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ABSTRACT 
 

Department of Mechanics, Mathematics and Management  

Doctor of Philosophy 
 

Advanced Sensors for Diesel Engines  
by  

 
Dr. Pietro Pappalardi 

 

 

This thesis describes the work inherent in the development of a diesel quality sensor. 

The work is carried out within an industrial doctorate in partnership with Bosch and 

aims to constantly monitor the quality of the fuel used in most heavy vehicles, but not 

only. The reason that drives Bosch to this type of measurement is the deterioration of 

the diesel fuel pump due to the use of poor-quality fuel.  

 

The final objective is, therefore, the prototyping of an in-line detection system, that is 

placed on the pipelines for the distribution of diesel, in the pre-feeding system, next to 

the tank. 

 

Different solutions have been explored and analyzed to find the technique that 

guaranteed the detection of water in diesel. Microwave and optical techniques have 

been compared, simulated and analyzed. Several prototypes were made and compared 

with each other, highlighting good results. 
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“Life is like riding a bicycle: if you want to stay in balance 
you have to move” 

 
Albert Einstein 
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INTRODUCTION 

 

Non sono più lo stesso di un secondo fa 

Nel mio caso, fidati, pure un secondo fa 

Al mattino la mia voce roca brontola 

Dice mettici una croce sopra Golgota 

And if you call my name 

I don't recognize it 

If I look at my face 

I don't recognize it 

 

Prosopagnosia – Caparezza
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The internal combustion engine is a heat engine that converts the chemical energy of a fuel into 

mechanical energy, usually made available on a rotating output shaft. The liquid fuel used to operate 

“compression ignition (CI)” engines, is diesel and, recently, biodiesel, or mixtures of the two. Diesel 

fuel is obtained from crude oil. Crude oil consists of a mixture of hydrocarbons (hydrogen and carbon) 

and compounds such as benzene, pentane, hexane, heptane, toluene, propane and butane. The type of 

hydrocarbons obtained will vary based on the original geographic location of the crude oil. Diesel 

fuel is a complex mixture of liquid hydrocarbons obtained by the fractionation of crude oil. It is used 

as fuel for diesel engines and injected directly into the combustion chamber after being brought to 

high pressure and temperature values for compression. The term biodiesel (or more specifically Fatty 

Acid Methyl Esters), on the other hand, covers a variety of materials from vegetable oils, fats or 

recycled cooking oils or animal fat. It is obtained by a process of transesterification of fatty acids of 

vegetable origin with ethyl or methyl alcohol. In a diesel engine fuel system, fuel performs three 

functions: it provides chemical energy to be transformed into mechanical energy, lubricates precision 

parts in the fuel system components and cools the metal surfaces that operate in frictional conditions.  

The properties or characteristics of diesel fuel must meet these three conditions for the engine 

to operate reliably. The main properties of diesel fuel that affect engine performance are developable 

thermal energy, density, specific weight, flash point, volatility, cetane number, viscosity, electrical 

permittivity, sulphur content, fungi, bacterial contaminants, oxidation and water. The main 

contaminant that influences the quality of diesel fuel is water which can cause a reduction in the 

detonation power, a reduction in the efficiency of the engine, corrosion in the fuel system (pumps, 

injectors) and erosion and clogging of the filter. The admissible quantities are indicated by current 

regulations.  

Fuel control, therefore, is a part of the maintenance operations aimed at extending the life of 

the engine and is necessary because the developments in diesel, aimed at greater protection of the 

environment, have led to greater use of biofuels that have physical and chemical properties other than 

conventional fuels. The analysis of fluids guarantees the optimization of vehicle performance, the 

prevention of breakdowns, the reduction of emissions and prevents damage to the common rail 

technology or at least extends its operating life. The problem of dirty diesel has never been completely 

solved, but only improved with the common rail considering that, the operating pressures are such 

that the diesel must be of high quality.  

The techniques used today to determine the quantity of water are the centrifugal methods and 

the coulometric titration method of Karl Fischer, which are laboratory techniques. For in-line fuel 

monitoring, the most promising measurement techniques are resonant cavity dielectric technology, 
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spectroscopic techniques (UV-Vis, NIR, FT-IR, fluorescence and Raman), interdigitated capacitive 

sensing technology, ultrasonic and microwave technology. The creation of an automatic system for 

the optimal management of automotive engines represents a priority topic in the panorama of 

international industrial research. Vehicle performance depends not only on engine quality but also on 

fuel characteristics. In this perspective, the on-line measurement of the physical and chemical 

properties of the fuel and the use of additional functions are essential to face a very competitive 

market. The use, for that purpose, of optical or microwave technologies seems to be the right way to 

create a low-cost, precise and real-time measurement detection system.  

This research project aims at developing sensors for the analysis of traditional fuel and biofuel, 

integrated into the fuel system of diesel engines of commercial vehicles and cars. Bosch is the 

company where the research activity will be carried out. Bosch develops components of the common 

rail system intended for use on commercial and automotive vehicles, including an innovative electric 

pump with a controlled delivery. The flow control, carried out using electronic speed regulation, 

ensures that the flow rate processed by the Diesel injection system downstream of the pre-feed pump 

can be "dosed" according to the exact fuel requirement in different operating conditions of the engine. 

This brings advantages in terms of lower fuel consumption, less wear and greater simplicity of the 

hydraulic circuit for supplying and recycling the fuel since the ducts and filters are sized on a flow 

rate that is the minimum necessary. This technological change is one of those that are gradually 

leading to a greater "hybridization" of the diesel engine, through greater use of accessories controlled 

by electronic devices instead of being connected to the crankshaft, to improve engine performance 

thanks to electronic control accessories. For years the company has been developing and optimizing 

the pump in question and intends to increase its potential through additional functions aimed at 

protecting the engine and improving its efficiency. The research topic will, therefore, concern the 

development and integration of these "smart functions", the most important of which is the ability to 

accurately and continuously evaluate the possible presence of water in the fuel. To achieve this goal, 

a low-cost sensor integrated into the electric pre-supply pump was designed that can detect anomalies 

in the diesel fuel and deviations from normal operating conditions that achieve a fair compromise 

between low costs and high reliability required in commercial vehicles, non-contact detection, good 

precision and reliability, adaptive detection in a wide dynamic range, on-line and on-board monitoring 

and, finally, supports the implementation of the entire measurement chain in an autonomous 

embedded system. The research project proposed here, therefore, is intended to be a contribution to 

improving the performance of vehicles and reducing consumption and harmful emissions into the air. 

The idea is to develop a device for real-time monitoring of diesel fuel, an objective that with the 

sensors on the market today it is not possible to pursue both for technological and complexity reasons; 

indeed, the aggressive nature of diesel fuel, a mixture of aliphatic hydrocarbons and paraffin, on the 
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one hand, renders the traditional methods based on contact transduction completely unusable, on the 

other, for safety reasons it is badly reconciled with traditional techniques based on electrical methods 

and/or magnetic ones. One aspect of the research will, therefore, be the identification of the best 

technology, which achieves a compromise between low costs and the high reliability required in 

commercial vehicles. Since the device in question will have to be marketed both in Europe and North 

America, where diesel fuel has higher purity characteristics and in East Asia, where the concentration 

of impurities is several orders of magnitude higher, it will be necessary to create a sensor with variable 

detection in a rather wide dynamic range to favour the absorption effect in the first case and the 

diffusion effect in the second. Due to the substantial differences in the composition of the diesel fuel 

in the various areas of the globe and its consequent quality, the pre-feed pumps need to adapt their 

operation to optimize the engine performance, depending on the type of diesel fuel, to minimize the 

exhaust gas and to protect the engine components. The sensors located in the tank, of potentiometric 

or float type, albeit expensive, do not allow to monitor the quality of the fuel but allow only to measure 

the level. To overcome these limitations, capacitive sensors are being studied that can measure not 

only the fuel level in the tank but also the possible stratification of the fuel caused by the presence of 

additives. The main limitation of this technology is that the measurements are carried out by contact 

with a highly aggressive product (this is even more true for biodiesel) which in the long run produces 

corrosions on the sensitive parts of the sensor, severely limiting the useful life period.  

The innovation of the research will, therefore, concern not only the reduction of costs, but also 

the resistance in difficult working conditions due to the type of fuel and, especially in commercial 

vehicles, to vibrations and operating temperatures. The sensor, the result of the research, will present 

advanced features as it will have to meet the requirements of being real-time, non-contact, low cost, 

with variable detectivity and with a modular system that can be integrated into the power supply 

system. Among the various innovative measurement systems that can be possibly developed, those 

based on non-contact optical methods are particularly interesting because they would allow to avoid 

the corrosion of the system and to detect the presence of even very small quantities of impurities and 

contaminants, to avoid damage to the engine, increase combustion efficiency and reduce air pollution.  

The first chapter briefly describes the fuel used in Diesel engines and the contaminants that, 

most of all, affect the quality of the fuel, with attention to water and metal contamination. 

The second chapter lists the detection techniques that have been explored to achieve the goal, 

with specific regard to techniques based on microwaves and measurement of permittivity, for the 

identification of water in diesel. Moreover, in the same chapter a different technique are described to 

identify solid particles.  
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The third chapter describes the mathematical models present in the literature to describe the 

permittivity for water determination and the inductance for metal determination. 

The fourth chapter reports the preparation and characterization of the samples of diesel-water 

mixtures used to define an empirical mathematical model for the design, modeling and simulation of 

the prototypes which will be described and analyzed in the fifth chapter. In the same chapter, the 

debris sensor will be modeling and simulated for qualitative analyses.  

The sixth chapter reports the experimental results obtained from the prototypes made by 

comparing the sensitivity and quantitative results of each of them.  

The realization of these two sensors aims to broaden the overview of the creation of an intelligent 

sensor system for a more complete monitoring of diesel quality. 
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CHAPTER 1 

 

 

Io sono il disco, non chi lo canta 

Sto in una gabbia e mi avvilisco 

Il futuro sopprime colui che negli occhi lo guarda 

È un basilisco 

… 

Cerco me stesso, quindi un supporto che ormai nessuno può darmi. 

 

Prisoner 709 - Caparezza 
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“Never forget your humanity and respect the dignity of other men” 
 

Robert Bosch 
 

CONTAMINANTS IN DIESEL FUEL 

 

 

1.1 Diesel Engine 

Internal combustion engines are driving machines, which aim to convert the largest possible part of 

the energy released by burning fuels into the machine itself into mechanical work. Diesel engine is 

one of the most efficient thermal machines. Its efficiency considers fuel consumption for the purpose 

of determining consumption costs [1]. Besides fuel efficiency, Heavy Duty (HD) diesel engine offers 

increased reliability and durability. Internal combustion engines have the great advantage with respect 

to external combustion engines, like steam plants, of having eliminated heat exchangers both between 

the combustion products and the working fluid and between the latter and the environment. The result 

is a limitation for the characteristics of the fuels, which must ensure the completion of the combustion 

process in the appropriate ways and times. On the other hand, however, there a substantial 

simplification of the system and the elimination of losses inherent in the heat transfer between two 

fluids with a finished area exchanger. Consequently, due to their simplicity, compactness and high 

power/weight ratio, these motors quickly established themselves as propulsion systems for transport 

vehicles and as power generators. In internal combustion engines, the thermal energy that is 

transformed into mechanical work is provided by the chemical reactions of oxidation of the fuel with 

the oxygen of the air. These reactions take place in the same engine cylinder and must be completed 

in a very short time, releasing as much thermal energy as possible, without leaving too much residue 

and producing toxic substances [2]. 

Diesel engines have long been the workhorse of industry. Favored for their high torque output, 

durability, exceptional fuel economy and ability to provide power under a wide range of conditions, 

diesels are the dominant engines used in applications such as trucking, construction, farming, and 

mining. They are also extensively used for stationary power generation and marine propulsion and in 

passenger vehicles in many regions of the world. Thanks to significant improvements in diesel engine 



CHAPTER 1  CONTAMINANTS IN DIESEL FUEL 

24 
 

performance, injection technology and exhaust gas aftertreatment devices, particulate matter and 

nitrogen oxide emissions have been reduced so that diesels are poised to achieve good standards on 

emissions [1]. Diesel engines are like gasoline engines in many ways. Both are internal combustion 

engines and most versions of them use a four-stroke cycle [3].  

 

 

1.2 Diesel Fuel 

Diesel fuel is a complex mixture of liquid hydrocarbons obtained by fractionation of crude oil. It is 

used as fuel for diesel engines and injected directly into the combustion chamber after having been 

brought to high values pressure for compression. Diesel fuels are the fuels used in diesel or 

compression ignition engines. In diesel engines, the air is compressed to a high temperature before 

the fuel is injected into the cylinder to ignite. Compared to spark-ignition engines, a diesel engine is 

cost-effective because of its operating advantages, greater efficiency, high power output, and fuel 

economy under all loads. However, it has disadvantages of noise and emissions of particulates and 

nitrogen oxides (NOx). Three grades of diesel fuels are in common use:  

• land diesel fuels, used in trucks, buses, trains, or other land transportation vehicles that have 

a high variation of speed and load.  

• marine diesel fuels used in ships that have variable speed but relatively high and uniform 

load.  

• plant diesel fuels used in electric power generation plants that have low or medium speed with 

the heavy load.  

Hence, the quality of diesel fuels depends on the performance requirements of the engines. Today, 

many diesel fuels are derived from petroleum, although some may come from other fossil fuel 

resources such as coal liquefaction fractions and through synthesis, such as Fischer-Tropsch 

distillates. The quality of diesel fuels can vary significantly owing to differences in the crude oils 

from which the fuels are derived and the refinery process streams from which they are blended.  

Analysis of a representative diesel fuel shows that the main components of diesel fuels are saturated 

and aromatic hydrocarbons. The saturated hydrocarbons dominant in diesel fuels include normal 

paraffin, iso-paraffins, and cycloparaffins (naphthenes). Normal paraffin has high cetane numbers 

and are desirable molecules in diesel fuels for combustion. High-boiling normal paraffin, however, 

cause cold-flow problems if present in excess. Other than isoprenoid hydrocarbons such as pristane 
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and phytane, most of the iso-paraffins in diesel fuels are mono and dimethyl alkanes, predominantly 

with branch points near the ends of the alkyl backbone. The remaining saturated hydrocarbons are 

mainly 1-ring to 3-ring cycloparaffins. The 4- and 5-ring cycloparaffins, such as steranes and hopanes, 

are rarely present. Aromatic compounds are mainly benzenes, tetralins, indenes, naphthalenes, 

biphenyls, acenaphthenes, fluorenes, acenaphthalenes, phenanthrenes, anthracenes, and 

naphthenophenanthrenes. Diaromatic hydrocarbons are generally the most abundant aromatic 

components in diesel fuels. Trace amounts of PAHs (3C-ring aromatic compounds) such as 

chrysenes, pyrenes, benzanthracenes, and perylenes can also be present. The most common sulfur 

compounds are benzothiophenes and dibenzothiophenes. Trace amounts of nitrogen compounds 

include indoles, carbazoles, quinolines, acridines, and phenanthridines. The oxygen compounds most 

often reported in diesel fuels are phenols and dibenzofurans. Formulated diesel fuels also contain 

small amounts of additives, such as cetane improvers, antioxidants, corrosion inhibitors, metal 

deactivators, dispersants, detergents, lubricity agents, demulsifiers, and cold-flow improvers, to 

improve storage stability and performance. Many physical and chemical properties of diesel fuel are 

related to its composition [3], [4]. 

In general, suitable fuels should meet the following requirements: abundant availability, ease of 

preparation, low cost and respect for the environment, high calorific value per unit of mass and 

volume and ease of transport and storage, quick start-up and development of the combustion process, 

with any ambient temperature. complete combustion without toxic products and absence of carbon 

deposits on the walls of the combustion chamber and corrosive products. 

 

1.3 Standards for Fuel Control 

Fuels are elements with stored potential energy, which by combustion can be released and 

transformed into different types of mechanical energy. Even though they are met in all three states 

(liquid, gaseous and solid), the most used ones in vehicles are the liquid fuels. Some of the advantages 

of liquid fuels are that they can be easy to handle, transport and they can take the shape of any type 

of container. It is generally acknowledged that fuels have a set of parameters. Lots of them are also 

mentioned in standards and legislation [5]. The fuel system consists of tank, pump, filter and injectors 

or carburetor, and has the function of bringing fuel to the engine when necessary. Each component 

must work perfectly to ensure optimal performance and reliability. The fuel should lubricate precision 

components and cool metal surfaces that operate under friction conditions so that the engine operates 

reliably.  Fuel control is a part of the maintenance operations carried out with the aim of extending 

the life of the engine and reducing the environmental pollution. However, the problem of dirty diesel 
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has not yet been completely solved but only improved with the introduction of the common rail, 

whose scheme is described in Figure 1.1. It needs working pressures that, nonetheless, require the use 

of high-quality diesel. 

 

Figure 1.1. Components Overview (example: Bosch EDC 16). 

 

The EN 590 [5] standard prescribes the characteristics that diesel fuel must have to be sold in the 

European Union and in many other European countries. Setting aside the basic chemical and physical 

characteristics, the contaminants covered by the standard are different, however, it is utopian to think 

of developing a system that takes them all into consideration. 

Indeed, in agreement with Bosch, the industrial partner of this research, the aim of this work is 

evaluating the concentration of water in the diesel fuel, as water is primarily responsible for the 

corrosion of the pipes and the early malfunction of the pre-feed pump. A proof of concept of a 

measurement system that monitors the concentration of water is required as part of the design of the 

new pre-feed pump which will be produced and marketed by Bosch soon. In particular, the maximum 

limit for the concentration of water in diesel fuel is just 200 ppm. Conventionally, and as required 

also by ISO 12937 [6], the measurements of water concentration in diesel fuel are carried out with 

the Karl Fischer titration method. However, this technique is unsuitable for online monitoring 

applications because it requires bulky equipment. 

 

 

1.4 Water Contamination 

Water is commonly found in diesel fuel, due mainly to condensation, handling and environmental 

conditions. While water is always present in diesel fuel, it is more pronounced in humid areas and 



CHAPTER 1  CONTAMINANTS IN DIESEL FUEL 

27 
 

marine applications. However, today’s High-Pressure Common Rail (HPCR) fuel systems cannot 

have even small amounts of water in the injectors.  The presence of water in diesel fuel systems may 

cause the following problems:  

• Water causes rust and corrosion of iron components, forming loose particles of iron oxide 

which contribute to injector wear and component failure.  

• At the interface of water and diesel fuel, microbiological growth rapidly occurs under proper 

conditions. The microbes form a sludge that can plug filters and hinder injector performance. 

Additionally, the acid excreted by these microbes causes the corrosion of storage tanks and 

vehicle tanks, which leads to an increase in particles found in fuel.  

• Water can overwhelm standard on-engine fuel filtration. Water that makes it past the fuel 

filtration system to the injector system can cause premature wear and injector failure, since it 

doesn’t have the same lubrication as diesel fuel oil.  

• Water in fuel can also lead to premature wear of fuel pumps and other system components 

that rely upon the lubricating properties of diesel fuel oil.  

Biodiesel and bio-oil fuels have become increasingly popular. However, these fuels have a greater 

affinity to water, and therefore it is more difficult to remove water from them. Additionally, these 

fuels contribute to the more aggressive growth of microbes. Both issues require the addition of 

secondary filtration systems to adequately protect modern HPCR systems. 

Water is the worst contaminant that affects engine operation. Therefore, fuel control is part of 

maintenance operations to extend the life of the engine, optimizing performance, preventing 

breakdowns and reducing fuel consumption and harmful atmospheric emissions. 

Their deterioration may be caused using poor-quality fuel. Water is the main contaminant affecting 

fuel quality, in automotive [2], [7]. Water causes the reduction of lubricating properties, the reduction 

of engine power and the growth of microorganisms; it influences the combustion process, the wear 

and the corrosion of the power system, including feed pumps, filters, injectors and pipelines.  Water 

contamination can occur in different ways: during filling of the fuel tank; from vapor condensation; 

or from a source of contaminated fuel during the refueling process. In the automotive field, the EN 

590 standard prescribes the characteristics that fuel must have to be sold in the European Union and 

in many other European countries. The maximum allowable water limit in fuel is within a range of 

200 to about 500 ppm for the automotive field, e.g. 200 ppm according to [5]. Furthermore, the 

chemical-physical characteristics of fuel varies with the region of origin of the crude oil. Therefore, 

we must consider different limits in the rest of the world [8]. As prescribed by ISO 12937 [6], water 

concentration measurements in fuel are executed by the Karl Fischer titration. However, these 

techniques have the limitation of being performed in the laboratory and therefore cannot provide 
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online monitoring. In fact, EN ISO 12937 describes the method to be used in determining the water 

content of petroleum product with boiling points below 390°C, excluding fuel oils and compounds 

that contain ketones. The method covers water mass fraction concentrations (%(m/m)) between 0,003 

% (m/m) to 0,100 % (m/m). The apparatus used for determining water content is comprised of 

automatic coulometric Karl Fischer titrator, non-aerating mixer, syringes, balance with capacity to 

weigh ± 0,1 mg, 100 ml volumetric flask, sealable bottles, ovens, cooling bath and thermometer.  

Figures 1.2-1.4 show examples of damage caused by the presence of water, like rust, corrosion 

cavitation and even the broken shaft. 

 

Figure 1.2. Rust and Corrosion [2]. 

 

Figure 1.3. Cavitation. 

