5 Hz, managing to drop to 10.2 µA only by partially disabling itself after 30

consecutive seconds of absence of flow.

• Sensor B consumes on average 36 µA in normal mode at 0.5 Hz.

• Sensor C is the most expensive, absorbing 40 µA in Normal mode at 1 Hz

and dropping to 25 µA in Low-power mode at 0.5 Hz.
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9. Future Developments

The raw performance of the prototype already satisfies, at an embryonic level, the

rigorous parameters imposed by the European MID Directive. However, to evolve

this prototype from an academic validation phase to an "industrial-ready" device

ready for the smart meter market, it is possible to outline a series of future devel-

opments aimed at software, functional, and certification optimization.

9.1 Implementation of an Industrial Communica-

tion Firmware (HEX Stack)

Although the current system successfully acquires, filters, and processes the fluid

dynamic data, the fundamental step for commercial integration is the development

of a standardized communication stack. The developed PCB hardware is already

physically predisposed with a direct UART serial bus to the STM32 microcontroller.

The future objective will be to align this interface with the standards of the B2B

devices analyzed in the state of the art (such as Sensors A, B, and C), implementing

a transmission strictly based on packets in HEX format.

Specifically, the implementation of the following is foreseen:

• Handshaking protocols (ACK/NAK) to guarantee the robustness of the trans-

mission against electromagnetic interferences.

• A dynamic management for switching between a Normal mode (with measure-

ments every 2 seconds) and a Low-power mode (which partially deactivates

the system in case of prolonged absence of flow), in order to further optimize

the energy budget.

• Implementing diagnostic error flags to promptly signal the onset of critical

phenomena such as reverse flow, hardware drifts, or the presence of bubbles

and impurities in the pipe.

76



9.2 Gas Composition Estimation and "Hydrogen Blend-

ing"

One of the most current metrological challenges, linked to the decarbonization of

distribution networks, is the introduction of natural gas and hydrogen mixtures

(Hydrogen Blending).

As analyzed in Chapter 1, unlike thermomassive meters, ultrasonic technology

enjoys the mathematical advantage of being independent of the speed of sound in the

calculation of the flow velocity. This allows the sensor not to suffer direct metrolog-

ical drifts in the presence of hydrogen, tolerating mixtures with H2 concentrations

up to 23% by volume.

A software development of extreme industrial interest will consist in exploiting

the native ability of the sensor to inversely derive the real speed of sound of the

measured medium (cmeans) and compare it with the theoretical speed of sound (ctheo),

allowing real-time gas profiling capabilities. The device will become able to estimate

the exact percentage of hydrogen injected into the network or to detect any anomalies

or contaminations, allowing the volumetric meter to analyze the gas quality, without

requiring the addition of any hardware component.

9.3 Evaluation of Long-Term Stability and Mechan-

ical Transition

The ultimate goal of a smart metering device is the compliance with strict durability

requirements, requiring a guaranteed battery autonomy from 5 to 10 years and a

metrological incorruptibility over time.

Future developments in this perspective will have to focus on Stress Tests and

Long-Term Stability, subjecting the system to prolonged test cycles in climatic cham-

bers to simulate the entire operating thermal range (from −25◦C to +55◦C) for an

extended period.

This will allow evaluating empirically the possible zero-flow drift caused by the

aging of the piezoelectric transducers and validating the hold over time of the very

low current absorption (about 20µA).
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10. Conclusions

The present thesis work has illustrated the development, design and metrological

validation of an ultrasonic gas flow sensor based on a TDC (Time-to-Digital Con-

verter) architecture. The primary objective was to realize a prototype capable of

satisfying the rigorous requirements of the European MID (Measuring Instruments

Directive) for class 1.5 meters.

From a mechanical point of view, a single-path architecture with a V-shaped

geometry was engineered to exploit the self-compensation of fluid dynamic distur-

bances. The measuring tube was optimized with an incidence angle of 65◦, an acous-

tic path length of 53.2 mm and the adoption of separation plates for the laminar

stabilization of the flow. The adoption of TDC technology, operating with 500 kHz

transducers, proved to be the winning choice to minimize computational latencies

and reduce energy consumption.

Figure 10.1: 3D Printed Sensor

Through the use of the Split Burst excitation technique, which introduces a

phase shift as a time marker, and the integration of a programmable gain amplifier

(PGA), the hardware system proved to be intrinsically immune to the Cycle Slip
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phenomenon and highly robust against signal amplitude variations.

A crucial milestone of the project was the development of the firmware archi-

tecture for filtering stochastic and impulsive noise. For pre-filtering, a combina-

tion of Shell Sort and Peters filter was adopted for the isolation of outliers. For

post-filtering, overcoming the heavy phase delays intrinsic to classic moving average

filters, an Adaptive Hybrid Filter was developed that dynamically mix the consis-

tent zero-flow stability of the (one-dimensional) Kalman filter with the immediate

reactivity of the IWR (Improved Weighted Recursive) filter. In this way, the micro-

controller is able to follow flow variations without delays, guaranteeing a response

profile capable of perfectly following the fluid variations.

The experimental tests, performed on a certified calibration bench and based on

a MID duty cycle from 0 to 6 m3/h, demonstrated that the prototype in comparabte

to the performance of the commercial state of the art (B2B Sensors A, B and C).

In the raw measurements, the sensor exhibited a negligible offset (-0.0012 m3/h)

and an exceptional linearity, quantified in a coefficient of determination R2 equal to

0.9999 and a sensitivity (slope) of 1.001.

This extraordinary mechanical and hardware linearity avoided the heavy use of

heavy multipoint polynomial regressions, it was in fact sufficient to apply a very

light two-parameter linear calibration (an Offset of +3.7 l/h and a Multiplier of

0.99) to translate and rotate the error curve. After this compensation, the system

error was confined to a narrow interval between -1.04% and +1.16%, hitting with an

excellent safety margin the strict limits of the Maximum Permissible Error (MPE)

dictated by the MID class 1.5.

Figure 10.2: Comparison between the raw error curve and the calibrated one
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Finally, the most decisive result for the industrial applicability of the thesis con-

cerns the energy budget, in fact, the global average consumption of the running

system was estimated at about 20 µA. This value positions the prototype in a

condition of absolute metrological and energy advantage compared to all the com-

mercial solutions analyzed in the state of the art, which register variable absorptions

between 26.8 µA and 40 µA.

In conclusion, the developed prototype concretely demonstrates how a co-design

between mechanical architecture, ultra-low-power TDC electronics and adaptive fil-

tering can produce a highly reliable measuring instrument, ready to support the

technological evolution towards modern smart metering networks.
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