 

Figure 1.4. Broken Shaft. 
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Hence, water content is to be considered as an important parameter of diesel fuel, however it 

represents one of the most common contaminants found in all types of fuels, not only diesel.  The 

main effects of water contamination are to be seen on the injection elements (fuel pipes, fuel pumps, 

injectors) that are exposed to corrosion and thus on lower combustion quality. Water corrosion will 

occur only if water is in free form. Fuel properties, like viscosity or density will change when mixed 

with dissolved water. In general, water causes reduction of lubricating properties, wear and corrosion 

of fuel system, motor power reduction and growth of bacteria. EN 590 standard allows a concentration 

of 200 mg/kg of water contamination, which has been proven to be the maximum possible level on 

most of the markets. 

 

1.5 Metal Contamination 
 

During the last year of research, Bosch has expressed interest in a further problem, the formation of 

solid particles, inside the feed pump, due to the passage of the diesel flow and metal contamination. 

These particles cause wear and damage to the pump. Although there is a filter at the pump inlet, we 

would like to identify these solid particles, to generate an intelligent system of sensors connected in 

series, to improve the quality of the fuel, on which the operation of the entire fuel system of the engine 

depends. Wear in one of the main reasons that cause mechanical equipment failures, and numerous 

wear particles are produced during the device operation.  

The sources of metal contamination can be particles generated by wear inside the pump body due to 

the passage of fuel flow. The sources of contamination are numerous and not even the strictest 

controls manage to avoid occasional accidents.  

Normally the contamination is attributable to four sources: 

• Raw materials: Typical examples include metal plates, wheat filaments, sieve threads in 

powdered materials, tractor pieces in vegetables, fishhooks, staples from containers. 

• Personal effects: Buttons, pens, jewels, coins, keys, hair clips, drawing pins, pins, clips, etc. 

• Contaminants due to maintenance: screwdrivers and similar tools, swarf and welding scraps 

following repairs, pieces of copper wires following electrical repairs, various objects left after 

inaccurate cleaning, or due to carelessness and metal splinters following repairs of pipes. 

• Workings inside the plant: The danger of contamination occurs whenever the product is 

handled or subjected to a process. Crushers, mixers, blenders, slicers, and conveyor systems: 
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they all do their part. Examples include pieces of broken objects, splinters from milling 

machines and metal sheets from the returned products. 

The identification of the probable source of contamination is an important step in the development of 

a global metal detection program. 
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CHAPTER 2 

 

 

Del giorno in cui mi cadde il mondo addosso 

Ricordo tutto, pure l'ora e il posto 

Il contraccolpo poi la stretta al collo 

La stretta al collo, la stretta al collo 

… 

A me interessa poco il tuo pianeta bello e vandalo 

Piuttosto mi do fuoco, sto più lieta dentro il Tartaro!" 

Ed a quel punto sono io che non ci ho visto più 

 

La Caduta di Atlante - Caparezza 
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“If you want to find something, there is nothing better than searching” 
 

John Ronald Reuel Tolkien 
 

STATE OF ART 

 
 

 

2.1 Measurement Techniques for Water Detection 

Important requirements of the intended measurement system are that it should work in-line, during 

engine operation, be of small size and low cost. It may complement other on-board diagnostic systems 

[9, 10, 11, 12]. A wide variety of measurement systems has been developed to ensure quality and 

reliability of components [13, 14, 15, 16, 17, 18].  

There are two potential families of measurement methods which can be used for online fuel quality 

monitoring: optical techniques and microwave techniques. Other methods, based on capacitive and 

resistive sensors, are only able to detect water presence; in addition, corrosion of sensitive parts in 

contact with the fuel can occur, because it has a very aggressive chemical nature, which makes them 

unsuitable for in-line monitoring and poses difficulties to the use of electrochemical sensors [19, 20, 

21, 22, 23, 24, 25]. For example, interdigitated capacitive sensing technology, show in figure 2.1, 

uses the fuel as the dielectric material of a capacitor and measures the impedance to output the 

dielectric constant between different capacitors, to characterize different fuels. 

 

 

Figure 2.1. Interdigitated Capacitive Sensing Technology. 
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Methods based on neural networks have also proved useful for quantitative and qualitative evaluation 

of fluids [26, 27]. Optical measurements (e.g. spectrophotometry, fluorescence spectroscopy, etc.) 

present evident difficulties in the calibration of an extremely low detection threshold as the one 

required by previously described standards (examples show in figure 2.2, NIR, and in figure 2.3, 

Fluorescence). The physical principle of UV-VIS and NIR is based on the absorption of 

electromagnetic radiations that have wavelengths in the region of about 400-800 nm and 750-2500 

nm, respectively. Therefore, it measures the absorption spectrum to describe the physical fluid 

properties and chemical properties. In fluorescence techniques, a species excited at a higher energy 

electronic level emits radiation to return to the ground state. The radiation emission is at a wavelength 

greater than that of excitation, called Stokes Shift. The measured parameters are excitation spectrum 

and emission spectrum. However, the literature on water absorption spectra is very large [28, 27, 29, 

30]. 

 

 

Figure 2.2. NIR Technique. 

 

 

Figure 2.3. Fluorescence Technique. 
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More complex technologies like the tuning fork technology or the NIR spectroscopy can detect more 

fluid parameters, and the final algorithms are able to ensure good accuracy and repeatability of 

measurements. Most of the simpler technologies can be described in some way in terms of the above 

mentioned ones as regards the working principle or the acquired parameters (e.g. interdigitated 

capacitive sensing and thermal detection are related to tuning fork [31] (figure. 2.4), while UV-VIS 

are related to NIR).  Considering the total number of measured parameters, the NIR spectroscopy is 

the technology that is able to read more fuel parameters than the tuning fork technology. Yet, there 

are NIR sensors on the market that are not able to read, for example, fuel viscosity, a characteristic 

that the tuning fork can measure, instead. Also, being still under development, there might be that 

other parameters are not in the required measurement range with the required accuracy. 

 

 

Figure 2.4. Tuning Fork. 

 

In general, an optical system consists of a source and a detector which measures the absorption 

spectrum of the analyzed sample and extracts the information to be sent to the Engine Control Unit 

[32, 33]. 

 

2.2 Microwave Techniques 

Microwaves are electromagnetic radiations with a wavelength between the upper ranges of radio 

waves and infrared radiation. The microwave spectrum is defined in the frequency range between 1 

GHz and 1000 GHz, but other conditions foreseen by the lower frequencies. In most applications the 

range between 1 and 40 GHz is exploited. Electromagnetic (EM) waves are waves of energy that 

travel through a vacuum at the speed of light, approximately c=3×108 m/s. EM waves consist of two 

primary components: an electric (E) field and a magnetic (H) field.  

Microwave techniques permit to measure an important parameter associated with electromagnetic 

propagation, namely the complex permittivity of the propagation medium [7, 34, 35, 36]. Time 
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Domain Reflectometry (TDR) is a technique based on the analysis of the signal traveling along a 

transmission line and reflected by a generic load [37, 38]. 

The permittivity of the medium affects how the signal will be reflected, attenuated and transmitted 

between a source and a receiver. Many factors such as read-out rate, accuracy, convenience, and 

material shape and form are important in selecting the most appropriate measurement technique. The 

most used microwave measurement techniques are open-ended probe, transmission line, resonant 

cavity and free space, with applications that span radar, environmental monitoring and medical 

imaging [39, 40, 41, 42, 43, 44, 45, 46, 47]. These measurement techniques are different and each 

one has advantages and disadvantages compared to the others; moreover, it is often difficult to 

determine which measurement method may perform better for a given material sample, because this 

choice depends on several factors, such as the nature of the dielectric material to be measured, the 

frequency of interest and, also, the degree of precision required. Often, electromagnetic properties of 

media can be measured by means of waveguide transmission lines and coaxial lines [48, 49, 50, 51, 

52]. 

The three most used techniques for the characterization of the permittivity are the coaxial probe, 

transmission line and resonant cavity. 

 

 

2.2.1 Coaxial Probe 

The open-ended coaxial probe is a cut off section of transmission line. The material is measured by 

immersing the probe into a liquid or touching it to the flat face of a solid (or powder) material. The 

fields at the probe end “fringe” into the material and change as they come into contact with the device 

under test (DUT), see figure 2.5. The reflected signal (S11) can be measured and related to 𝜀𝑟. A 

typical measurement system using a coaxial probe method consists of a network analyzer or 

impedance analyzer, software to calculate permittivity, and a coaxial probe, probe stand and cable 

[53]. It is the easiest method to use for liquids, or soft semi-solids, even if very flat hard solids can be 

measured. 

 

Figure 2.5. Coaxial Probe Method. 
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2.2.2 Transmission Line 

Transmission line methods involve placing the material inside a portion of an enclosed transmission 

line. The line is usually a section of a rectangular waveguide or coaxial airline, see figure 10. 𝜀𝑟 and 

𝜇𝑟 are computed from the measurement of the reflected signal (S11) and transmitted signal (S21). 

 

 

Figure 2.6. Transmission Line Method. 

 

Coaxial transmission lines cover a broad frequency range. Waveguide fixtures extend to the mm-

wave frequencies and the samples are simpler to machine, but their frequency coverage is banded. A 

typical measurement system using the transmission line method consists of a vector network analyzer, 

a coaxial or waveguide transmission line, and software to calculate permittivity and permeability. 

There are various transmission techniques for measuring the dielectric properties of dielectric 

samples. The main advantage of the transmission techniques is the swept frequency capability. The 

transmission techniques can be further divided into two categories too. The first is the distributed 

transmission method, in which the S11 and S21 parameters are measured for the calculations of 

dielectric properties. The other is the lumped impedance method in which the calculations of 

dielectric properties are based on the circuit theory and the electric field in the measured sample is 

assumed to be uniform, i.e., under low frequency condition. 

A transverse loaded dielectric slab or disk can be bounded by a waveguide for the distributed 

transmission method. The measurement parameters are transmission signal (S21) and reflection signal 

(S11). The application of both S11 and S21 to calculate the dielectric properties is called S11 and S21 

transmission and reflection technique. The limitation on the measurement of permittivity is based on 

the thickness of the sample. The thickness should be less than one half of the wavelength to avoid 
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resonance. However, the loss measurement is only valid for tanδ >10-2. For material with loss tangent 

less than 10-2, the decay for the S11 and S21 is too small to be precisely detected by the measurement 

instrument. 

The parameter that will be evaluated is the attenuation of the transmission line. Each transmission 

has some losses, since the resistance of the conductors and of the power is consumed in the dielectric 

used to isolate the conductors. The power lost in a transmission line is not directly proportional to the 

length of the line but varies exponentially with the length. Line losses are usually presented in terms 

of decibels per unit of length. The losses in the transmission line are due to the following causes: 

radiation, dielectric losses, loss of the skin effect. The skin effect occurs in conductors carrying an 

alternating current. As the frequency increases, the current tends to be concentrated near the surface 

of the conductor, and the skin effect becomes more pronounced and the loss in the conductors 

increases dramatically. Hence, that loss is due to the non-homogeneous distribution of the current 

caused by the skin effect. For a perfect coaxial cable, the resistance of the skin is proportional to the 

square root of the frequency. Moreover, there is the dielectric loss which is due to the absorbent 

electrical energy since it is polarized in every direction. It occurs when the conductance is different 

from zero. Dielectrics have increasing losses when the voltage on the conductors is increased. 

Dielectric losses also increase with frequency as the shunt conductance increases approximately 

linearly with frequency. 

 

In the preliminary design, the diameter of the inner cylinder has been determined from the condition 

that the characteristic impedance of the Kopecky coaxial line [54], Equation (2.1), should be equal to 

50 Ω: 

 
𝑍0 =

1

2𝜋
√

μ

ε
ln (

𝐷

𝑑
) 

(2.1) 

 

where μ and ε are the permeability and permittivity of the medium inside the Kopecky coaxial line, 

respectively, while D is the internal diameter of the external conductor and d is the outer diameter of 

the inner conductor. The 50 Ω condition is necessary to obtain impedance matching with the 

measurement device, which has a standard 50 Ω SMA connector.  

 

2.2.3 Resonant Cavity 

This method uses a resonant cavity for sample support and a network analyzer to measure the 

resonance frequency and quality factor of the cavity, in two conditions: when it is empty and when 
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the sample is present. From this we can calculate permittivity (Figure 2.7). This method has the best 

loss factor resolution. Resonant cavities are high quality factor (Q) structures that resonate at specific 

frequencies. A piece of sample material inserted into the cavity affects the resonant frequency (f) and 

Q. From these parameters, the complex permittivity of the material can be calculated at a single 

frequency. A typical measurement system consists of a network analyzer, a resonant cavity fixture 

and software to make the calculations. 

 

 

Figure 2.7. Resonant Cavity Measurement. 

 

There are many parameters that affect results accuracy for dielectric materials measurements. Q-value 

is one of the most important factors for estimating the quality of the cavity resonator, as a high Q-

value gives high accuracy and narrow bandwidth. The effects of the Q-value can be conditioned by 

many factors, e.g. the metallic material for building cavity resonator, the filled material inside cavity, 

the coupling device and the transverse modes. However, these conditions can be fixed by design. On 

the other hand, the effects of the coupled external circuit also needs to be taken into account: indeed, 

when the external circuit is connected to the cavity resonator, the measured Q-value will no longer 

be the original Q-value (Q0), which will be hanged to the loaded Q-value (QL).  

Therefore, the accuracy of the measured results for the dielectric samples depends on the accuracy of 

the Q-values. The dielectric sample also needs to be fabricated to a property size so that when the 

sample is fully placed in the cavity resonator the critical coupled occurring [55]. 

Generally, the cavity resonator can be constructed from a circular waveguide shorted at both ends or 

built by a cylindrical metal box, i.e. a cylindrical cavity resonator [56]. The basic concept of the 

circular waveguide and the cylindrical cavity resonator are similar. An illustration for the cylindrical 

cavity resonator is given in figure 2.8. Inside the cavity resonator, the electric and magnetic fields 

exist, the total energies of the electric and magnetic field are stored within the cavity, and the power 
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can be dissipated in the metal wall of the cavity resonator as well as the filled dielectric material. 

Besides, the filled dielectric material will affect the resonant frequency and Q-value. The transverse 

modes used in the cavity resonators are the TE and TM mode, which will provide the different 

dimensions, resonant frequencies and Q-values. For the use of the cavity resonator, it has to be excited 

via a coupling device. The energy is transmitted from the external equipment to the cavity via the 

coupling device. 

 

Figure 2.8. Cylindrical Cavity Resonator. 

 

The resonant frequency operates in the cavity resonator and have to be higher than the cut off 

frequency when it is operating. Basically, the resonant frequency is related to the dimension of the 

cavity and the filling materials. Equation (2.2) gives the derivation of the resonant frequency [57]: 

 

 

𝑓𝑚𝑛𝑙 =
𝑐

2𝜋√μ𝑟ε𝑟

√(
𝑝𝑛𝑚

𝑎
)

2

+ (
𝑙𝜋

𝑑
)

2

 

 

(2.2) 

 

where fmnl is the operation frequency of the cylindrical cavity resonator, c is the speed of light, μ𝑟 is 

the permittivity of the filled material inside the cylindrical cavity resonator, ε𝑟 is the permeability of 

the filled material inside the cylindrical cavity resonator, d is the height of the cylindrical cavity 

resonator and a is the radius of the cylindrical cavity resonator. 

The coupling devices are used for transferring the energy from the feed line to the resonator. If the 

method of the reflection coefficient is used, only one coupling device is needed, and two when the 

method of transmission coefficient is used. Coupling holes are designed in a waveguide which is used 

as the feeding transmission line. The coupling probe is formed by extending the feeding coaxial cable 

with a small distance into the cavity resonator. Finally, the coupling loop is formed by extending the 
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feeding coaxial cable, at a given distance, into the cavity resonator and bent and grounded on the 

cavity wall. The center of the loop is located midway between the top and the bottom walls of the 

cavity.  

 

 

2.2.3.1 Cavity Perturbation Technique 

In practical applications, cavity resonators are normally modified by making small changes to the 

cavity volume or introducing a small dielectric sample. To achieve that, the cavity resonators can be 

tuned with a small screw that enters the cavity volume, or by changing the size of the cavity resonator. 

The other way involves the measurement of the permittivity by determining the shift of the resonant 

frequency when a small dielectric sample is inserted into the cavity. The perturbation method assumes 

that the actual fields of a cavity with a small shape or material perturbation are not greatly different 

from those of the unperturbed cavity. 

There is an equation 2.3 for the change in resonant frequency due to material perturbations. If we 

assume that ∆𝜖 and ∆𝜇 are small, then we can approximate the perturbed 𝐸̅, 𝐻̅ by the original fields  

𝐸̅0, 𝐻̅0, to give the fractional change in resonant frequency as [58]: 

 
𝑓 − 𝑓0

𝑓0
=

− ∫ (∆𝜖|𝐸̅0|2 + ∆𝜇|𝐻0|2)𝑑𝑣
𝑉0

∫ (𝜖|𝐸̅0|2 + 𝜇|𝐻0|2)𝑑𝑣
𝑉0

 

 

(2.3) 

 

This result show that any increase in 𝜖 at any point in the cavity will decrease the resonant frequency.  

 

 

2.2.4 Comparison of Methods 

Many factors such as accuracy, convenience, and the material shape and form are important in 

selecting the most appropriate measurement technique. Some of the most significant factors to 

consider are summarized here:  

• Frequency range  

• Expected values of 𝜀𝑟 and 𝜇𝑟 

• Required measurement accuracy  

• Material properties (i.e., homogeneous, isotropic)  

• Form of material (i.e., liquid, powder, solid, sheet)  

• Sample size restrictions  



CHAPTER 2  STATE OF ART 

 

42 
 

• Destructive or non-destructive  

• Contacting or non-contacting  

• Temperature  

• Cost  

 

Figure 2.9 provides a quick comparison between the measurement methods that have been discussed 

already. 

 

Figure 2.9. Summary of the Measurement Techniques. 

 

Other noteworthy methods are explained in the following paragraphs. 

 

2.2.5 Re-Entrant Cavity 

The re-entrant microwave cavity (RMC) is a very attractive sensor for dielectric characterization of 

small (mL to µL) liquid volumes due to the high concentration of electric field in its gap region. The 

structure is also easy to manufacture and retains a high quality (Q) factor (~3000) even when 

machined from aluminum. Unlike the electric field, the associated magnetic field magnitude is small 

and spread over a much larger volume, leading to low surface loss on the exposed metal surfaces, 

hence the high Q. These desirable features (high Q, high concentration of electric field in the gap) 

contribute to a high-performance dielectric sensor, as will be demonstrated.  A cross section of the 

RMC is shown in Figure 2.10, showing the electric field distribution. 

 

Figure 2.10. Cross Section of a Re-entrant Microwave Cavity. 
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Re-entrant cavities can be modeled using a lumped-element approximation in the limit when the gap 

dimension is small compared with the other dimensions of the cavity and with the resonant 

wavelength λo. The electric field concentrates in the gap between the center post and the cavity wall 

and its direction from the inner post points to the cavity wall, perpendicular to the two surfaces of the 

gap thus formed. If the gap region is small, then the electric field in the gap will be approximately 

uniform and the magnetic field will be infinitesimally small near the axis. This region acts like a 

parallel-plate capacitor, its capacitance being inversely proportional to the gap width [59].   

 

 

2.2.6 Substrate Integrated Waveguide Re-Entrant Cavity 

Substrate integrated waveguide (SIW) technology, realized through rows of metallic via-hole arrays 

or grooves embedded in a dielectric substrate whose upper and lower surfaces are covered by metal 

plates, has attracted increasing attention in the last few years. This technology makes it possible to 

design the re-entrant cavities in planar forms that can be readily fabricated using standard printed 

circuit board (PCB) or low-temperature co-fired ceramic (LTCC) technology. The SIW re-entrant 

cavities not only inherit the advantages of traditional cavities such as high Q-factor and high-power 

capacity, but also provide the merits of low cost, low profile and easy fabrication. More importantly, 

their planar configurations make them much easier to be monolithically integrated with other planar 

circuits and systems (without any other costly and sophisticated transition).  The sensor consists 

(figure 2.11) of two parts, namely the SIW re-entrant cavity resonator design and the microfluidic 

subsystem design. The primary objective for the cavity design is to obtain a compact size as well as 

a high Q-factor, while for microfluidic subsystem, it is to achieve a high sensitivity [60].  

 

Figure 2.11.  Substrate Integrated Waveguide Re-Entrant Cavity. 
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2.3 Measurement Techniques for Metal Detection 

In the literature, there are several solutions used for monitoring solid particles in liquids. The most 

important techniques are briefly listed [95, 96, 97, 98, 99, 100]. 

2.3.1 Capillary Hydrodynamic Fractionation 

The motion of particles near 1 μm and below in size follows a very distinct pattern when the liquid 

containing them is forced through capillary tubes. A combination of Brownian motion and liquid 

boundary effects, associated with the very fine capillaries used, causes the larger particles to flow 

faster than the smaller ones, and a definite pattern is detectable (Fig. 2.12).  

 

Figure 2.12. Capillary Hydrodynamic Fractionation. 

 

2.3.2 Electrical Sensing Zone (Coulter) 

This technique is unusual in that it can determine the particle 'size' in terms of the true volume of the 

particle. As each particle passes through a small orifice or tube, so the electrical resistance between 

the two ends of the liquid column in the tube is changed. The technique will only work for electrically 

conducting liquids, but most particle types can be detected. It is currently used only as a laboratory 

method (Fig. 2.13). 
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Figure 2.13. Electrical Sensing Zone (Coulter). 

 

2.2.3 Electroacoustic 

An alternating electric field, at varying frequency (in the megahertz band), is applied to the volume 

of liquid. By measuring the magnitude and phase angle of the sound wave produced by the particles, 

it is possible to determine both the particle size and the effective charge (zeta potential). A large range 

of particle concentrations is measurable, from 0.5% to above 40%, but the particles must have been 

charged (Fig. 2.14). 

 

Figure 2.14. Electroacoustic. 
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2.2.4 Filter Blockage  

This technique can be used both on-line and off-line with no restriction on fluid mixes or particle 

types. By merely sensing the change in flow characteristics (flow and pressure drop), the level of 

particle count associated with the pore size of the filter can be determined (continuous operation 

occurs when the flow is reversed and the filter backflushed). Several refined filters can be fitted, and 

a particle distribution obtained (Fig. 2.15). 

 

Figure 2.15. Filter Blockage (Mesh Obscuration). 

 

2.2.5 Magnetic Attraction 

There are numerous devices which may either trap particles, magnetically or otherwise, or sense them 

either statically or as they pass, by detecting a change in the magnetic flux. Only the presence of 

ferromagnetic particles can be accurately determined. These devices do not normally give a particle 

count, but rather provide an overall view of the 'large' and 'small' particulates present (Fig. 2.16).  

 

Figure 2.16. Magnetic Attraction. 
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2.2.6 Optical Method 

The optical method includes a pair of light transmitter and receiver, operating with the light passing 

through the fluid. Since the light could be blocked by debris particles, the change of light intensity 

may reflect the size of the debris particle (Fig. 2.17). 

 

Figure 2.17. Optical Method. 

There are many instruments based on the Fraunhofer detection method. They are designed to obtain 

a very accurate assessment of the particle distribution from 0.1 μm upwards, and some instruments 

can detect even smaller particles. An array of detectors receives the light rays, diffracted forwards 

according to the size of the particles, the smaller the particle, the greater the diffraction (Fig. 2.18). 

Light obscuration is the simplest type of light-based instrument, looking solely at the shadows cast 

when particles pass through the light beam. Much work has been undertaken to reduce the probability 

of more than one particle being counted at any one time (Fig. 2.19). 

 

Figure 2.18. Fraunhofer Detection Method. 
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Figure 2.19. Light Obscuration. 

 

2.2.7 Acoustic Sensors 

The acoustic method (Fig. 2.20) is composed of an acoustic transmitter and an acoustic receiver, 

which are placed in oil so that the acoustic wave can penetrate through the flow. A debris particle 

would distort a part of the wave transmitted into the sensor. Therefore, the strengths of both 

transmitted waves and reflected waves could be detected in a channel of 6.5 mm by 6.5 mm, and 

bubbles could be distinguished from solid debris by the phase of a received wave. However, this 

method is difficult to be applied in the real system because viscosity, flow speed, and mechanical 

vibration all may affect its performance.   

 

Figure 2.20. Acoustic Sensor. 
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2.2.8 Ultrasonic Sensors 

Ultrasonic monitoring devices are also based on the principle of the Doppler Effect. A source in the 

sensor emits a high-frequency ultrasonic signal through the flow. The signal is reflected to the 

receiver from the contaminants, debris particles and turbulence in the flow. Scattering and absorption 

mechanisms are the primary causes of the attenuation of an ultrasonic wave as it propagates through 

a medium. The frequency is proportional to the flow velocity and can be converted into voltage or 

current.  The technique is very sensitive to the positioning of the transducer as it will be influenced 

by the acoustic emissions from background sources and the signal attenuation varies with the 

temperature of the flow. However, they can measure particle sizes as small as 3 µm and are simple, 

cost-effective, and robust in use (Fig.2.21). 

 

Figure 2.21. Ultrasonic Sensor. 

 

2.2.9 Comparison of Methods 

The way to decide which instrument is best for a particular application will depend on the user's 

priorities. On the other hand, because of the high costs involved, one would expect much more care 

in the choice. The following is a suggested order of decision-making, which will vary slightly with 

the application:  

1. What size of particle is expected (or particle size range)?  

2. What liquid is the particle immersed in (or mixed liquids)?  

3. Decide where the instrument is to be used, and by whom.  

4. What special hazards may be present (such as air, vibration, shock, etc.)?  
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Following that guidelines, the sensor that we decided to design for our purposes is based on the 

physical principle of inductance. 
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CHAPTER 3 

 

 

Passo alla meditazione ma dura per poco 

Io di natura nervoso 

Il tipo di uomo che recita il Sutra del loto 

Poi dopo si butta nel vuoto 

Vorrei raggiungere il Nirvana 

Come loro, idem 

Raggiungere i Nirvana 

Non il loro leader 

Infedele quanto vuoi 

Ma giuro sono mite 

Anche se sembro roccia 

Con il cuore Dolomite 

 

Confusianesimo – Caparezza 
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“I was looking for a new image of the world that would give meaning to our 

grayness and be worth all the beauty that was lost, saving it. A new face in 

the world.” 

 
Italo Calvino 

 

MEASUREMENT PARAMETERS 

 

 

3.1 Sensor Characterizations 

A sensor can perform multiple energy conversions before producing a signal at its output that is easy 

to process, transmit and represent. The analysis of the characteristics of a sensor requires only the 

study of the relationships between the stimuli and the responses of the device without the need to 

examine the energy transformation processes taking place inside it. Therefore, we will look at the 

sensor as a "black-box" examining just the input-output relationships of the device. For each sensor, 

there is an ideal input-output relationship that allows obtaining the "true" value of the stimulus at the 

output. It is obvious that this never occurs in the real case. This ideal function is expressed in the form 

of a mathematical equation, a table or a graph: it can be linear or non-linear. In real operation, the 

sensor describes a characteristic that differs from the ideal function. To consider the inaccuracy of 

the device, it is necessary to measure the deviations existing between the real values and the ideal 

values. 

A complete characterization of the sensor requires the description of the following characteristics: 

1. Static: describe the performance of the sensor in normal conditions with slow variations of 

the input and in the absence of external stresses. 

2. Dynamics: describe the behavior of the sensor to changes in the input with the time. 

3. Environmental: refer to the performance of the sensor after exposure or during exposure to 

specific external stresses. 

4. Reliability: relate to the useful life of the sensor. 

In this thesis, the parameter to be measured will be the permittivity. 
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3.2 Permittivity (Water Detection) 

Permittivity is a physical quantity that describes how an electric field affects and is influenced by a 

dielectric medium and is determined by the ability of a material to polarize in response to an applied 

electric field, and therefore to partially erase the field inside of the material. Permittivity, therefore, 

refers to the ability of a material to transmit (or "allow") an electric field. The permittivity of a material 

is usually provided with respect to that of the vacuum, as a relative permittivity, (also called a 

dielectric constant in some cases). 

The most used techniques for measuring dielectric properties at microwave frequencies include open 

probe methods, transmission methods, resonant cavity methods and free space methods that use horn 

waveguides. Each of these measurement techniques can be designed to operate in a specific 

microwave frequency range. The appropriate measurement techniques for each application depend 

on the dielectric properties of the materials to be measured, the physical state of the materials (solid, 

semi-solid or liquid), the frequency range and the degree of precision required. The microwave 

electromagnetic radiation spectrum lies within a frequency range of 108 to 1011 Hz with wavelengths 

of 0.3-300 cm. More specifically, the frequency range of microwaves is generally considered to be in 

the range of 1 GHz to 30 GHz. An important parameter associated with electromagnetic propagation 

is the complex permittivity of the propagation medium. The permittivity of the medium influences 

how the signal will be reflected, attenuated and transmitted between a source and a receiver. An 

electromagnetic field can interact with matter by transforming part of its energy into thermal energy. 

The origin and extent of the energy transformation are linked to the response to the applied field of 

the microscopic charges present in the matter. Dielectric losses of the material at the origin of which 

there are polarization phenomena that take place under the action of the field contribute mainly to the 

generation of heat in the microwave band. 

The behavior of a material towards electromagnetic waves depends on the complex (relative) scalar 

permittivity ε, (eq. 3.1): 

 ε =  ε′ − jε′′ (3.1) 

with ε′  relative dielectric constant and ε′′  loss factor which takes into account dielectric losses. 

Furthermore, we define a loss tangent, in equation 3.2: 

 
tanδ =

ε′′

ε′
 

(3.2) 
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The complex permittivity depends on the frequency, on the temperature (generally with increasing 

temperature ε′ increases while ε′′ can increase or decrease), density of the material and composition 

and structure of the material. At macroscopic level the complex permittivity,𝜀, can be expressed in 

the following way, equation 3.3: 

 𝜀 =  𝜀′ − 𝑗𝜀′′ = 𝜀0(𝜀𝑟
′ − 𝑗𝜀𝑟

′′) (3.3) 

For the realization of the method described in the model section it is important to analyze the above 

equation. The electric field interacts with the material in two ways: storing energy and dissipating 

energy. The ability of a material to store electric energy from the electric field is described by the real 

part of the permittivity 𝜀𝑟
′ . The ability of a material to dissipate electric energy from the electric field 

is described by the imaginary part of the permittivity 𝜀𝑟
′′. Both 𝜀𝑟

′  and 𝜀𝑟
′′ are dimensionless 

parameters. An analogous demonstration can be made for the permeability [70]. 

Dielectric constant (k) is equivalent to relative permittivity (𝜀𝑟) or the absolute permittivity (𝜀) 

relative to the permittivity of free space (𝜀0). The real part of permittivity (𝜀𝑟
′ ) is a measure of how 

much energy from an external electric field is stored in a material. The imaginary part of permittivity 

(𝜀𝑟
′′) is called the loss factor and is a measure of how dissipative or lossy a material is to an external 

electric field. The imaginary part of permittivity (𝜀𝑟
′′) is always greater than zero and is usually much 

smaller than (𝜀𝑟
′ ). The loss factor (Fig. 24) includes the effects of both dielectric loss and conductivity. 

When complex permittivity is drawn as a simple vector diagram, the real and imaginary components 

are 90° out of phase. The vector sum forms an angle δ with the real axis (𝜀𝑟
′ ). The relative loss of a 

material is the ratio of the energy lost to the energy stored. The loss tangent or tan δ is defined as the 

ratio of the imaginary part of the dielectric constant to the real part. D denotes dissipation factor and 

Q is quality factor. The loss tangent tan δ is called tangent loss or dissipation factor (Fig. 3.1). 

Sometimes the term “quality factor or Q-factor” is used with respect to an electronic microwave 

material, which is the reciprocal of the loss tangent. For very low loss materials, since tan δ ≈ δ, the 

loss tangent can be expressed in angle units, milliradians or microradians [71, 72]. 

 

Figure 3.1. Loss Tangent Vector Diagram. 
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3.2.1 Dielectric Theory 

A wide variety of industries need a better understanding of the materials they are working with to 

shorten design cycles, improve incoming inspection, process monitoring, and quality assurance. 

Every material has a unique set of electrical characteristics that are dependent on its dielectric 

properties. Accurate measurements of these properties can provide scientists and engineers with 

valuable information to properly incorporate the material into its intended application for more solid 

designs or to monitor a manufacturing process for improved quality control. A dielectric materials 

measurement can provide critical design parameter information for many electronics applications.  

The material properties that will be discussed here are permittivity and permeability. It is important 

to note that permittivity and permeability are not constant. They can change with frequency, 

temperature, orientation, mixture, pressure, and molecular structure of the material. A material is 

classified as “dielectric” if it can store energy when an external electric field is applied.  

If a DC voltage source (Fig. 3.2) is placed across a parallel plate capacitor, more charge is stored 

when a dielectric material is between the plates than if no material (a vacuum) is between the plates. 

The dielectric material increases the storage capacity of the capacitor by neutralizing charges at the 

electrodes, which ordinarily would contribute to the external field. The capacitance with the dielectric 

material is related to dielectric constant. Where C and C0 are capacitance with and without dielectric, 

𝑘′ = 𝜀𝑟
′  is the real dielectric constant or permittivity, and A and t are the area of the capacitor plates 

and the distance between them. 

 

Figure 3.2. Parallel Plate Capacitor, DC case. 

 

If an AC sinusoidal (Fig. 3.3) voltage source V is placed across the same capacitor, the resulting 

current will be made up of a charging current Ic and a loss current Il that is related to the dielectric 
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constant. The losses in the material can be represented as a conductance (G) in parallel with a 

capacitor (C).  

 

Figure 3.3. Parallel Plate Capacitor, AC case. 

The complex dielectric constant k consists of a real part 𝜀𝑟
′  which represents the storage and an 

imaginary part 𝜀𝑟
′′ which represents the loss.  From the point of view of electromagnetic theory, the 

definition of electric displacement (electric flux density) Df is (eq. 4.4): 

 𝐷𝑓 = 𝜀𝐸 (3.4) 

where 𝜀 =  𝜀0𝜀𝑟   is the absolute permittivity (or permittivity), 𝜀𝑟 is the relative permittivity,   

𝜀0 =  
1

36
𝜋10−9 [F/m] is the free space permittivity and E is the electric field.  

 

3.2.2 Electromagnetic Wave Propagation 

In the time-varying case, electric fields and magnetic fields appear together. This electromagnetic 

wave can propagate through free space (at the speed of light, c = 3 x 108 m/s) or through materials at 

slower speed. Electromagnetic waves of various wavelengths exist. The wavelength l of a signal is 

inversely proportional to its frequency f (λ = c/f), such that as the frequency increases, the wavelength 

decreases.  

Many aspects of wave propagation are dependent on the permittivity and permeability of a material. 

Let’s use the “optical view” of dielectric behavior. Consider a flat slab of material (MUT) in space, 

with a TEM wave incident on its surface. There will be incident, reflected and transmitted waves. 

Since the impedance of the wave in the material Z is different (lower) from the free space impedance 

η (or Z0) there will be impedance mismatch, and this will create the reflected wave. Part of the energy 
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will penetrate the sample (Fig. 3.4). Once in the slab, the wave velocity v is slower than the speed of 

light c. The wavelength λd is shorter than the wavelength λ0 in free space according to the equations 

below. Since the material will always have some loss, there will be attenuation or insertion loss.  

 

Figure 3.4. Wave Propagation. 

Before the dielectric properties of a material can be measured with network analyzer, impedance 

analyzer, or LCR meter, a measurement fixture (or sample holder) is required to apply the 

electromagnetic fields in a predictable way and to allow connection to the measurement instrument. 

The type of fixture required will depend on the chosen measurement technique and the physical 

properties of the material (solid, liquid, powder, gas) [72]. 

 

3.2.3 Dielectric Mechanism 

A material may have several dielectric mechanisms or polarization effects that contribute to its overall 

permittivity. A dielectric material has an arrangement of electric charge carriers that can be displaced 

by an electric field. The charges become polarized to compensate for the electric field such that the 

positive and negative charges move in opposite directions, like showed in figure 3.5.  

At the microscopic level, several dielectric mechanisms can contribute to dielectric behavior. Dipole 

orientation and ionic conduction interact strongly at microwave frequencies. Water molecules, for 

example, are permanent dipoles, which rotate to follow an alternating electric field. These 

mechanisms are quite lossy which explains why food heats in a microwave oven. Atomic and 

electronic mechanisms are relatively weak, and usually constant over the microwave region. Each 

dielectric mechanism has a characteristic cutoff frequency. As frequency increases, the slow 

mechanisms drop out in turn, leaving the faster ones to contribute to 𝜀𝑟
′ . The loss factor (𝜀𝑟

′′) will 
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correspondingly peak at each critical frequency. The magnitude and cut-off frequency of each 

mechanism is unique for different materials.  

A resonant effect is usually associated with electronic or atomic polarization. A relaxation effect is 

usually associated with orientation polarization [72]. 

 

Figure 3.5. Frequency Response of Dielectric Mechanism. 

 

3.2.4 Variation of Properties with Fuel Composition  

The versatility of diesel engines with respect to the fuel they may combust places a requirement on 

any reliable fuel sensing system that it be able to detect and distinguish between a wide range of fuels. 

Consequently, a review of research related to how the chemical composition of fuel affects its bulk 

properties was necessitated Although the process of refining and distributing fuel is highly regulated 

in the United States fuels occasionally become contaminated through unintended consequences of 

transport and storage. The presence of contaminants could have significant impacts on the fuel 

pumping and injection systems, combustion, or exhaust gas after-treatment within a diesel engine. 

Consequently, there is a critical need for a fuel sensor to detect contaminants and extend the lifetime 

of a diesel engine [7, 73]. 

Dielectric permittivity is an important parameter for indirect determination of water content diesel 

fuel using electromagnetic methods. Among the approaches used for determination of the relationship 
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between the relative permittivity and volumetric water content, the use of purely empirical models 

and mixing models are often found on the literature. Mixing models are a class of models that relate 

the composite dielectric number of a multiphase mixture to the dielectric numbers and volume 

fractions of its constituents based on their geometrical arrangement. Thus, they offer an advantage 

over purely empirical models in that at least some of the mathematical coefficients involved have a 

physical meaning.  

The effective or bulk relative permittivity (𝜀𝑏) of a porous material can be modelled using a class of 

models known as mixing models, which predict 𝜀𝑏 based on the individual relative permittivity values 

for each phase (𝜀𝑖). One of the simplest forms of mixing models is given by: 

 
𝜀𝑏

𝛼 = ∑ 𝛷𝑖𝜀𝑖
𝛼

𝑛

𝑖=1

 
(3.5) 

 

here 𝛷𝑖 is the volume fraction of each phase (cm3*cm-3), and 𝛼 is a dimensionless fitting parameter.  

 

3.2.5 Single-Phase Dielectric Mixing Model  

For land surface remote sensing, two mixing theories have been proposed, namely the ‘dielectric 

average’ originally proposed by Brown [74, 75]: 

 
𝜀𝑒𝑓𝑓 = ∑ 𝑣𝑗𝜀𝑗

𝑚

𝑗=1

 
(3.6) 

 

A further refinement proposed by Ansoult et al. [76] and by Dobson et al. [77] is the empirical 

modification of Equation (3.5) with an exponent α, the so-called ‘shape factor’, according to: 

 
𝜀𝑒𝑓𝑓

𝛼 = ∑ 𝑣𝑗𝜀𝑗
𝛼

𝑚

𝑗=1

 
(3.7) 
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3.2.6 The Mixing Formula  

Many mixing formulas have been reported in the literature [78, 79, 80, 81, 75, 82, 83, 84, 85, 86] 

since the early work of Rayleigh [87]. Some of these formulas were examined with the measured data 

on the mixtures of conducting particles in a pure dielectric host [88]. Poe, Stogryn, and Edgerton [89] 

also tested a few of these formulas with some measured data of soil permittivity moisture variations. 

However, the data used by Poe et al. were measured only at a few moisture values. As a result, it was 

difficult to assess whether any of the mixing formulas they examined had provided an adequate 

description on the dielectric behavior of soil-water mixtures. Table II gives a list of the mixing 

formulas considered to be adequate for a comparison with the experimental data acquired in recent 

years. Most of these formulas dealt only with a mixture of two constituents. They basically implied a 

direct dependence of the mixture dielectric constant ε on the dielectric constants (ε1 and ε2) and the 

volume fractions (f1 and f2) of the constituents.  

The study of dielectric constant and conductivity of binary mixtures of liquids is important, both from 

the point of view of dielectric theory and practical applications. Several formulas are available for the 

calculation of dielectric constant of mixture of liquids, but these appertain essentially to the dielectric 

constant at Dc or low frequency alternating voltage. Further, the formulas available are independent 

of temperature and therefore they are presumably applicable at room temperature or at a given 

constant temperature. If one wishes to calculate the dielectric constant of the mixture at any other 

temperature measurements on the individual components have to be carried out at the appropriate 

temperature and the mixtures formulas applied. In this paper, experimental results on the dielectric 

properties of silicone fluid and water free methanol are reported. The results are compared with the 

results obtained by calculations using the formulas quoted above. A new formula for the calculation 

of the dielectric constant based on the fundamental properties of the individual components has been 

suggested. 

In macroscopic approach, many formulas are available for calculating the dielectric constant of the 

mixtures if the dielectric constants of the individual components at the same temperature are known. 

Denoting the two components by subscripts 1 and 2, we summarize some formulas as below (eq.3.8 

– 3.13): 

1. Lichtenecker Formula: 

 𝜀𝑚 = exp (𝑉1 log 𝜀1 + 𝑉2 log 𝜀2) (3.8) 
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2. Raleighs Formula: 

 

𝜀𝑚 = 𝜀1

2𝜀1 + 𝜀2
𝜀2 − 𝜀1

+ 2𝑉2 −
1.575(𝜀2 − 𝜀1)

4𝜀1 + 3𝜀2
𝑉2

10/3

2𝜀1 + 𝜀2

𝜀2 − 𝜀1
− 𝑉2 −

1.575(𝜀2 − 𝜀1)
4𝜀1 + 3𝜀2

𝑉2
10/3

 

(3.9) 

 

3. Formula of Meredith and Tobias: 

 

𝜀𝑚 = 𝜀1

2𝜀1 + 𝜀2
𝜀2 − 𝜀1

+ 2𝑉2 −
1.277(𝜀2 + 2𝜀1)

4𝜀1 + 3𝜀2
𝑉2

7/3
−

6.399(𝜀2 − 𝜀1)
4𝜀1 + 3𝜀2

𝑉2
10/3

2𝜀1 + 𝜀2

𝜀2 − 𝜀1
− 𝑉2 −

1.277(𝜀2 + 2𝜀1)
4𝜀1 + 3𝜀2

𝑉2
7/3

−
2.718(𝜀2 − 𝜀1)

4𝜀1 + 3𝜀2
𝑉2

10/3
 

 

 

(3.10) 

 

4. Bruggeman’s Formula 

 𝜀2 − 𝜀𝑚

𝜀2 − 𝜀1
(

𝜀1

𝜀𝑚
)

1/3

= 1 − 𝑉2 
(3.11) 

 

5. Looyenga’s Formula 

 𝜀𝑚 = [𝜀1
1/3

+ 𝑉2(𝜀2
1/3

− 𝜀1
1/3

)]
3
 (3.12) 

 

6. Bottcher Formula 

 
𝜀𝑚 = 𝜀1 +

3𝑉2𝜀𝑚(𝜀2 − 𝜀1)

2𝜀𝑚 + 𝜀2
 

(3.13) 
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3.2.7 Theoretical Model – Initial Approach 

Dielectric constant must be as close as possible to that of pure fuel because we want o not significantly 

to disturb the propagation of the stimulus signal. 

 𝜀𝑏𝑙𝑒𝑛𝑑 = 𝜀𝐵0 +
𝜀𝐵100 − 𝜀𝐵0

100
∗ 𝐵% (3.14) 

 

For the preliminary simulations, a very simple mathematical model was chosen to express the 

dielectric constant of the analyte as a function of the water concentration (B%). Remembering that 

the dielectric constant varies with the amount of water and therefore the impedance of the cable also 

varies. There is an impedance mismatch in the interface with source and meter. Therefore, the noise 

increases. One last trick regards the electromagnetic field which must exhibit a limit of 1 MV/m 

because there might be a risk of ionization, i.e. the dielectric might lead. 

 

 

3.3 Inductance (Metal Detection) 

The inductive method is based on electromagnetic induction, in which debris particles will cause a 

corresponding inductive voltage and an inductance change in coils when the particles go through the 

sensor. In this method, the inductive voltage and inductance change are proportional to the debris 

size, and different materials such as ferromagnetic and diamagnetic ones will cause different signature 

phases. Consequently, the inductive method can provide information about debris sizes and materials. 

Inductive sensors have the advantage of detecting both ferrous metal and nonferrous metal particles. 

It also has the advantage of an on-line monitoring capability with an inductive coil as the sensing 

element. The debris may also be removed from the carrier fluid and placed between the sensing areas 

of the inductive coils causing an imbalance in the measurement. The electronics along with a 

microprocessor are a part of the on-line sensing.  The disadvantage of this method is that if a ferrous 

and a non-ferrous particle appear at the same time, the effect nullifies each other, and no particle is 

detected.  The changes in inductance monitored are small and hence the measurement circuitry must 

be extremely sensitive to very small variations.  

This principle can be explained by looking at two coils a transmission coil (Tx), with an alternating 

current applied to it, and a receiving coil (Rx), in which a current will be induced, described in figure 
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3.6. The voltage signal in the Rx coil is proportional to the relative areas, geometry and displacement 

of both coils. However, as seen in capacitive techniques, other factors can also influence the behavior 

of the coils. One of them is temperature, but its effect can be neutralized by using multiple Rx coils 

and calculating the position from the ratio of the received signals (similar to a differential 

transformer). Therefore, if a temperature change occurs, the effect is canceled because the signal ratio 

is not changed for a given position. Unlike capacitive techniques, inductive methods are less 

influenced by foreign material such as dirt or water. The coils can be positioned at relatively large 

distances, installation accuracy is not a major problem and the main components of the sensors can 

be mounted with relatively relaxed tolerances. In their construction, a series of wound conductors or 

coils are used and must be carefully wrapped to obtain an accurate position measurement. To obtain 

strong electrical signals, a considerable number of coils must be wound. This wound coil structure 

makes traditional inductive position sensors heavy, bulky, and expensive. 

 

Figure 3.6. Physical Principle of Inductance. 

 

3.3.1 Principle of Operation 

The operating principle is based on a balanced coil system [95, 98, 96, 97, 99, 100]. Three coils are 

wound on a non-metallic or former frame, each exactly parallel to the others. The central coil 

(transmitter) is powered by a high-frequency electric current which generates a magnetic field. The 

two coils on each side of the central coil act as receivers (Fig. 3.7). Since these two coils are identical 

and at the same distance from the transmitter, the same voltage is induced in each of them. When the 

coils are connected in opposition, these voltages cancel each other resulting in a "zero output power". 

When a metal particle passes through the coil structure, the high-frequency magnetic field is disturbed 
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first near a receiving coil and then next to the other. This action alters the voltage generated in each 

receiver (in nano-volts). This variation of balance originates a signal that can be processed, amplified, 

and subsequently used to detect the presence of the unwanted metal. The control electronics divide 

the received signal into two separate components, magnetic and conductive, which are perpendicular 

to each other. The resulting vector, called the "product signal", has a phase size and an angle. Most 

metal detectors have a means of accomplishing this, which is often referred to as "phase control". To 

prevent electrical signals present in the environment generated by nearby systems from disturbing the 

detector, the complete structure of the coil is mounted inside a metal casing with an opening in the 

center to allow the passage of the product. This casing is normally made of aluminum (for applications 

in the absence of humidity) or stainless steel (for applications in contact with liquids). The metal 

casing constitutes a protection, as well as adding strength and rigidity to the structure, a fundamental 

factor for effective detector operation. The structure of a typical electromagnetic wear particle 

detection sensor is shown in Fig. 3.8. 

 

Figure 3.7. Balanced Coil System. 

 

Figure 3.8. Wear Inductive Sensor. 
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The background electric noise is unavoidable for all-electric sensors. As for the vibration 

interferences, the following brief analysis can explain its generation mechanism. When the ambient 

vibration drives the sense coil to cut through the magnetic field of the eddy currents, an electromotive 

force E(t) following Faraday’s law is generated as: 

 
𝐸(𝑡) =  𝐵𝑙𝑐

𝑑𝑥(𝑡)

𝑑𝑡
 

(3.15) 

where B denotes the magnetic field, x(t) is the vibration displacement of the sense coil and lc is the 

length of the sensor 

We assume that the exciting coil and the induction coil are wound on the plastic skeleton, and the 

skeleton is put into the metal shielding shell. The diameter of the inner pipe is the same as that of the 

detecting oil pipeline. The sensor is connected to the oil line through the thread of the screw and 

sealed by a gasket. Supposing that the excitation coil is a multilayer winding, based on the Biot-Savart 

law we could calculate the magnetic field intensity in the single-layer excitation coil. The formula is: 

 
𝐵 =  

𝜇0𝐼𝑁

4𝐿
(

𝑥 + 𝐿

√𝑅2 + (𝑥 + 𝐿)2
−

𝑥 − 𝐿

√𝑅2 + (𝑥 − 𝐿)2
) 

(3.16) 

Where B is the magnetic field intensity, 𝜇0 is the air permeability, I is the exciting current, N is the 

number of turns of the exciting coil, L is half of the coil length, R is the radius of the coil, and x is 

the distance from coil center in longitudinal direction. According to Faraday law of electromagnetic 

induction, the induced electromotive force E was calculated as: 

 
𝐸 = 𝑗4𝜋3𝑓

𝐼𝑅4𝑁𝑁0𝑅𝑎
3

3(𝑅2 + 𝑥2)3/2
(𝜇𝑟 − 𝜇0) 

(3.17) 

Where j is the imaginary unit, f is the exciting frequency, R, N, 𝜇0 and x are the same as above 

formula (8.2), N0 is the number of turns of the detection coil, Ra is the radius of the particle, and 𝜇𝑟 

is the particle permeability. 

So, the output voltage of the vibration interference is approximately proportional to the vibration 

velocity. Hence the output signal of the oil debris sensor manifests the combined effect of particle 

signature, electric noise, and vibration velocity characteristics.  



CHAPTER 3  MEASUREMENT PARAMETERS 

 

67 
 

The signal phase of the non-ferromagnetic particles is opposite to the ferromagnetic particles which 

can be used to distinguish the types of wear particles. Therefore, the sensor can monitor the quantity, 

size, and distribution of ferromagnetic and non-ferromagnetic particles (Fig. 3.9). 

 

Figure 3.9. Signal Phase of the Particles. 
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CHAPTER 4 

 

 

 

Scrivo tanto soddisfatto mai 

Sono il vanto per i cartolai 

E vado come un treno 

Perché non mi sento arrivato 

Non ascolto il giudizio del popolo intero 

Perché non mi sento Pilato 

E sì gente, sono esigente 

No, non mi interessa chi scazza me 

Sono alla ricerca come la tua offerta 

Per le azalee, quindi ándale, ándale 

 

Il Testo che Avrei Voluto Scrivere - Caparezza 
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“It is dreams that make man live. Fate is largely in our hands, if we know 

clearly what we want and are determined to get it” 

 

Enzo Ferrari 

CHARACTERIZATION OF 

CONTAMINANTS 

 

 

In this chapter it describes the procedure to achieve some diesel samples of known quantities of water. 

These samples will first be characterized through laboratory techniques (off-line), to define an 

empirical relationship that quantifies the change in the dielectric constant of diesel as the water 

concentration changes. 

 

4.1 Quality Analysis of Diesel 

The first step is to qualify a certain quantity of EN590 diesel to know the starting chemical data of 

the diesel analyzed. This procedure was carried out in the QMM sector at CVIT in Bosch through the 

titration technique and the Karl Fischer method. 

 

4.1.1 Titration Technique 

Titration is defined as a technique to determine the concentration of a substance in solution by adding 

to it a standard reagent of known concentration in carefully measured amounts until a reaction of 

definite and known proportion is completed, as shown by a color change or by electrical 

measurement, and then calculating the unknown concentration. In figure 4.1 is showed the used 

instrument.  

Titration is the most widespread technique to determine the number of acidities in petroleum products. 

The procedures for the measurement of this parameter vary depending on sample solubility in 

materials such as toluene or propanol, the dissociation constants of the acids in water, or the nature 

of the test sample.  Therefore, the methodology used for lubricants maybe be different from the 
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methodology used for biodiesel. In new and used oils the constituents that may be considered to have 

acidic characteristics include organic acids, inorganic acids, esters, phenolic compounds, lactones, 

resins, salts of heavy metals, acid salts of polybasic acids, and additives such as inhibitors and 

detergents.  

The test method is used to indicate relative changes that occur in oil during use under oxidizing 

conditions regardless of the color or other properties of the oil. The method is also used as a guide in 

the quality control of lubricating oil formulations or as a measure of lubricant degradation. It is not 

intended to measure an absolute acidic property that can be used to predict performance of oil under 

working conditions. There is no known relationship between corrosion of bearings and acid number. 

The methodology of performing the test involves dissolving the sample in a titration solvent and 

titrating potentiometrically as an acid/base titration with alcoholic potassium hydroxide.  

A high concentration of acidic compounds in a lubricant can lead to corrosion of machine parts and 

clogged oil filters due to the formation of varnish and sludge. When a lubricant breaks down, acidic 

by-products will be formed from the chemical decomposition of the base stock and additives in the 

presence of air and heat. Total Acid Number (TAN) is a measure of acid concentration present in a 

lubricant. The acid concentration of a lubricant depends on the presence of additive package, acidic 

contamination, and oxidation by-products. Occasionally, the depletion of an additive package may 

cause an initial decrease in TAN of fresh oil. However, the accumulation of oxidation by-products 

and acidic contaminants in an oil over time will always lead to an increase in TAN.  

 

Figure 4.1. Titrator Titrando 809. 
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4.1.2 Karl Fischer Method 

Karl Fischer is an analytical technique used to measure the moisture (water) content in solids, liquids 

or gases. In figure 4.2 is showed the instrument. Karl Fischer's method uses a reagent that reacts (eq. 

4.1) quantitatively and selectively with water to measure the moisture content. Karl Fischer's reagent 

consists of iodine, sulfur dioxide, a base and a solvent (usually an alcohol).  

 I2 + SO2 + 3base + CH3OH + H2O → 2base●HI + Base●HSO4CH3 (4.1) 

In general, K-F titration can be summarized into a series of steps:  

• Add reagent (“titrant”) to a burette  

The reagents include alcohol, SO2, a base and I2  

1. Add sample solvent to the titration vessel  

2. Begin stirring the vessel  

3. Zero the instrument by titrating unwanted moisture in the system  

4. Add the weighed sample to the titration vessel  

5. Begin adding reagent from the burette while stirring  

6. When the endpoint is reached, the electrode will detect no change in current upon addition of 

more reagent  

7. By knowing how much titrant was added, the water content can be calculated  

8. Normally, the K-F instrument does the calculations and reports the results as “% water” or 

“ppm water.” 

 

Figure 4.2 Titrator 831 KF Coulometer. 
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4.1.3 Water Determination 

The titrimetric determination of water is based upon the quantitative reaction of water with an any 

solution of sulfur dioxide and iodine in the presence of a buffer that reacts with hydrogen ions. In the 

volumetric titration method, iodine required for reaction with water is previously dissolved in water 

determination and water content is determined by measuring the amount of iodine consumed as a 

result of reaction with water in a sample. This is a specific method.  Only water will be determined.  

The method is rapid about a few minutes.  With KF titration both free and bound water can be 

determined, e.g. surface water on crystals or the water contained inside them.  Thanks to the quality 

analysis department, an amount of EN590 has been qualified which will be used for the preparation 

of the mixtures. The quality analysis document is shown in the figure 4.3. 

 

Figure 4.3. Diesel Quality Analysis Report. 
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4.2 Mixture EN590-Water Preparation 

One of the most properties of diesel fuels is its readiness to auto ignite at the temperatures and 

pressures present in the cylinder when the fuel is injected.  First, we blended all the ingredients not 

less than 15 minutes. The longer for blending the fuel, the results will become better. And the results, 

diesel fuel is mixed perfectly by water. The key benchmark for a stable EN590-water emulsion is the 

existence in single phase. Then the mixing speed will be varying from 1000-5000 rpm. The ready 

samples of EN590-water emulsion were refilled into 50 ml glass vessels. Through emulsification, the 

interfacial area among two liquids will grow. Liquids need to reduce this surface area and mixing 

energy is needed for emulsification. More stable emulsion was produced with higher mixing speed. 

The stability of EN590-water emulsion fuel increase with the increasing of mixing time up to 5 

minutes. 

In the Chemistry Laboratory at CVIT have been prepared some samples at different concentrations 

of water (Fig. 4.4) 

 

Figure 4.4. Sample of Water – Diesel (EN590). 

The following instruments were used for the preparation: 

• Analytical Balances 

o KERN ABT 320-4M (Fig. 4.5) 

o ETERNITY GIBERTINI (Fig. 4.6) 

• Homogenizer 

o Unidrive X1000D (Fig. 4.7) 
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Figure 4.5. KERN ABT 320-4M. 

 

 

Figure 4.6. ETERNITY GIBERTINI. 

 

Figure 4.7. Unidrive X1000D. 
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The homogenizer was used to standardize the mixtures and avoid the formation of layers while the 

balances, having different capacities, were useful for defining two techniques for preparing the 

mixtures, the weighing and dilution techniques.  

The weighing technique starts a starting quantity of EN590 and adds, for each container, the quantity 

of water in ppm, which is suitably weighed. The weight measured on the balance is compared by a 

balancing equation 4.2 to quantify the correct amount of ppm of water with which to contaminate the 

diesel, considering the tare weight of the empty containers. 

 
1 𝑝𝑝𝑚 =  

1 𝑚𝑔

𝑘𝑔
→ (𝑖. 𝑒. ) 50

𝑚𝑔

𝑘𝑔
→ 50: 1000 = 𝑥: 100,456 → 𝑥

= 5.0228 𝑚𝑔 

(4.2) 

Table 4.1 lists the measurements made for each specimen, applying equation 4.2 and subtracting the 

tare of the containers. 

Net Weight 

[g] 

Proportion [mg] 

(theoretical) 

Proportion [mg] 

(experimental) 

Real ppm 

[ppm] 

Blend [g] 

(Net) 

77,7276 3,88638 3,3811506 44 77,7276 

74,3633 7,343633 6,8 93 73,7543 

79,8213 11,973207 11,9 149 79,1367 

77,4301 15,48602 14,4 186 76,6037 

80,5227 20,130675 20,1 250 79,6413 

76,407 22,9221 23,6 309 75,6287 

82,3323 28,816305 25,8 313 81,2453 

77,0366 30,81464 29,9 388 76,2101 

72,5457 32,645565 31,6 436 71,6528 

75,1353 37,56765 39,5 526 74,416 

Table 4.1. Weighing Technique Procedure. 
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While the dilution method is divided as follows: 

1. Weighing of the solute (standard of the maximum quantity to be analyzed) 

2. Weigh the initial volume of solvent with the solute, weighed at the point 

3. Progressive addition of solvent to obtain the other standards in smaller quantities, by dilution. 

No further solutes are added after the one in step 1. The mixture is weighed every time we change the 

mixing container for measuring operations with the spectrophotometer and for progressive dilution, 

evaluating the error induced during the preparation. For each measurement, the volume of the mixture 

is divided into two parts. One part will be used for measuring the spectrophotometer, while the other 

half will be used to prepare the other standards, by dilution, taking into account that the weight has 

changed. The difference is that in this technique, diesel oil is periodically added, to reduce the 

maximum ppm of water, in order to reach the desired quantities. 

 

4.3 Characterization of Contaminants 

After preparing the samples with the following ppm values of water, 50, 100, 150, 200, 250, 300, 

350, 400, 450, 500, a calibration curve is characterized to evaluate the validity of the laboratory 

methods subsequently described. We need this to define an empirical relationship to be used in sensor 

modeling in the next chapter. 

 

4.3.1 UV-Vis Spectrophotometry 

Optical characterization of the water in diesel was conducted in UV-Vis Spectrophotometry 

Laboratory at CVIT.  

Light absorption can be used in analytical chemistry for characterization and quantitative 

determination of substances. UV/VIS spectroscopy is a technique based on the absorption of light by 

an unknown substance or by an unknown sample. Here, the sample is illuminated with 

electromagnetic rays of various wavelengths in the visible (VIS, i.e. the different colors) and adjacent 

ranges i.e. ultraviolet (UV) and part of the lower infrared region (near IR) of the spectrum. Depending 

on the substance, light is partially absorbed. The remaining light, i.e. the transmitted light, is recorded 

as a function of wavelength by a suitable detector, providing the sample's UV/VIS spectrum. As a 

result, because each substance absorbs light in a different way, a unique and specific relationship 

exists between the substance and its UV/VIS spectrum. The spectrum can then be used to identify or 
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quantify a substance. The obtained UV/VIS spectra are very useful for quantitative measurements of 

a specific compound. In fact, the concentration of an analyte in solution can be determined by 

measuring the absorbance at a specific wavelength. From the absorbance value of the sample, its 

concentration can be calculated. UV/VIS spectroscopy is a measurement technique in which the 

recording of the absorption spectra of different samples using ultraviolet (UV) and visible (VIS) light 

is achieved by a spectrophotometer, i.e. an instrument able to measure the spectrum of a sample in 

the UV/VIS range.  A UV/VIS spectrophotometer measures the intensity of light passing through a 

sample solution in a cuvette and compares it to the intensity of the light before it passes through the 

sample. The main components of a UV/VIS spectrophotometer are a light source, a sample holder, a 

dispersive device to separate the different wavelengths of the light (monochromator), and a suitable 

detector. 

The working principle of a spectrophotometer is based on the following steps: 

1. Blank (measure of the intensity of light transmitted through the solvent):  

a. The solvent (e.g. water or alcohol) is added into a suitable, transparent and not absorbing 

container, called cuvette.  

b. A light beam emitted by the light source passes through the cuvette with the solvent.  

c. The intensity of the transmitted light at different wavelengths is then measured by a 

detector positioned   after the cuvette with the solvent and recorded.  

This is known as the blank, which is needed for the sample measurement. 

Sample determination:  

1. A sample is dissolved in the solvent and added into the cuvette.  

2. A light beam emitted by the light source passes through the cuvette with the sample.  

3. When passing through the cuvette, the light is partially absorbed by the sample molecules in 

the solution.  

4. The transmitted light is then measured by the detector.  

5. The light intensity change at different wavelengths is calculated by dividing the transmitted 

intensity of the sample solution by the corresponding values of the blank. This ratio is finally 

stored by a recorder. 

The detector measures the intensity of light after passing through the sample solution. This fraction 

of light collected by the detector is called the transmitted intensity I. The intensity of the transmitted 
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light is attenuated by the sample solution. Therefore, its value is lower than the original intensity I0 

at the light source. 

The ratio between the two intensities I/I0 is defined as Transmittance T, and its unit is %, written in 

equation 5.3:  

 
𝑇 =

𝐼

𝐼0
 

(4.3) 

The transmittance is the main value determined by UV/VIS spectroscopy, but it is not the only one. 

In fact, the absorbance A represents an additional result widely used when recording UV/VIS spectra. 

It is defined as the negative logarithm of the transmittance and it has a great advantage, like written 

in equation 5.4. 

 𝐴 = −log(𝑇) (4.4) 

Note that the absorbance A does not have any unit of measurement. In other words, it is a 

dimensionless value. However, it is often represented using the letter "A" or as AU for absorbance 

units. The transmittance spectrum of a sample is recorded as a function of the wavelength.  When 

passing through a transparent cuvette filled with sample solution, the light intensity is attenuated 

proportionally to the sample concentration. In other words, a higher concentrated sample solution 

will absorb more light. In addition, the attenuation is also proportional to the length of the cuvette; a 

longer cuvette will lead to a higher absorption of light.  

There are several reasons to measure UV/VIS spectra: 

• UV/VIS spectra allow components present in the sample solution to be identified.  

• Absorption peaks can be used to quantify the investigated sample.  

• Based on the relationship between absorbance and sample concentration, UV/VIS 

spectroscopy is applied as a quantitative analytical technique. 

• The position of the peaks in the spectrum reveals information about the molecular structure 

of the sample.  

The applications of UV-Vis spectroscopy are mainly focused on qualitative and quantitative analysis. 

In qualitative analysis, UV/VIS spectroscopy can be used as a tool to identify if the analyte is pure 

and did not undergo decomposition. Qualitative analysis is based on the specificity of UV/VIS 
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spectroscopy.  In fact, samples absorb light of one or more distinct wavelengths, with specific 

maximum absorbance values. For this reason, each sample has a characteristic and unique UV/VIS 

spectrum that can be used for its identification.  In particular, this is achieved by comparing the 

spectrum of the sample with spectra of known, pure compounds. Quantitively analysis is based on 

the Lambert-Beer Law, the concentration of a compound in a solution can be determined 

quantitatively by UV/VIS spectroscopy.   To perform that, a calibration line is first determined by 

measuring the absorption of several standard solutions of known concentration. The linear 

relationship between absorbance and concentration of a sample opens the door for a variety of 

quantitative analyses. 

To determine an unknown concentration of a sample solution by UV/VIS spectroscopy, a calibration 

line must first be created. This is done by measuring the light absorption of several standard solutions 

of different, known concentrations at a predefined, fixed wavelength. 

The total absorbance of a solution at any given wavelength is equal to the sum of the absorbance of 

the individual components in the solution. This relationship makes it possible in principle to 

determine the concentrations of the individual components of a mixture even if total overlap in their 

spectra exists. To analyze the mixture, the molar extinction coefficients for the individual components 

have first to be determined at specific wavelengths, optimally wavelengths are selected so that the 

coefficients of the components differ significantly.  

The tools used are: 

• Cary 60 UV-Vis spectrophotometer (Fig.4.8) 

▪ Scan Rate = 250 nm/min 

▪ Wavelenght range = 190 – 1100 nm 

▪ T = 42,5° 

 

• Single Cell Peltier Accessory (Fig.4.9) 

▪ The Peltier 1 x 1 Cell Holder enables you to perform temperature-controlled 

measurements for a single sample and reference. The temperature of each cell holder is 

independently regulated, allowing you to utilize both the sample and reference cell holders 

or just the sample cell holder. The cell holders are mounted onto the standard Cary cell 

holder base (supplied with the Agilent Cary). The pump supplied can be used for a water 

circulating system or alternatively you can use a water bath. 

 

• Cuvettes with capacity of 3mL (Fig.4.10) 
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▪ Wash with soap and water and then alcohol three times after each measurement. 

 

Figure 4.8. Cary 60 UV-Vis Spectrophotometer. 

 

 

Figure 4.9. Single Cell Peltier Accessory. 

 

Figure 4.10. Cuvette. 
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Before scanning the absorption spectrum, a preliminary operation, called Kinetic Stability of 

Measurement, is required to calculate the reaction rates from the absorbance versus the time data, as 

shown in figure 4.11. Furthermore, the measurements are repeated several times, in order to evaluate 

their stability and reliability. 

 

Figure 4.11. Kinetics Stability of the Measure. 

The absorption spectrum of the EN590 diesel is shown in figure 4.12, while the absorption spectrum 

of the EN590 diesel is shown in figure 4.13 together with the demineralized water used as 

contaminant. 

 

Figure 4.12. Absorption Spectrum of the EN590 Diesel. 
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Figure 4.13. Absorption Spectrum of the EN590 Diesel and of the Water. 

 

The peaks are at wavelengths of about 440 nm and 924 nm for diesel and about 970 nm for water are 

highlighted. 

Figure 4.14 and 4.15 show the various spectra of the diesel when water concentration changes. In 

particular, it is noted that between 180-380 nm, the noise is high due to the window effect. Therefore, 

we will focus on the wavelength in the range between 400-1000 nm. 

 

Figure 4.14. Absorption Spectrum of the Diesel-Water at 180-380 nm. 
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Figure 4.15. Absorption Spectrum of the Diesel-Water at 400-1000 nm. 

Focusing the spectrum on the wavelength range in the 915-935 nm range (Fig. 4.16), we identify 

several peaks that will be used to calculate the regression line and the determination coefficient. 

 

Figure 4.16. Absorption Spectrum of the Diesel-Water at 915-935 nm. 
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The most evident peaks occur at: 

• λ = 918,0823 nm 

• λ = 921, 2678 nm 

• λ = 930,0748 nm 

At the different concentrations, like showed in table 4.2, the calibration curves are obtained (Figures 

4.17-4.19). Besides the linear equations that describe them and the coefficient R2 are reported. 

λ[nm] / 

c [ppm] 50 100 150 200 250 300 350 400 450 500 

930,0748 0,109976 0,117741 0,120597 0,139546 0,157073 0,111807 0,112671 0,117625 0,121006 0,260519 

921,2678 0,108487 0,115553 0,118259 0,137241 0,159005 0,111162 0,110216 0,115936 0,11999 0,261075 

918,0823 0,10832 0,115943 0,117497 0,135966 0,158985 0,111017 0,110488 0,117667 0,121466 0,263975 

Table 4.2. Data for Construction of Calibration Curve. 

 

 

Figure. 4.17. Calibration Curve at λ = 918,0823 nm. 
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Figure. 4.18. Calibration Curve at λ = 921, 2678 nm. 

 

 

Figure. 4.19.  Calibration Curve at λ = 930,0748 nm. 
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4.3.2 Characterization with a Microwave System  

In the Microwave Laboratory at Polytechnic of Bari, the same samples were characterized with a 

microwave system, consisting of a VNA, described in chapter 3, and a DAK, the dielectric assessment 

kit that allows material characterization of samples with limited size or volume. DAK is used for 

dielectric measurements of liquids, solids and semi-solids. It is designed for fast, precise, non-

destructive and easy-to-use measurements in the 10 MHz to 67 GHz frequency range. An example of 

experimental set-up is described in figure 4.20. 

 

Figure 4.20. Microwave System (DAK and VNA). 

Table 4.3 lists the measurements made on the various mixtures, through which the real and imaginary 

part of the dielectric constant have been calculated. 

 

Table 4.3. List of Measurements on EN590-Water Samples. 
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The following experimental model was compared with other models present in the literature, in 

particular with the Lichtenecker, Looyenga, Brown and Birchak models. For the different mixtures, 

the results were compared to evaluate the coherence of the empirical mathematical model, as shown 

in table 4.4. 

Water 

contaminant in the 

EN590 [ppm] 

EXPERIMENTAL 

εr
mixture 

 

LICHTENECKER 

εr
mixture 

LOOYENGA 

εr
mixture 

BROWN 

εr
mixture 

BIRCHAK 

εr
mixture 

0 210,1733684 210,1733684 210,1733684 210,1733684 210,1733684 

50 210,2476842 210,2108566 210,2203676 210,2507655 210,2263045 

100 210,322 210,3040458 210,3371936 210,4431019 210,3578826 

150 210,3963158 210,4071819 210,4664796 210,6558685 210,5034851 

200 210,4706316 210,6683402 210,7938072 211,1941643 210,8720819 

250 210,5449474 210,8640964 211,0391179 211,5972167 211,1482821 

300 210,6192632 210,9842497 211,1896687 211,8444212 211,3177737 

500 210,9165263 211,4470143 211,769375 212,7952039 211,9702955 

Table. 4.4. Comparisons between Experimental Data and Mathematical Models. 

It can be seen that the experimental model obtained from the characterization differs slightly from 

the mathematical models described in chapter 3. 

Finally, the calibration curve was calculated for f = 2.45 GHz (Table 4.5). The calibration curve of 

the real part of the dielectric constant and the calibration curve of the tangent loss are shown in figures 

4.21-4.22. 

ppm 0 50 100 150 200 250 300 350 400 450 500 

εr 2,0591 2,06103 2,0628 2,0644 2,0659 2,0672 2,0684 2,0694 2,0703 2,07103 2,0716 

tan_δ 0,0284 0,02503 0,021353 0,0195 0,018219 0,0173 0,0166 0,016 0,015545 0,01513 0,014771 

 

Table. 4.5. Data for Calibration Curve at f=2,45 GHz. 
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Figure 4.21. Calibration Curve at f=2,45 GHz of εr. 

 

 

Figure 4.22. Calibration Curve at f=2,45 GHz of Tangent Loss. 
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The empirical formula of the dielectric constant, which will be used in the following chapter, for 

modeling the sensor, is extrapolated from these curves. Respectively, the real part of the dielectric 

constant and the loss tangent are reported in the empirical formulas, (equations 4.4-4.5): 

 

 𝜺𝒓 =  −𝟑𝑬−𝟎𝟖𝒑𝒑𝒎𝟐 + −𝟑𝑬−𝟎𝟓𝒑𝒑𝒎 + 𝟐, 𝟎𝟓𝟗𝟏 (4.4) 

 

 𝒕𝒂𝒏𝜹 =  𝟕𝑬−𝟎𝟖𝒑𝒑𝒎𝟐 + −𝟔𝑬−𝟎𝟓𝒑𝒑𝒎 + 𝟎, 𝟎𝟐𝟕𝟔 (4.5) 

 

 

4.4 Conclusion 

In this chapter immediately highlights how optical techniques are not useful for the characterization 

of water-diesel mixtures. First of all, for the small quantities of contaminant, which make the 

preparation and cleaning of the samples difficult. Despite the repetition of the measurement, from the 

calibration curves it can be seen that the determination coefficient does not exceed a value of 0.3, 

however they have been highlighted by the characteristic peaks. However, the small quantities of 

water are confused with each other, without the possibility of distinguishing them progressively. 

Despite the repetition of the measurement, from the calibration curves, it can be seen that the 

determination coefficient does not exceed a value of 0.3. Besides the ABS of 50 ppm is similar to 

ABS of 300 ppm 

Instead, the characterization through the probe and the VNA provided encouraging data which were 

confirmed by comparison with the mathematical models present in the literature. The determination 

coefficient is major of 0.9.  

The modeling of the sensor will be studied through the use of the empirical relationships obtained. 
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CHAPTER 5 

 

 

 

La vita è un cinema tanto che taci 

Le tue bottiglie non hanno messaggi 

Chi dice che il mondo è meraviglioso 

Non ha visto quello che ti stai creando per restarci 

Rimani zitto, niente pareri 

Il tuo soffitto: stelle e pianeti 

A capofitto nel tuo limbo in preda ai pensieri 

Procedi nel tuo labirinto senza pareti 

No! Non è vero! 

Che non sei capace, che non c'è una chiave 

 

Una Chiave - Caparezza 
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“In each branch of knowledge, progress is proportional to the quantity of 

elements on which it is possible to build, and therefore to the ease of 

obtaining data” 

 

James Clerk Maxwell 

 

SENSOR MODELING AND SIMULATION 

The following chapter will describe the design, sizing and modelling of the prototypes that will be 

realized for the experimental tests presented in the next chapter. The focus is essentially on two 

families: transmission lines and resonant cavities.  

 

5.1 Sensor Parameters and Constraints 

The initial constraints are imposed by the electromagnetic formulas described in chapter 2 and by the 

geometric constraints imposed by Bosch, showed in the table 5.1. These data will be useful to define 

the fluid dynamics of the diesel flow that will pass through the sensor. This is an important aspect 

because of the innovativeness of the sensor that you want to make and the possibility of using the 

fluid to be measured as part of the sensor to create a prototype that works online. From a geometric 

point of view, since the sensor must be installed upstream of the pre-feed pump, it must exhibit a 

maximum size of 100 mm. 

Flow rate [l/h] T [°C] Delta p [bar] 

Rel 

P [bar] 

Abs 

eGP speed 

[rpm] 

Flow speed [m/s] 

100 40 4 0,925 1474 0,3539 

200 40 4 0,912 2653 0,7077 

300 40 4 0,893 3846 1,0616 

400 40 4 0,866 5038 1,4154 

Table 5.1. Data Provided by Bosch. 

Therefore, after a preliminary analysis, the geometry that maximizes the detection capacity of the 

water concentration in the diesel will be chosen. 
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The COMSOL Multiphysics software will be used in which the permittivity models obtained in the 

previous chapter will be implemented. In particular, the more generic model, written in equation 5.1 

based on the relationship 3.15, which we will name theoretical model, will be compared with the 

empirical one obtained from the characterization through laboratory techniques in the fifth chapter 

(equations 4.4-4.5), which we will name experimental model, in the equation 5.2. 

 𝜀𝑚𝑖𝑥𝑡𝑢𝑟𝑒 = (𝜀𝑤𝑎𝑡𝑒𝑟 − 𝜀𝑑𝑖𝑒𝑠𝑒𝑙) 𝑝𝑝𝑚[%] + 𝜀𝑑𝑖𝑒𝑠𝑒𝑙  (5.1) 

 

 𝜀𝑚𝑖𝑥𝑡𝑢𝑟𝑒 =  𝜀𝑟(1 − 𝑗𝑡𝑎𝑛𝛿) (5.2) 

For the simulation, the RF Module of COMSOL Multiphysics is used. Finite element discretization 

is used by COMSOL for solving the governing equations. Under the assumption that material 

response is linear with field strength, COMSOL formulates Maxwell’s equations in the frequency 

domain given as (eq. 5.3): 

 
∇ x (𝜇𝑟

−1∇ x E) −
𝜔2

𝑐0
2 (𝜀𝑟 −

𝑗𝜎

𝜔𝜀𝑟
) 𝐸 = 0 

(5.3) 

 

where μr is the permeability, εr the permittivity and the electric conductivity of the material; ε0 is the 

permittivity of the vacuum, ω the wave angular frequency and E the electric field. Fields are computed 

in the dielectric and air medium inside waveguide and waveguide wall.  

 

5.2 Sensor Concept – Transmission Line 

Electromagnetic waves are waves of energy that travel through a vacuum at the speed of light, 

approximately c=3×108 m/s. EM waves consist of two primary components: an electric (E) field and 

a magnetic (H) field.  The multi-parameter nature of wideband microwave analysis can provide 

unique signal spectrum signatures. Typically, these would be in the form of a reflected signal S11 

or/and a transmitted signal S21, which are influenced by parameters such as conductivity and 

permittivity. 
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The sensor is designed for the automotive field, with the aim of monitoring the quality of the diesel 

in real time. The sensor is expected to be housed in the pipes of the power supply system. The 

innovative aspect of this sensor is the ability to exploit the diesel as an element that flows inside the 

sensor itself and, during its passage, measure microwave attenuation. In this way, the presence of 

water can be detected and, if the system is appropriately sized, conditioned and calibrated, water 

content can be measured. A transmission measurement method has been chosen as it appears the 

simplest and most economic technique, because of the availability of very low-cost integrated circuits 

for the generation of the stimulus signal, and the use of a simple sensor with an envelope threshold 

detector for the measurement of the attenuated signal, which can be part of a small and low power 

embedded system. The signal attenuation can be evaluated through the scattering parameter S21 

(forward voltage gain, or transmission coefficient), which is the ratio between outgoing wave 

amplitude at output port 2 and ingoing wave amplitude at input port 1, assuming load impedance 

matching at port 2. A threshold detector may be useful, in particular, to provide an alert around a 

programmable level of the signal output. The most suitable guiding structure is certainly the coaxial 

one that guarantees the maximum fringing of the EM field in the analyte and, consequently, the 

maximum sensitivity [90, 91, 92].  

 

5.2.1 Validation of the Physical Principle 

Currently, the proposed methodology has been simulated with diesel fuel in the following conditions: 

a signal frequency range from 2 GHz to 8 GHz, the variation of the water concentration in the diesel 

according to the limits imposed by the EN590 standard and the variation of the radius of the core of 

the coaxial structure. Sensor geometry is shown in figure 6.1. Preliminary sizing was defined by 

imposing a characteristic impedance  𝑍0 of the transmission line equal to 50 Ω, using the following 

equation:  

 
𝑍0 =

138 

√𝜀𝑟
 𝑙𝑜𝑔10

𝐷

𝑑
  Ω   

(5.4) 

 

where 𝜀𝑟 is the relative dielectric constant of diesel equal to 2.1, 𝐷 is the inner diameter of the shield 

equal to 4.5 mm and 𝑑 is the diameter of the core. The diameter of the shield is imposed by the size 

of the power supply system piping. From this equation we have obtained an initial value of the core 
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diameter, according to which we have designed spacers that support the core within the shield, as 

shown in figure 5.1. 

 

Figure 5.1. Preliminary Geometry of the Coaxial Structure.  

 

The operating environment has specific characteristics such as temperature range, presence of 

vibrations, shocks and corrosive elements. These environmental and working aspects play an 

important role when choosing a material for this application. 

Hence, one of the critical steps in the design process is the selection of materials.  Materials must 

have good or excellent electrical, mechanical and environmental performance, especially good 

electrical conductivity, machinability and ductility, good stability and tensile strength to withstand 

mechanical influences, good stress relieving, hardness and reasonable price [93, 94]. 

 

Regarding the conductive part of the guiding structure, common materials on the market are copper, 

stainless steel and aluminum. Copper is one of the most commonly used metals for conducting 

electrical signals and is preferred to stainless steel which is more difficult to process than the former. 

Copper and aluminum offer good corrosion resistance and good breaking strength. The final choice, 
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however, relies on copper, due to its versatility and its ability to be used in copper-copper welding 

without the use of a filler material. 

To minimize the housing space and get an electric length such as to observe the attenuation of the 

signal, the axial length of the sensor has been fixed at 100 mm. 

As for the spacers, they must guarantee good corrosion resistance, good mechanical resistance and 

minimum signal attenuation. As seen in the preliminary design, they will not have to occupy much 

free volume. The spacer will be stuck to the core and glued to the shield. The separation between core 

and shield is ensured by three equidistant fins and arranged radially around the core to minimize the 

space occupied by the spacer, as shown in figure 5.2. 

 

 

Figure 5.2. Spacer Geometry. 

The following materials are commercially available: polyethylene (PE), polytetrafluoroethylene 

(PTFE), PEEK (or polyether-ether-ketone), polyphenylene oxide (PPO) and silicone rubber. The final 

choice will be between PE and PTFE, because in addition to their good workability and discrete 

mechanical properties, they have a dielectric constant very similar to that of diesel. The latter is a 

necessary condition to avoid significantly disturbing the propagation of the stimulus signal. 

We have modeled the sensor by studying the mechanical resistance, the stiffness, the fluid dynamic 

load and we have performed the electromagnetic validation of the physical measurement principle. 

The sensor must evaluate the attenuation of the signal, in terms of power, due to the different 

permittivity of the water with respect to the diesel. It was decided to evaluate the permittivity because 

it is an important indicator of the quality of diesel oil. When this differs from the standard value it 

can indicate the presence of contaminants, such as water. 
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In the multi-physics simulation, the sensor was modeled considering the core suspended in the shield, 

thanks to three spacers, two at the ends and one at the centerline. The spacers were constrained at the 

spacer-core and spacer-shield interfaces while the shield was externally constrained. The acting loads 

are the weight of the same physical structure and the fluid dynamic load of the diesel fuel flow, in 

terms of pressure. The simulations were conducted by comparing the materials listed in the previous 

section and it was verified that under static conditions, the maximum deflection that the core 

undergoes is negligible, of the order of nanometers, as shown in the figure 5.3. In the same way, the 

velocity profile that is generated inside the structure does not cause excessive local pressure peaks, 

particularly in the areas of connection between spacers and cores. Also, in this case, the deformations 

of the spacers have orders of the nanometers, as shown in figure 5.4. When varying the radius among 

feasible values, we obtained, in general, increasing deflections of the core that remain, however, of 

the same order of magnitude, as shown in table 5.2. 

 

Figure 5.3. Displacement Field of the Core. 

 

Figure 5.4. Displacement Field of the Spacer. 
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RADIUS OF 

CORE [mm] 

MAXIMUM CORE 

DEFORMATION [nm] 

1.00 0.79 

1.35 1.35 

1.70 1.92 

2.05 2.29 

2.40 2.43 

2.75 2.28 

3.10 1.90 

3.45 2.33 

3.80 2.82 

4.15 3.36 

4.50 3.94 

 

Tab. 5.2. Maximum Core Deformation depending on its Radius. 

 

After comparing the static strength of the critical elements of the guiding structure, core and spacer, 

we have identified in the copper and polyethylene, respectively, the materials suitable for the 

development of the sensor, as shown in tables 5.3 and 5.4. For the compared materials, the maximum 

deflection arrow of the core is always very low. Copper is also chosen because of its greater electrical 

conductivity and the lower price. The same considerations apply to spacers. The thinning of the 

material, the dielectric constant and the price are evaluated. Polyethylene is the best choice.  

 COPPER ALUMINUM STAINLESS 

STEEL 

POISSON COEFFICIENT 0.34 0.35 0.27 

DENSITY [kg/m3] 8960 2700 8000 

YOUNG MODULE [GPa] 117 70 2000 

ELECTRIC 

CONDUCIBILITY [S/m] 

59.6×106 37.7×106 1,45×106 

PRICE LOW HIGH HIGH 

MAXIMUM 

DEFLECTION OF THE 

CORE [nm] 

 

86.6 

 

44.7 

 

46.5 

Tab. 5.3. Comparison of Materials for the Core. 
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 PE PTFE PEEK PPO SILICONE 

RUBBER 

POISSON COEFFICIENT 0.42 0.45 0.38 0.38 0.48 

DENSITY [kg/m3] 930 2200 1320 1060 1100 

YOUNG MODULE [MPa] 1000 400 360 250 50 

DIELECTRIC CONSTANT 2.3 2.1 3.3 2.7 2.9 ÷ 4 

PRICE LOW VERY 

HIGH 

VERY 

HIGH 

HIGH LOW 

MAXIMUM THINNING OF THE SPACER [nm] 0.4 0.11 938 0.17 0.79 

Tab. 5.4. Comparison of Materials for the Spacer. 

Subsequently, the electromagnetic analysis of the sensor has been refined. In figure 5.5 it is 

highlighted that the structural characteristics of the system under test invite decidedly to use coaxial 

structures, since they ensure the maximum fringing field EM near the core and, consequently, the 

maximum sensitivity. The electromagnetic simulation was conducted by fixing a power to the input 

port equal to 1 W.   

 

Figure 5.5. The Electric Field in the Coaxial Structure with Pure Diesel Dielectric, at f= 6 GHz: a) 

module of electric field, b) detail of the electrical field (in red), the magnetic field (in green) and the 

propagation of the electromagnetic wave (in blue) in xz plane and c) detail in yz. 

Simulations were performed by using COMSOL Multiphysics software in order to find the relation 

between critical sensor parameters and sensitivity. For the preliminary simulations, it was decided to 
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adopt a very simple mathematical model to express the relative permittivity of the analyte as a 

function of the water concentration: 

 𝜀𝑒𝑓𝑓 = (𝜀𝑊 − 𝜀𝐷)𝜌 + 𝜀𝐷 (5.4) 

 

where 𝜀𝐷 = 2.1 is the relative permittivity of pure diesel, 𝜀𝑊 = 80.4 is the relative permittivity of water 

and ρ is the concentration of water in the analyte. Unfortunately, there are not many data on dielectric 

loss tangent which, therefore, has been neglected to the first approximation. This approximation 

should not invalidate the simulations given that, in practice, extremely small water concentrations 

will be measured which affect negligibly tan 𝛿. It is expected, in any case, that tan δ grows with ρ, 

therefore, the sensitivity of the system should at least improve considering dielectric losses.  

Multiparametric simulations were performed, essentially by varying three parameters: the frequency 

of the stimulus signal, 𝑓, the thickness of the core, 𝑟𝑖, and the concentration of water in the fuel, 𝜌. 

The first two are operational parameters, while concentration is the independent variable of the 

problem under analysis. The geometric constraints are the diameter of the shield, of the same diameter 

of the conduct in which the sensor will be housed, of about 5 mm and the length of the coaxial 

transmission, of 100 mm. Figure 5.6 shows the results of the simulations performed at 𝑓 = 6 GHz, for 

different values of the radius of the core 𝑟𝑖. From these results, it is clear that attenuation increases 

for larger radii. 

 

Figure 5.6. Transmission Coefficient for Different Values of Core Radius 𝑟𝑖. 

Moreover, we have verified that with the increase of the frequency of the stimulus signal, with the 

same radius, sensitivity increases, hence sensor detectivity may be tuned. This can be useful because, 



CHAPTER 5  SENSOR MODELING AND SIMULATION 

 

102 
 

although the standards set a maximum limit of water, this limit will vary according to the geographical 

area of origin of the diesel, as shown in figure 5.7. 

 

Figure 5.7. Transmission Coefficient for Different Values of Frequency of the Stimulus Signal. 

Considering both the electromagnetic modeling and the fluid-dynamic modeling, we conclude that a 

small core radius is advantageous. This choice is strengthened by the fact that the size of the core 

determines the weight and bulk of the line. Obviously to minimize the weight and mass of the coaxial 

transmission line and decrease attenuation, we should reduce the radius as much as possible. 

However, there are lower limits on core radius as regards manufacturability, power carrying 

capabilities, and safety. Indeed, for lower radii the electromagnetic field increases within the coaxial 

line, which can lead to breakdown of the dielectric due to ionization, a dangerous condition. For these 

reasons, we have chosen, for the dimension of the core, a radius equal to 2.2 mm, which gives a 

maximum field of about 3 kV/m. 

With that value, high fringing on the core and good sensitivity are achieved, as shown in the figure 

5.7. In the graph, the linearity of the transmission coefficient is appreciated up to the maximum 

permissible concentration of water in diesel according to standards, i.e. not exceeding 0.25 g/kg, 

namely 250 ppm, as prescribed by EN590. Mechanically, the stiffness of the structure is guaranteed 

by the arrangement and the geometry of the spacers that, thanks to the core size, occupy only a small 

portion of space between shield and core. 

For in-line integration, the sensor needs stimulus, conditioning and read-out devices to be installed 

directly on it. The maximum sensitivity configuration, at f = 6 GHz, shows a discrete linearity of the 
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transmission coefficient ∆𝑆21 with respect to the water concentration Δρ in ppm, with sensitivity, in 

eq 5.5: 

 ∆𝑆21

∆𝜌
= 0.043

dB

ppm
 

(5.5) 

 

A Δρ of 50 ppm produces a variation of 𝑆21 equal to 0.03 dB, which is appreciable if the sensor is 

appropriately conditioned and calibrated.  

So, this study to optimize the geometry of sensor is carried out in order to verify the rigidity and 

strength of the guiding structure and the corrosion resistance of the system. This is achieved by 

choosing copper and polyethylene, respectively for the core and spacers. The material of the core has 

excellent electrical conductivity and good mechanical strength. The material of the spacers avoids 

signal reflection and permits to support the core in the shield, minimizing the core deflection and 

taking up less volume with a suitable geometry.  It has been verified by simulations that introducing 

into the sensor fuel with a different water contents, i.e. a different permittivity, microwave attenuation 

changes with a sensitivity of 0.6 mdB/ppm at 6 GHz. It is expected a total change of the scattering 

parameter 𝑆21 from -24 dB for pure fuel, to -32 dB for fuel contaminated by water at the limit of 200 

ppm prescribed by EN590.  The results show that the sensitivity increases with frequency, while core 

size is a compromise between electromagnetic performance and manufacturability. Tuning of 

sensitivity may be useful in order to work in different geographical area, since the chemical nature of 

the fuel changes with respect to production place. In figure 5.8, it is represented in CAD how the 

sensor should be. 

 

Figure 5.8. CAD of Transmission Line. 
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5.2.2 Fluid Dynamic and Mechanical Sizing of the 

Complete Structure 

The shield will have two holes along its wall, for the entry and exit of the diesel flow. It is preferred 

to change the direction of the flow by tapping and not to deform the core, as the implications on 

electromagnetic fringing would not be optimal (Fig. 5.9). To divert the flow rather than the 

electromagnetic waves, because otherwise the behavior of the new bended core geometry could affect 

the extent of the attenuation. Also, the bending processing to be applied to the core could affect the 

stiffness of the guiding structure. 

 

Figure 5.9. Solutions for the Passage of Diesel. 

As the sensor length changes, the core undergoes deformations along the maximum arrow of the order 

of micrometers. If the length is 250 mm, the maximum deformation will be about 200 while if the 

length is 200 mm, the maximum deformation is about 902 micrometers (Fig. 5.10). 

 

Figure 5.10. Maximum Deformation [µm] with varying Sensor Length. 
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On a fluid dynamic level, assuming an input speed of the flow in the sensor of 2 m/s it occurs that if 

the radius of the internal diameter of the shield increases, the output velocity of the flow decreases, 

thus reducing the stress of the flow on the core (Fig. 5.11). This would maximize the solidity and 

rigidity of the core of the transmission line. It is evident that the maximum pressure decreases when 

radius increases. However, its value is in the order of magnitude of millibars, therefore very low (Fig. 

5.12). 

 

Figure 5.11. Output Flow Speed. 

 

 

Figure 5.12. Maximum Outlet Pressure [mbar]. 
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In addition, the maximum fringing that occurs on the core was evaluated, calculating the modulus of 

the electric field (V m) as the core radius changes, in two conditions: when the mixture has 0 ppm 

and 200 ppm of water, the latter being the limit prescribed by EN590, like showed in figure 5.13. 

 

Figure 5.13. Maximum Fringing when the Radius of Core Increase. 

Note that for a fixed frequency value, the variation of parameter S21 measured for the two mixture 

values, 0 and 200 ppm, is greater for smaller diameters, varying from 5.93 dB (0.2 mm diameter) to 

5.89 dB (2 mm diameter) at 1 GHz (Fig. 5.14). The difference is minimal because the variation of 

water we are measuring is very small., however it is evident that a smaller diameter will increase the 

sensor sensitivity.  
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Figure 5.14. Attenuation when the Radius of the Core Changes. 

However, as the variation is very small, a diameter of 1.2 mm was chosen to reach a compromise 

between stiffness and ease of sensor manufacturing. 

 

5.2.2 Final Design 

To obtain the final design, simulations were conducted with a parametric sweep (0 50 100 150 200 

250 300 500 ppm) in the frequency domain in a range between 1 GHz - 6 GHz with a step of 100 

MHz. The results refer to the empirical mathematical model explained in the chapter 5. Two designs 

were selected for the prototypes. 

5.2.2.1 Prototype 1 

Prototype 1 has a length of 200 mm. The external diameter of the shield is 9.5 mm with a thickness 

of 1 mm while the core diameter is 1.2 mm (Fig. 5.15). The power at input port is 1 W. The electric 

field is shown in figure 5.16. 

 

Figure 5.15. Model of the Prototype 1. 
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Figure 5.16. Electric field of the Prototype 1. 

 

Figure 5.17 shows the graph of the transmission coefficient S21, the attenuation, for different 

frequencies and water concentrations. In figure 5.18 there is the sensor calibration curve for a 

frequency value equal to 2.54 GHz which highlights an R2 equal to 0.8261 when interpolated linearly. 

 

Figure 5.17. S21 of Prototype 1. 
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Figure 5.18. Calibration Curve of the Prototype 1. 

 

5.2.2.2 Prototype 2 

Prototype 2 has a length of 250 mm. The external diameter of the shield is 16 mm with a thickness of 

1 mm while the core diameter is 1.2 mm (Fig. 5.19). The power at input port is 1 W. The electric field 

is shown in figure 5.20. 

 

Figure 5.19. Model of the Prototype 2. 
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Figure 5.20. Electric field of Prototype 2. 

 

Figure 5.21 shows the graph of the transmission coefficient S21, the attenuation, for different 

frequencies and water concentrations. In figure 5.22 there is the sensor calibration curve for a 

frequency value equal to 2.54 GHz which highlights an R2 equal to 0.8261. 

 

Figure 5.21. S21 of the Prototype 2. 
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Figure 5.22. Calibration Curve of the Prototype 2 

 

5.3 Resonant Cavity 

Microwave cavities are widely used for characterizing the properties of materials. A cavity is usually 

made by shortening the two ends of a waveguide segment. The electrical power is transported through 

the waveguide through electromagnetic waves, which can take several different configurations 

(modes), depending on the frequency, the dimensions and the material properties inside. The different 

configurations of an electric and magnetic field which can exist in a waveguide are known as 

transverse electromagnetic (TEM) modes. The transverse electric (TE) and transverse magnetic (TM) 

are the two types of modes which usually exist in the waveguide. A cavity will resonate when it is 

excited at an appropriate frequency. In this section we verify that variation of dielectric constant can 

give a significant frequency shift in properly designed resonant cavity. The resonant modes occur 

when the electric and magnetic fields form standing waves, which depend on the internal dimensions 

of the cavity and the dielectric properties of the water in diesel. Therefore, its relative permittivity (εr) 

will change. The resonant frequency for TEnml and TMnml modes in a circular waveguide can be 

calculated using equations 5.5 and 5.6:  

 

𝑓𝑚𝑛𝑙
𝑇𝑀 =

𝑐

2𝜋√µ𝑟𝜀𝑟

√(
𝑝𝑛𝑚

𝑟
)

2

+ (
𝑙𝜋

ℎ
)

2

 

 

(5.5) 
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𝑓𝑚𝑛𝑙
𝑇𝐸 =

𝑐

2𝜋√µ𝑟𝜀𝑟

√(
𝑝𝑛𝑚

′

𝑟
)

2

+ (
𝑙𝜋

ℎ
)

2

 

 

 

(5.6) 

where: c is the speed of light, r is the relative permeability, r is the relative permittivity, pnm is the 

value of the Bessel function for the TE or TM modes of a circular waveguide, r is the radius of the 

cavity and h is the height of the cavity. Therefore, all TE and TM modes are dependent on √𝜀𝑟, so 

when the waveguide is excited by a range of frequencies, the magnitude signal spectrum is captured 

and resonant peaks corresponding to these particular modes will shift to lower frequencies as the 

permittivity is increased. Moreover, we must remember that quality factor (Q-value) is an essential 

parameter for estimating the quality of the cavity resonators. The perturbation method assumes that 

the actual fields of a cavity with a small shape or material perturbation are not greatly different from 

those of the unperturbed cavity. Generally, the calculation of the dielectric parameters is performed 

by measuring the S-parameters of the network under examination. Through the resonance frequency 

formula, we define two models of cavities, so that we have the propagation of the TE and TM modes. 

To obtain propagation of the TE mode, the height of the cavity must be greater than twice the radius, 

while to obtain propagation of the TM mode, the height of the cavity must be less than twice the 

radius.  A circular cross-sectional cavity is formed by closing both ends of a circular waveguide with 

plates. Coupling in and out the cavity can be done using irises or probes. Equating both above 

equations, an identical frequency is found when h/a = 2.03. When h/a < 2.03, the dominant or 

fundamental mode is the TM010 whereas for h/a > 2.03, the dominant mode is the TE111 mode. . 

The dimensions of the cavity to be studied in this project are fixed such that to have a dominant mode 

resonant frequency at 4.206 GHz that is a TE111 mode. In this case, the length h and the radius a of 

the cavity are fixed to have the ratio of h/a which is bigger than 2.03. The mode to be analyzed is then 

the TE111 one. As mentioned earlier, an infinity of modes would coexist in the cavity, and Table I 

shows a few of the lowest modes and their resonant frequencies.  

In this section, we verify that dielectric constant can give a significant frequency shift in a properly 

designed resonant cavity. COMSOL simulation package was used to analyze the eigenfrequency 

inside the cavity resonator and its associated mode for the input frequency. The modes that are 

generated for each model have been identified, which will generate a resonant peak with a given 

quality factor. We compared some modes, evaluating the shift of the resonance frequency in relation 

to the contamination change of the diesel EN590.  According to the resonant perturbation theory, the 
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presence of a dielectric sample inside the cavity causes a shift of the resonant frequency and a 

variation of the Q-factor. Numerical eigenmode simulations of the stand-alone cavity, i.e. without 

coupling elements, are carried out to analyze the electromagnetic behavior of the resonator when a 

capillary is filled with different mixtures. 

 

5.3.1 Design 

Also, in this case two prototypes were made. They were initially evaluated as empty and air-filled 

cylindrical cavities and, subsequently, a capillary leaving the cavity was considered for the entry and 

exit of the flow of mixtures.  Prototype 1 is a cylindrical cavity 35 mm high and 30 mm in diameter. 

The thickness is 1 mm. Prototype 2 is a cylindrical cavity 40 mm high and 50 mm in diameter. The 

thickness is the same. Two types of capillaries were chosen, the first cylindrical, with an internal 

diameter of 3 mm and a thickness of 1 mm and the second curved with an external square section 

with a side of 5 mm, while the side of the internal section is 3 mm. It was decided to adopt a curved 

capillary to increase the ability to identify small variations in the concentration of water. The cavity 

is in copper while the capillary in PTFE. Figure 5.23 describes the two prototypes and the solutions 

adopted with the two capillaries. 

 

Figure 5.23. Prototypes of the Resonant Cavity. 
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Resonant modes were found for each prototype by comparing three software: Mathworks MATLAB, 

Wolfram Mathematica and Comsol. 

An impedance boundary condition has been imposed to find propagation modes. So, in this first 

phase, devoted to determining the modes, there is no electrical coupling. 

 

5.3.2 Propagation Modes with Matlab 

It has been used a simple script, reported in figure 5.24, to derive the propagation modes, using the 

Bessel functions and the geometric dimensions of the cavity. Tables 5.5 and 5.6 show the resonance 

frequencies of the modes found for the two prototypes. 

 

'The following computes the resonance frequencies of Cylindrical Cavity.  

Assuming cavity filled by air dielectric (epsilon_r=1)' 

r=input('Radii of the Cylindrical Cavity (in [mm])='); 

h=input('Height of the Cylindrical Cavity (in [mm])='); 

k=300/(2*pi); 

f1=k*sqrt((2.405/r)^2+(pi/h)^2)*1000; 

f2=k*sqrt((3.832/r)^2+(pi/h)^2)*1000; 

f4=k*sqrt((1.841/r)^2+(pi/h)^2)*1000; 

f5=k*(1.841/r)*1000; 

format short g 

sprintf('TM 011 : f[Mhz]=%f \n TE 011 : f[MHz]=%f \n TM 111 : f[MHz]=%f \n TE 111 : f[MHz]=%f \n TE 

110 : f[MHz]=%f',f1,f2,f2,f4,f5) 

 

Figure 5.24. MATLAB Script for Determining Resonance Frequencies. 
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PROTOTYPE 1  

Resonant Frequency [MHz] 

TM011 8773,355849 

TE011 12928,63653 

TM111 12928,63653 

TE111 7260,023636 

TE110 5860,085005 

Table 5.5. Resonant Frequencies of Prototype 1. 

PROTOTYPE 2  

Resonant Frequency [MHz] 

TM011 5929,594702 

TE011 8223,388987 

TM111 8223,388987 

TE111 5140,536417 

TE110 3516,051003 

Table 5.6. Resonant Frequencies of Prototype 2. 

 

5.3.3 Propagation Modes with Mathematica 

An electromagnetic wave can be confined inside a space surrounded by conducting walls, which is 

called a cavity. Let’s consider a cylindrical cavity with inner radius R and height d. There are two 

possible wave modes: transverse electric (TE) and transverse magnetic (TM). Separation of variables 

leads to harmonic solutions to the wave equation (from Maxwell's equations) thanks to Bessel 

function of the first kind.  The possible electromagnetic resonances can be classified as TEmnp or 

TMmnp, which completely determine the electromagnetic fields E and H in the cavity. Resonance 

states show localization of energy density in the cylindrical cavity. In Figures 5.25 and 5.26, the 
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propagation modes and the respective resonance frequencies for both prototypes are reported. The 

results obtained with Mathematica confirm the ones obtained with MATLAB. The comparison 

between multiple software was necessary because, being the variation of water concentration very 

small, it is useful to have a comparison between values with different orders of magnitude in decimals. 

 

Figure 5.25. Resonant Frequencies of Prototype 1 

 

Figure 5.26. Resonant Frequencies of Prototype 2 
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5.3.4 Propagation Modes with Comsol 

COMSOL simulation package was used to analyze the eigenfrequency inside the cavity resonator and 

its associated mode. The fundamental mode enables the propagation of the wave strongly across the 

sample and yields a high sensitivity measurement of samples. This mode will generate a resonant 

peak with a quality factor Q. A high Q indicates a sharp resonant peak that will be more readily 

analysed and improve the accuracy of the sensor. In Comsol the eigenfrequency method was used to 

find resonance modes. In linear algebra, every linear transformation between finite-dimensional 

vector spaces can be given by a matrix. For many applications, the eigenfrequency f is a more 

interesting quantity than the eigenvalue λ. They are often related since, equation 5.7:  

 
𝑓 =

𝑖𝜆

2𝜋
 

(5.7) 

 

The eigenvalue solver algorithm leads to the generalized eigenvalue system, equation 5.8: 

 (𝜆 − 𝜆0)2𝐸𝑈 − (𝜆 − 𝜆0)𝐷𝑈 + 𝐾𝑈 + 𝑁𝑇𝛬 = 0 (5.8) 

 

The factor λ denotes the eigenvalue. The quadratic eigenvalue problem is solved by reformulating it 

as a linear eigenvalue problem.  

 

 

5.3.4.1 Prototype 1 

Tables 5.7 and 5.8 show the values of the resonance frequency and the Q-factor for the theoretical 

model and for the experimental model. Moreover, in figure 5.27, it is shown how the propagation 

modes, according to the resonance frequency, vary with the concentration of water. There are very 

low variations. In the graphs it is not possible to appreciate the variation on the vertical axis, because 

the values differ by four decimal orders of magnitude. These values are most noticeable in the tables. 

 

 



CHAPTER 5  SENSOR MODELING AND SIMULATION 

 

118 
 

Resonant Frequency  Theoretical Model Experimental Model 
 

TM111 

TE011 

  
TM111 

TE011 

 

Straight Capillary TM011 TE111 TM011 TE111 

Air 1 8,77E+09 1,29E+10 7,26E+09 8,77E+09 1,29E+10 7,26E+09 

0 2 8,42E+09 1,28E+10 7,11E+09 8,43E+09 1,28E+10 7,11E+09 

50 3 7,94E+09 1,28E+10 7,05E+09 8,43E+09 1,28E+10 7,11E+09 

100 4 7,49E+09 1,27E+10 7,02E+09 8,43E+09 1,28E+10 7,11E+09 

150 5 7,09E+09 1,26E+10 7,01E+09 8,43E+09 1,28E+10 7,11E+09 

200 6 7E+09 1,23E+10 6,76E+09 8,43E+09 1,28E+10 7,11E+09 

250 7 7E+09 1,2E+10 6,49E+09 8,43E+09 1,28E+10 7,11E+09 
        

   
TM111 

TE011 

  
TM111 

TE011 

 

Bend Capillary TM011 TE111 TM011 TE111 

Air 1 8,77E+09 1,29E+10 7,26E+09 8,77E+09 1,29E+10 7,26E+09 

0 2 8,02E+09 1,2E+10 6,69E+09 8,02E+09 1,2E+10 6,69E+09 

50 3 7,67E+09 1,19E+10 6,62E+09 8,02E+09 1,2E+10 6,69E+09 

100 4 7,27E+09 1,18E+10 6,6E+09 8,02E+09 1,2E+10 6,69E+09 

150 5 6,87E+09 1,17E+10 6,56E+09 8,02E+09 1,2E+10 6,69E+09 

200 6 6,57E+09 1,15E+10 6,52E+09 8,02E+09 1,2E+10 6,69E+09 

250 7 6,27E+09 1,14E+10 6,49E+09 
 

1,2E+10 6,69E+09 

Table 5.7. Resonant frequencies of Prototype 1 

 

Q-Factor  Theoretical Model Experimental Model 
 

TM111 

TE011 

  
TM111 

TE011 

 

Straigth Capillary TM011 TE111 TM011 TE111 

Air 1 11182,0 13935,6 12605,4 11182,0 13935,6 12605,4 

0 2 4449,5 8744,5 11050,3 569,3 8744,5 3810,5 

50 3 523,7 4709,9 4541,7 569,3 4709,9 3810,8 

100 4 194,0 3732,6 1782,8 569,4 3732,6 3811,1 

150 5 108,6 3160,4 759,1 569,5 3160,4 3811,4 

200 6 2699,9 74,1 122,7 569,5 74,1 3811,7 

250 7 2290,0 56,5 114,9 569,6 56,5 3812,0         

   
TM111 

TE011 

  
TM111 

TE011 

 

Bend Capillary TM011 TE111 TM011 TE111 

Air 1 11182,0 13935,6 12605,4 11182,0 13935,6 12605,4 

0 2 5536,6 8744,5 14177,1 808,2 1587,4 2315,1 

50 3 620,1 4709,9 4270,7 808,3 1587,6 2315,4 

100 4 194,3 3732,6 1800,7 808,3 1587,8 2315,6 

150 5 100,3 3160,4 446,2 808,4 1587,9 2315,8 

200 6 2117,9 74,1 201,8 808,5 1588,1 2316,0 

250 7 87,5 56,5 113,7 808,6 1588,2 2316,3 

Table 5.8. Q-factor of Prototype 1. 
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Figure 5.27. Variation of the Resonance Frequency when the Concentration of the Water Changes 

for the Prototype 1. 

 

 

5.3.4.2 Prototype 2 

Tables 5.7 and 5.8 show the values of the resonance frequency and the Q-factor for the theoretical 

model and for the experimental model. Moreover, in figure 5.28, it is highlighted how the modes of 

propagation, as a function of the resonance frequency. vary with the concentration of water. Again, 

the variations are very low. In the graphs it is not possible to appreciate the variation on the vertical 

axis, because the values differ by four decimal orders of magnitude. These values are most noticeable 

in the tables. 
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Resonant 

Frequency 

  

Theoretical Model Experimental Model 
 

TM111 

TE011 

  
TM111 

TE011 

 

Straight Capillary TM011 TE111 TM011 TE111 

Air 1 5,14E+09 5,93E+09 8,22E+09 5,14E+09 5,93E+09 8,22E+09 

0 2 5,1E+09 5,86E+09 8,2E+09 5,1E+09 5,86E+09 8,2E+09 

50 3 5,08E+09 5,76E+09 8,18E+09 5,1E+09 5,86E+09 8,2E+09 

200 4 5,07E+09 5,43E+09 7,75E+09 5,1E+09 5,86E+09 8,2E+09 

500 5 5,07E+09 6,65E+09 7,5E+09 5,1E+09 5,86E+09 8,2E+09 
        

        

   
TM111 

TE011 

  
TM111 

TE011 

 

Bend Capillary TM011 TE111 TM011 TE111 

Air 1 5,14E+09 5,93E+09 8,22E+09 5,14E+09 5,93E+09 8,22E+09 

0 2 5,65E+09 6,62E+09 7,81E+09 5,65E+09 6,62E+09 7,81E+09 

50 3 5,62E+09 6,6E+09 7,74E+09 5,65E+09 6,62E+09 7,81E+09 

200 4 5,44E+09 6,59E+09 7,4E+09 5,65E+09 6,62E+09 7,81E+09 

500 5 5,71E+09 6,57E+09 7,61E+09 5,65E+09 6,62E+09 7,81E+09 

Table 5.9. Resonant frequencies of Prototype 2. 

 

Q-Factor  Theoretical Model Experimental Model 
 

TM111 

TE011 

  
TM111 

TE011 

 

Straigth Capillary TM011 TE111 TM011 TE111 

Air 1 17307,5 12819,5 14921,5 17307,5 12819,5 14921,5 

0 2 13670,8 8500,2 13893,6 3919,9 15103,1 7057,4 

50 3 9320,0 1594,9 8450,1 3920,3 10163,5 7057,8 

200 4 6547,2 164,9 72,8 3921,3 4730,8 7059,0 

500 5 3446,7 45,0 58,0 3923,2 960,7 7061,5         

        

   
TM111 

TE011 

  
TM111 

TE011 

 

Bend Capillary TM011 TE111 TM011 TE111 

Air 1 17307,5 12819,5 14921,5 17307,5 12819,5 14921,5 

0 2 11290,9 1791,2 10852,5 4404,1 5745,0 2472,2 

50 3 4494,1 1791,4 6330,9 4404,4 5745,4 2472,5 

200 4 140,8 1791,9 178,3 4405,3 5746,6 2473,1 

500 5 445,6 1792,9 261,3 4407,2 5749,2 2474,5 

Table 5.10. Q-factor of Prototype 2. 
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Figure 5.28. Variation of The Resonance Frequency when the Concentration of the Water Changes 

for the Prototype 2. 

 

5.3.5 Design of the Coupling Structure 

The most relevant resonant modes can be excited and measured by placing probes on the cavity. A 

transmission-type configuration is adopted for coupling the cavity to the external circuit. The device 

has two ports (port 1 and 2) and is coupled to 50 Ω cables via coaxial probes that are introduced in 

the structure through the holes drilled in the bottom wall. The coaxial probes are identical and model 

commercial N-type connectors. Their copper conductors have inner and outer radii of 1.2 and 6 mm, 
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respectively, and Teflon is in between. The physics adopted in this simulation is the same as the one 

used for determining propagation modes, with the difference that the ports are obviously excited. 

 

5.3.5.1 Prototype 1 

The coupling is inserted halfway up the height of the cavity. The length of the probe in the cavity is 

3 mm while the diameter of the simulated dielectric is 1 mm (Fig. 5.29). 

 

Figure 5.29. Coupling of Prototype 1. 

In Figure 5.30, the reflection coefficient defines a good coupling highlighted by the frequency peaks, 

in which the cavity resonates. 

 

Figure 5.30. Reflection Coefficient of Prototype 1. 
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5.3.5.2 Prototype 2 

The coupling is inserted 15 mm from the center of the top plate. The length of the probe in the cavity 

is 3 mm while the diameter of the simulated dielectric is 1 mm (Fig. 5.31). 

 

Figure 5.31. Coupling of Prototype 2. 

In Figure 5.32, the reflection coefficient defines a good coupling highlighted by the frequency peaks, 

in which the cavity resonates. 

 

Figure 5.32. Reflection Coefficient of Prototype 2. 
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5.4 Re-Entrant Cavity  

The cavity has the same capillary as the previous cavities, having a length equal to the length of the 

cavity and an internal diameter of 3 mm with a thickness of 2 mm. The coaxial is 15 mm away from 

the center. The internal cylinder has the following dimensions: height 80 mm and diameter 30 mm. 

The cavity has a diameter of 60 mm and a height of 150 mm. The dielectric of the coaxial is PTFE 

while the cavity is made of copper (Fig. 5.33). 

 

Figure 5.33. Re-Entrant Cavity. 

Figure 5.34 shows the reflection coefficient of the Re-Entrant Cavity. Four frequency peaks are noted. 
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Figure 5.34. Coefficiente di Riflessione della Re-Entrant Cavity. 

Also shown in figure 5.35, this solution highlights very small variations. Only in the 4.4-4.45 GHz 

range there is a frequency difference of 0.716 dB between 0 and 200 ppm. 

 

Figure 5.35. Variation of Resonance Frequency between 0 and 200 ppm. 

 

 

5.5 Comparison between the Simulated Models for 

Water Detection 

The calibration curve of the transmission line has encouraging results for the construction of the 

sensor. It is clear that the sensitivity of the sensor depends exclusively on the diameter of the core. 

Even if other parameters vary, external diameter of the shield, flow velocity and outlet pressure, the 

sensitivity does not change. Therefore it is believed that the sensor manufacturing is suitable for the 

indended purpose at Bosch. 

In contrast, the resonant cavity show the variation of water concentration is so small that the variation 

in resonance frequency is not easily detectable. In Re-Entrant Cavities, a very small difference in 

resonant frequency can be detected only in a frequency peak. 
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5.6 Debris Sensor  

The sensor was designed according to the principle of differential electromagnetic induction. The 

electromagnetic coil comprised two reverse winding exciting coils and one induction coil. Copper is 

the material used for the wire and in the simulation. The model is surrounding with air (relative 

magnetic permeability is 1). Materials used for the particles is copper and iron, to compare ferrous 

and non-ferrous behaviour. 

The relative magnetic permeability of copper is 0.9999, of iron is 4000. The minimum size of the 

particle that the sensor must identify is approximately 200 micrometres. The coils have 5 turns and 3 

layers. The length of wire for each coil is 500 mm. The length of the reel is 4 mm and they are 

separated by grooves with a length of 2 mm. The length of the sensor body is 50 mm with the internal 

radius of 1.2 mm and a thickness of 1 mm. With the multi-winding coil COMSOL function, the 

characteristic parameters of the coil are incorporated in a circular crown. To simulate the system, an 

excitation sinusoidal current of amplitude 0.1 A and a frequency of 250 Hz is assumed. The physics 

of magnetic fields are coupled to the electrical circuits thanks to the functions present in COMSOL, 

called cir.IvsU. Figures 5.36 and 5.37 show the CADs of the sensor body inside the spherical domain 

of the air. Current of amplitude 0.1 A and a frequency of 250 Hz are assumed.  

 

Figure 5.36. Three-Dimensional Model with Air. 
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Figure 5.37. Three-Dimensional Model. 

The mesh consists of 57275 volume elements and 12148 surface elements (Fig. 5.38). 

 

Figure 5.38. Mesh of Model. 

Figure 5.39 shows the qualitative validation of the physical principle. Note the perturbation of the 

magnetic field induced by the ferrous particle. Moreover, in Fig. 5.40, it is highlighted the different 

magnetic induction between a ferrous and a non-ferrous particle. The simulations show a qualitative 
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result whereby a non-ferrous particle causes a variation in the magnetic field of 0.004 Tesla while a 

ferrous particle determines a variation of 0.011 Tesla. 

 

Figure 5.39. Perturbation of Magnetic Field. 

 

Figure 5.40. Different e between Ferrous and Non-Ferrous Particles.  

In the graph in figure 5.41, the voltage variation along the direction of the detection coil (about 25 
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positioned in the detection area. The peak of tension has very low and hardly individual values. The 

only solution would be to amplify the signal. 

 

Figure 5.41. Voltage variation with Coupling of the Circuit Electric. 

 

5.7 Sensor Allocation  

Finally, we improved the sensor connection to the diesel fuel system through two sleeves, as shown 

(Fig. 5.42).  

 

Figure 5.42. Final Configuration: Installing the Sensor in the Engine Fuel System. 
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The sleeves permit to separate electrical input and output ports from fluid ones. In this way electrical 

ports remain on a straight line, avoiding bending of the core with consequent reduction of signal 

reflections and losses. The sleeves may be welded to the pipe of the supply system, equipped with 

additional holes. In particular, it is obtained that if flaps, suitably oriented, are used, there is a flow 

entering the sensor at a lower speed and therefore the stress, which the flow can generate to the core 

in its input, is reduced, while at the output, a flap oriented in the opposite direction, minimizes 

pressure drop losses caused by the presence of the sensor opening. The losses considered in the design 

take into account both the losses distributed along the sensor as well as the ones concentrated on 

inlets, edges and variations in the flow passage section. Through the simulations, we estimate that in 

the improved design these losses are at a level of about 1000 Pa, which is considered acceptable. Full 

details of velocity field and pressure field, generated by the presence of guide vanes, are shown in 

figures 5.43 and 5.44. 

 

Figure 5.43. Pressure Field in the Final Configuration.  
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Fig. 5.44. Velocity Field in the Final Configuration. 

        

 

In figure 5.45 the user iterface to be implemented in ECU. When the admissible water value, 

associated with the measured sensor parameter, is exceeded, the error will be suitably signaled. 

 

 

Figure 5.45. User Interface For Diesel Quality Control. 
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CHAPTER 6 

 

 

 

Sono tutti in gara e rallento, fino a stare fuori dal tempo 

Superare il concetto stesso di superamento mi fa stare bene 

 

Ti Fa Stare Bene – Caparezza 
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“Mathematical reasoning may be regarded rather schematically as the 

exercise of a combination of two facilities, which we may 

call intuition and ingenuity.” 

Alan Turing 

EXPERIMENTAL SET-UP 

 

In this chapter are presented the prototypes of the designs described in the previous chapter. To 

characterize the prototypes, the VNA described in chapter 3, was used after the calibration procedure 

shown in figure 6.1. The calibration was carried out as described in chapter three, i.e. through the 

fully calibrated 2 port procedure A data point is a sample of data representing a measurement at a 

single stimulus value. You can specify the number of data points that the analyzer measures across a 

sweep. The analyzer sweep time changes proportionally with the number of points. In our work, the 

number points are 201. 

 

Figure 6.1. Calibration of VNA. 
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6.1 Manufacturing of Water Sensor 

The capillaries for the resonant cavities, shown in figure 6.2, and the connectors for the electronic 

connection of the sensors, figure 6.3, have been created by using a 3D printer. PLA was used as the 

material. The capillaries were printed horizontally to ensure print uniformity at the radial level. The 

Roboze One has an electro-galvanized printing surface heated up to 100 ° C, to allow adhesion and 

hold even on very long prints. The print bed is removable. This allows the removal of the piece with 

extreme ease and in total safety. The resolution is 25 microns. With these characteristics it was 

possible to print the connectors, adapting them to the dimensions of the sensors. In this way, in 

addition to the electronic connection made in safety, part of the connector itself is used to bind the 

core and the probes of the sensors. 

 

Figure 6.2. Capillary of the Resonant Cavity 

 

Figure 6.3. Connector for Connection to the VNA. 
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The copper part that defines the sensors was cut and drilled according to the specifications described 

in the previous chapter (Fig. 6.4-6.5). The copper tubes are cut, both sides, to have the length defined 

in the modeled prototypes. The cut section was filed with sandpaper and the whole piece of copper 

cleaned with alcohol and left to dry for a few days. Finally, two holes were drilled for the passage of 

the diesel. 

The pumping system of the diesel-water mixtures is guaranteed by a submersible pump, with a 12 V 

DC electrical motor with a power of 4.8 W. The maximum flow rate is 220 L/h. The tube in which 

the flow will circulate is a flexible PVC silicone hose with an internal diameter of 6 mm and a 

thickness of 2 mm (Fig. 6.6). 

 

Figure 6.4. Copper Cutting. 
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Figure 6.5. Copper Drilling. 

 

Figure 6.6 Feed Pump. 
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6.2 Transmission Line – Prototype 1 

Prototype 1 has a length of 200 mm. The external diameter of the shield is 9.5 mm with a thickness 

of 1 mm while the core diameter is 1.2 mm. The flow inlet hole is positioned at 3 mm from the end 

while the outlet hole about at 4 mm from the end. Dimensions have been agreed by Bosch for the 

installation of the sensor on the pump supply line. The flow inlet hole is 4 mm in diameter (Fig. 6.7). 

 

Figure 6.7. Transmission Line: Prototype 1. 

With that configuration, we are unable to identify an attenuation at 200 ppm. Only when we reach a 

value of 1000 ppm does the VNA register an attenuation (like shows in figure 6.8). 

 

Figure 6.8. Transmission Coefficient of the Prototype 1. 
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6.3 Transmission Line – Prototype 2 

Prototype 2 has a length of 250 mm. The external diameter of the shield is 16 mm with a thickness of 

1 mm while the core diameter is 1.2 mm. The flow inlet hole is positioned at 4 mm from the end 

while the outlet hole at about 4 mm from the end. Also, for this prototype, dimensions have been 

agreed by Bosch. The diameter of the passage hole of the diesel is 8 mm (Fig. 6.9). 

 

Figure 6.9.  Transmission Line: Prototype 2. 



CHAPTER 6  EXPERIMENTAL SET-UP 

140 
 

In figure 6.10 the attenuation coefficient is reported while in figure 6.11 is the calibration curve at a 

frequency value equal to about 2.5 GHz. The attenuation variation between 50 and 200 ppm is 

approximately 0.4248 dB. 

 

Figure 6.10. Transmission Coefficient of the Prototype 2. 

 

Figure 6.11. Calibration Curve Prototype 2. 
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6.4 Resonant Cavity – Prototype 1 

Prototype 1 is a cylindrical cavity 35 mm high and 30 mm in diameter. The thickness is 1 mm. (Fig. 

6.12). 

 

Figure 6.12. Resonant Cavity: Prototype 1. 
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Figure 6.13 shows the reflection coefficient, which highlights frequency shifts in the range close to 1 

GHz, 3 GHz and about 4.7 GHz. 

 

Figure 6.13. Reflection Coefficient of the Prototype 1. 

Table 6.1 shows the determination coefficients of the resonance frequency and of the attenuation for 

the most evident peaks. 

 

0 (EMPTY) 50 200 R2 

Frequency [GHz] 9,3845 9,3845 9,459 0,9423 

S11 [dB] -20,225343 -20,579 -13,1206 0,9212 

Frequency [GHz] 2,97505 2,97505 2,9675 0,9423 

S11 [dB] -21,052143 -21,052 -20,5113237 0,9423 

Frequency [GHz] 4,7121 4,7121 4,704 0,9423 

S11 [dB] -19,2643 -19,264 -16,928 0,9423 

Table 6.1. Determination Coefficients of Prototype 1. 
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6.5 Resonant Cavity – Prototype 2 

Prototype 2 is a cylindrical cavity 40 mm high and 50 mm in diameter. The thickness is the same of 

prototype 1 (Fig. 6.14). 

 

Figure 6.14. Resonant Cavity: Prototype 2. 
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Figure 6.15 shows the reflection coefficient, in which frequency shifts in the range close to 2.8 GHz, 

4 GHz and about 6 GHz are highlighted. 

 

Figure 6.15. Reflection Coefficient of the Prototype 2. 

Table 6.2 shows the determination coefficients of the resonance frequency and of the attenuation for 

the most evident peaks. 

 

0 (EMPTY) 50 200 R2 

Frequency [GHz] 2,852 2,855 2,85525 0,5499 

S11 [dB] -25,08 -30,48 -32,4078 0,7285 

Frequency [GHz] 3,91 3,91098 3,925 0,9665 

S11 [dB] -30,5523 -36,333 -41,6497 0,9097 

Frequency [GHz] 5,955 5,955 5,977 0,9423 

S11 [dB] -32,46 -38,649 -44,499 0,9142 

Table 6.2. Determination Coefficients of Prototype 2. 
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6.6 Re-Entrant Cavity  

The internal cylinder has the following dimensions: height 80 mm and diameter 30 mm. The cavity 

has a diameter of 60 mm and a height of 150 mm. The dielectric of the coaxial is PTFE while the 

cavity is made of copper (Fig. 6.16). 

 

Figure 6.16. Re-Entrant Cavity. 
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Figure 6.17 shows the reflection coefficient, in which frequency shifts are highlighted in different 

areas of the graph.  

 

Figure 6.17. Reflection Coefficient of the Re-Entrant Cavity. 

Between 3 and 4.5 GHz, there is too much variation, caused by an error in the measurement. 

Therefore, we consider the peaks below 1 GHz, focusing on the ones with the greatest attenuation 

and on the peak between 2.7 and 3 GHz. Table 6.3 are reported the determination coefficients of these 

resonance frequency and of the attenuation. 

 

0 (Empty) 50 200 R2 

frequency 

[GHz] 

0,9908 0,9908 0,98337 0,9423 

S11 [dB] -6,9637 -25,02034 -27,348 0,5848 

frequency 

[GHz] 

0,766 0,728 0,728 0,4808 

S11 [dB] -22,06 -9,8093 -10,07149 0,4621 

frequency 

[GHz] 

2,727 2,713 2,705 0,8207 

S11 [dB] -28,429 -24,04 -24,824 0,3169 

Table 6.3. Determination Coefficients of Re-Entrant Cavity. 
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6.7 Debris Sensor Manufacturing and Testing 

The sensor body was first made in CAD and then 3D printed at the OpenMultiLab laboratory of the 

Polytechnic of Bari, using a RobozeOne printer (Fig. 6.18). 

 

Figure 6.18. Sensor Body 

. 

For the creation of the coils, copper wire (0.6 mm diameter) was used, wrapped around the sensor 

body thanks to the use of a small capstan, also 3D printed (Fig. 6.19). 

 

Figure 6.19. Coils Realization. 
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The measurement set-up provides a system that connects a wire, on which particles of different sizes 

are connected and run through the sensor (Fig. 6.20). A function generator is used to excite the two 

external coils, while an oscilloscope and a multimeter are connected to the detection coil to measure 

the voltage variation induced by the perturbation that the ferrous particle generates during its passage 

(Fig 6.21). 

 

Figure 6.20. Measurement Set-up. 

 

Figure 6.21. Measurement set-up for Detection. 
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Qualitatively the measuring principle works. However, it is unable to identify the minimum required 

size. The particle diameters evaluated are 0.5 mm, 2 mm and 4 mm respectively. Therefore, the 

minimum detectable size is equal to a sphere with a radius of 250 micrometers. 

Table 6.4 shows the variation of tension values induced by the passage of the particle, as it approaches 

the detection zone. If the excitation frequency increases, the voltage variation increases and therefore 

the sensor becomes more sensitive. 

  
Tension [mV] 

  
Diameter Far (15 mm) Close (5 mm) Detection Zone 

f = 250 Hz P1 = 4mm 0,031 0,121 0,153 
 

P2 = 2 mm 0,023 0,073 0,091 
 

P3 = 0,5 mm 0,018 0,054 0,066 
     

f = 500 Hz P1 = 4mm 0,056 0,233 0,293 
 

P2 = 2 mm 0,037 0,142 0,178 
 

P3 = 0,5 mm 0,028 0,102 0,128 
     

f = 1000 Hz P1 = 4mm 0,096 0,426 0,537 
 

P2 = 2 mm 0,064 0,272 0,342 
 

P3 = 0,5 mm 0,049 0,201 0,251 

Table 6.4. Voltage Variation in the Detection Zone 

Finally, housing was designed, and 3D printed to protect the sensor body and isolate the electrical 

connections through holes, like shows in figure 6.22. 

 

Figure 6.22. Housing of Sensor 
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6.8 Conclusion 

In the first prototype of the transmission line, we are unable to identify an attenuation at 200 ppm. 

Only when we reach a value of 1000 ppm does the VNA register an attenuation. 

In the second prototype, an attenuation of about 7 dB at 200 ppm can be recorded. The resonant 

cavities have good R2 values, but the shift of the resonance frequencies is very small, as well as the 

attenuation of the reflection signal. The same is true for the Re-Entrant cavity, except for a frequency 

value, in which the attenuation varies between 50 to 200 ppm of about 2 dB.  

Therefore, with the data elaborated in this thesis, the optimal choice concerns the transmission line. 

The sensor structure has been geometrically verified and ensures insertion into the fuel system where 

Bosch provides an intelligent sensor system for diesel quality. For a particle with a diameter equal to 

0.5 mm, and a sensor excitation frequency of 1000 Hz, a variation is detected of about 0.200 mV at 

the passage of the particle while at the frequency of 250 Hz, the variation is about 0.042 mV. If 

frequency increases (1000 Hz), sensitivity reach 0.2 mV. 
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CONCLUSIONS 

 

 

Ricorda il tuo sesto senso è quello di colpa 

E tutti ne approfittano almeno una volta 

Perciò va bene l'apertura verso gli altri 

Ma all'entrata mettici almeno una porta 

Difenditi e difendi la cultura 

Non scendendo in piazza 

Ma scendendo in piazza per andare a cinema o a teatro 

… 

Non è vero che è inutile il tuo diploma 

Inutile è discutere di glutei nel perizoma 

… 

Perdi colpi, va così 

Ma già migliora, la tua memoria, con un click 

 

Migliora la tua Memoria con un Click – Caparezza 
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This thesis describes the work inherent in the development of a diesel quality sensor. The work is 

carried out within an industrial doctorate in partnership with Bosch and aims to constantly monitor 

the quality of the fuel used in most heavy vehicles, but not only. The reason that drives Bosch to this 

type of measurement is the deterioration of the diesel fuel pump due to the use of poor-quality fuel. 

The objective is the prototyping of an in-line detection system, that is placed on the pipelines for the 

distribution of diesel, in the pre-feeding system, next to the tank. 

Fuel control is a part of the maintenance operations aimed at extending the life of the engine and is 

necessary because the developments in diesel, aimed at greater protection of the environment, have 

led to greater use of biofuels that have physical and chemical properties other than conventional fuels. 

The analysis of fluids guarantees the optimization of vehicle performance, the prevention of 

breakdowns, the reduction of emissions and prevents damage to the common rail technology or at 

least extends its operating life. The problem of dirty diesel has never been completely solved, but 

only improved with the common rail considering that, the operating pressures are such that the diesel 

must be of high quality.  

Hence, water content is to be considered as an important parameter of diesel fuel, however it 

represents one of the most common contaminants found in all types of fuels, not only diesel.  The 

main effects of water contamination are to be seen on the injection elements (fuel pipes, fuel pumps, 

injectors) that are exposed to corrosion and thus on lower combustion quality. Water corrosion will 

occur only if water is in free form. Fuel properties, like viscosity or density will change when mixed 

with dissolved water. In general, water causes reduction of lubricating properties, wear and corrosion 

of fuel system, motor power reduction and growth of bacteria. EN 590 standard allows a concentration 

of 200 mg/kg of water contamination, which has been proven to be the maximum possible level on 

most of the markets. 

The techniques used today to determine the quantity of water are the centrifugal methods and the 

coulometric titration method of Karl Fischer, which are laboratory techniques. For in-line fuel 

monitoring, the most promising measurement techniques are resonant cavity dielectric technology, 

spectroscopic techniques (UV-Vis, NIR, FT-IR, fluorescence and Raman), interdigitated capacitive 

sensing technology, ultrasonic and microwave technology. The creation of an automatic system for 

the optimal management of automotive engines represents a priority topic in the panorama of 

international industrial research. Vehicle performance depends not only on engine quality but also on 

fuel characteristics. In this perspective, the on-line measurement of the physical and chemical 

properties of the fuel and the use of additional functions are essential to face a very competitive 



CONCLUSIONS 

154 
 

market. The use, for that purpose, of optical or microwave technologies seems to be the right way to 

create a low-cost, precise and real-time measurement detection system. 

The innovative feature is the ability to exploit the diesel as an element that flows inside the sensor 

itself and, during its passage, measure microwave attenuation, in real-time, thank an easy and low-

cost sensor. 

The parameter we measured to characterize the amount of water in diesel is the permittivity. For the 

preliminary simulations, a very simple mathematical model was chosen to express the dielectric 

constant of the analyte as a function of the water concentration. Remembering that the dielectric 

constant varies with the amount of water and therefore the impedance of the cable also varies.  

Subsequently it has been described the procedure to achieve some diesel samples of known quantities 

of water. These samples will first be characterized through laboratory techniques (off-line), to define 

an empirical relationship that quantifies the change in the dielectric constant of diesel as the water 

concentration changes. 

Analytical chemistry techniques were used to make the mixtures of known quantities of water, 

starting from a quantity of diesel that has been preliminarily analyzed at a qualitative level, to have a 

starting point from which to define the water-diesel mixtures.  

Characterization of contaminants is developed following two methods. Optical techniques with the 

use of the spectrophotometer and microwave techniques with the aid of a probe. 

In the first case, can be seen from the absorption spectra, how optical techniques are not useful for 

the characterization of water-diesel mixtures. First of all, for the small quantities of contaminant, 

which make the preparation and cleaning of the samples difficult. Despite the repetition of the 

measurement, from the calibration curves it can be seen that the determination coefficient does not 

exceed a value of 0.3, however they have been highlighted by the characteristic peaks. However, the 

small quantities of water are confused with each other, without the possibility of distinguishing them 

progressively. So, optical technique has a low sensitivity. 

Instead, the characterization through the probe and the VNA provided encouraging data which were 

confirmed by comparison with the mathematical models present in the literature. The coefficient of 

determination of the calibration curves are close to 0.9. Thanks to this characterization, an empirical 

relationship has been obtained with which the sensors proposed in the following work have been 

modeled. 



CONCLUSIONS 

155 
 

The sensor is designed for the automotive field, with the aim of monitoring the quality of the diesel 

in real time. The sensor is expected to be housed in the pipes of the power supply system. The 

innovative aspect of this sensor is the ability to exploit the diesel as an element that flows inside the 

sensor itself and, during its passage, measure microwave attenuation. In this way, the presence of 

water can be detected and, if the system is appropriately sized, conditioned and calibrated, water 

content can be measured. A transmission measurement method has been chosen as it appears the 

simplest and most economic technique, because of the availability of very low-cost integrated circuits 

for the generation of the stimulus signal, and the use of a simple sensor with an envelope threshold 

detector for the measurement of the attenuated signal, which can be part of a small and low power 

embedded system. The signal attenuation can be evaluated through the scattering parameter S21 

(forward voltage gain, or transmission coefficient), which is the ratio between outgoing wave 

amplitude at output port 2 and ingoing wave amplitude at input port 1, assuming load impedance 

matching at port 2. A threshold detector may be useful, in particular, to provide an alert around a 

programmable level of the signal output. The most suitable guiding structure is certainly the coaxial 

one that guarantees the maximum fringing of the EM field in the analyte and, consequently, the 

maximum sensitivity.  

Two solutions for contaminant detection through permittivity measurement have been designed and 

modeled: the first based on the theory of the transmission line and the second on resonant cavities. In 

the first case the parameter to be evaluated is the power signal while in the second case the resonance 

frequency shift and the reduction of the quality factor are measured. Dielectric constant measurements 

can provide information about critical design parameters for many electronic applications. In the first 

case the power attenuation of the stimulus signal is evaluated while in the second case the theory of 

resonant perturbation is exploited. For a resonator with a given EM field, when a part of this varies, 

due to the introduction of a sample, its resonant frequency changes while the quality factor is reduced. 

From them, we can refer to the dielectric properties of the sample. 

For each approach, the variation in the concentration of contaminant (water) in the diesel was 

analyzed with a mathematical model and was studied the geometric sweep of the critical parameters. 

Electromagnetic simulations were carried out using the COMSOL Multiphysics software aimed at 

validating the physical measurement principle. In particular, different frequency values were 

explored, the variation in the concentration of contaminant (water) in the diesel, through a 

mathematical model, and the geometric sweep of the critical dimensional parameters of the analyzed 

structures. 
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The various models have also been validated at the fluid dynamic and mechanical level. 

The calibration curve of the transmission line has encouraging results for the construction of the 

sensor. It is clear that the sensitivity of the sensor depends exclusively on the diameter of the core. 

The attenuation increases for larger radii.  Even if other parameters vary, external diameter of the 

shield, flow velocity and outlet pressure, the sensitivity does not change. Therefore it is believed that 

the sensor manufacturing is suitable for the indended purpose at Bosch. The increase of the frequency 

of the stimulus signal, with the same radius, sensitivity increases. Hence sensor detectivity may be 

tuned. This can be useful because, although the standards set a maximum limit of water, this limit 

will vary according to the geographical area of origin of the diesel. On a fluid dynamic level, assuming 

an input speed of the flow of 2 m/s, it occurs that if the radius of the internal diameter of shield 

increases, the output velocity of the flow decreases, thus reducing the stress of the flow on the core. 

(maximize the stiffness and rigidity if the core of the transmission line). It is evident that the maximum 

pressure decreases when radius increases. However, its value is in the order of magnitude of millibars 

(very low). 

In contrast, the resonant cavity show the variation of water concentration is so small that the variation 

in resonance frequency is hard to detect, also with bended capillary, where the sensitivity is slightly 

higher. In Re-Entrant Cavities, a very small, however greater than the classical resonant cavities, 

difference in resonant frequency can be detected just in a frequency peak. 

The calibration curve of the transmission line has encouraging results for the construction of the 

sensor. The sensitivity of the sensor depends exclusively on the diameter of the core.  

After validation, in terms of simulation, the prototypes were made. Two prototypes based on the logic 

of transmission lines, two resonant cavities and a re-entrant cavity. In the first prototype of the 

transmission line, we are unable to identify an attenuation at 200 ppm. Only when we reach a value 

of 1000 ppm does the VNA register an attenuation. In the second prototype, an attenuation of about 

0.45 dB at 200 ppm can be recorded. At f = 2.54 GHz the sensitivity is 4.6 mdB/ppm while at f 

=1.8219 GHz the sensitivity is 5.45 mdB/ppm. The determination coefficient is, for both, major of 

0.99. 

The resonant cavities have good R2 values, but the shift of the resonance frequencies is very small, 

as well as the attenuation of the reflection signal. In prototype 1, the maximum shift reach is 8.1 MHz 

at f = 4.7121 GHz, while the maximum attenuation is 8.1 dB, at same frequency. In prototype 2, the 

maximum shift reach is 21.04 MHz at f = 5.955 GHz, while the maximum attenuation is 22 dB, at 

same frequency. 
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Similar results are obtained in the Re-Entrant cavity. The maximum shift is reached at f = 2.727 GHz 

and it is 22 MHz while the maximum attenuation is 28.384 dB at f = 0.9908 GHz. 

Therefore, with the data elaborated in this thesis, the optimal choice concerns the transmission line, 

to comply with all the constraints imposed by the company and the problem in it. 

Finally, at Bosch's request, a sensor was created to monitor the solid particles created by the wear of 

the diesel passage in the fuel pump because wear in one of the main reasons that cause mechanical 

equipment failures, and numerous wear particles are produced during the device running process. In 

the simulation, the qualitative analyze is realized. When the ferrous particle passes through the sensor, 

there is a variation of 0.011 Tesla. When the nonferrous particle passes through the sensor, there is a 

variation of 0.004 Tesla. During the experimental step, we define a minimum identifiable particle, 

about 250 µm and we verified that is the frequency increases, the sensitivity greater. In fact, when f 

= 250 Hz, the voltage attenuation is 0.042 mV while if f = 1000 Hz, the voltage attenuation is 0.2 

mV. 

The realization of these two sensors enters into the future goals of hybridizing the vehicle, through 

an in-line system of sensors, based on intelligent control, in order to improve the quality of 

combustion, reduce emissions and increase the life of the fuel system components. 

A further possible and interesting development is the integration of the two types of sensors by 

exploiting the possibility of detecting the presence of residual particles directly with high frequency 

methods, sensitive to permittivity. In this regard, in consideration of the frequency range useful for 

sensitivity purposes, one could think of adopting more compact, remotely controllable and 

economical systems such as portable VNAs. Finally, the experimental activity could be extended, 

trying to describe the impact of some setting parameters, such as fuel mass flow, fuel temperature 

because during this work, I used the data provided by Bosch. This represent a further step towards 

the application of the device. 
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APPENDIX A 

PHYSICAL PRINCIPLES OF LABORATORY 

INSTRUMENTS 

 

A.1 Scattering Parameters 

To characterize radio frequency networks [MHz GHz], which cannot be represented with circuit 

models with concentrated parameters, the parameters are introduced. measurement and design 

problems. These parameters are useful in the analysis of microwave devices, as they are easier to 

measure and use at high frequencies than other types of parameters. 

Based on the theory of transmission lines, it is possible to define parameters suitable for 

characterizing networks at high frequencies: S parameters. The two-port linear networks, described 

in figure A.1, are characterized by several equivalent circuit parameters, such as the transfer matrix, 

the impedance matrix, the admittance matrix and the scattering matrix.  

 

Figure A.1: Two-port Network. 

The transfer matrix (eq.A.1) binds the voltage and current at port 1 to those of port 2, while the 

impedance matrix (eq. A.2) provides the link between the two voltages V1 and V2 to the two currents 

I1 and I2: 
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[
𝑉1

𝐼1
] = [

𝐴 𝐵
𝐶 𝐷

] [
𝑉2

𝐼2
] 

(A.1) 

 

 
[
𝑉1

𝑉2
] = [

𝑍11 𝑍12

𝑍21 𝑍22
] [

𝐼1

−𝐼2
] 

(A.2) 

 

The admittance matrix is simply the inverse of the impedance matrix; the scattering matrix (eq. A.3) 

links the outgoing waves b1 and b2 to the incoming waves a1 and a2 which affect the two ports:  

 
[
𝑏1

𝑏2
] = [

𝑆11 𝑆12

𝑆21 𝑆22
] [

𝑎1

𝑎2
] 

(A.3) 

 

The elements S11, S12, S21 and S22 of the matrix go under the name of scattering parameters or S 

parameters; the parameters S11, S22 have the meaning of reflection coefficients while those S12 and 

S21 represent the transmission coefficients. The variables a1, b1 at port 1 and a2 b2 at port 2 are defined 

in terms of voltage V1, V2 and current I1, I2 and of characteristic impedance Z0 generally assumed 

with a value of 50 Ω.   

Scattering parameters or S-parameters describe the electrical properties and performance of RF 

electrical components or network of components when undergoing various steady state electrical 

signal stimuli. They are unitless complex numbers, having both magnitude and phase, and are related 

to familiar measurements such as gain, loss, and reflection coefficient. Scatter Parameters, also called 

S-parameters, belong to the group to two-port parameters used in two-port theory. Like the Y or Z 

parameter, they describe the performance of a two-port completely. Different to Y and Z, however, 

they relate to the traveling waves that are scattered or reflected when a network is inserted into a 

transmission line of a certain characteristic impedance ZL. Therefore, S-parameters can be compared 

to reflection and through pass of a pair of spectacles. S-parameters are important in microwave design 

because they are easier to measure and to work with at high frequencies than other kinds of two-port 

parameters. They are conceptually simple, analytically convenient and capable of providing detailed 

insight into a measurement and modeling problem. However, it must keep in mind that -like all other 

two-port parameters, S-parameters are linear by default. I.e. they represent the linear behavior of the 

two-port. S11 and S21 are determined by measuring the magnitude and phase of the incident, reflected 
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and transmitted signals when the output is terminated in a perfect Zo load. This condition guarantees 

that a2 is zero. S11 is equivalent to the input complex reflection coefficient or impedance of the DUT, 

and S21 is the forward complex transmission coefficient.  

Likewise, by placing the source at port 2 and terminating port 1 in a perfect load (making a1 zero), 

S22 and S12 measurements can be made. S22 is equivalent to the output complex reflection coefficient 

or output impedance of the DUT, and S12 is the reverse complex transmission coefficient. The 

accuracy of S-parameter measurements depends greatly on how good a termination we apply to the 

port not being stimulated. Anything other than a perfect load will result in a1 or a2 not being zero 

(which violates the definition for S-parameters). When the DUT is connected to the test ports of a 

network analyzer and we don't account for imperfect test port match, we have not done a very good 

job satisfying the condition of a perfect termination. For this reason, two-port error correction, which 

corrects for source and load match, is very important for accurate S-parameter measurements. The 

magnitude of S11 and S22 is always less than 1. Otherwise, it would represent a negative ohmic value. 

On the other hand, the magnitude of S21 (transfer characteristics) respectively S12 (reverse) can exceed 

the value of 1 in the case of active amplification. Also, S21 and S12 can be positive and negative. If 

they are negative, there is a phase shift.  The numbering convention for S-parameters is that the first 

number following the S is the port at which energy emerges, and the second number is the port at 

which energy enters. So S21 is a measure of power emerging from Port 2 as a result of applying an 

RF stimulus to Port 1. 

Generally, the calculation of the dielectric parameters is performed by measuring the S-parameters of 

the network under examination [61]. S-Parameters are used because they are relatively easy to obtain 

at high frequencies and measure voltage traveling waves with a vector network analyzer. Enough they 

don't need shorts/opens which can cause active devices to oscillate or self-destruct and can compute 

H, Y, or Z parameters from S-parameters if desired. Finally, they can easily import and use S-

parameter files in our electronic-simulation. 

 

A.2 Network Analyzers 

The network analyzer is a very complex tool capable of measuring the parameters characterizing a 

network, active or passive, quickly and accurately. The network analyzer can be seen as a set of 

equipment which, through an appropriate connection, allows to carry out a multiplicity of measures. 

They fall into two main categories: scalars and vectors. The scalar analyzer measures and shows on 
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the display only the amplitude of the signal being analyzed according to the frequency; the vector 

analyzer measures and shows both amplitude and phase of the signal. The latter feature allows the 

vector analyzer to display the parameters not only in a linear scale but also in a complex form, for 

example through the Smith chart. The vector analyzer can also measure and show the Scattering 

parameters at the same time as it continuously scans its two input ports. Instrument suitable for 

characterizing the signal in a circuit; the characterization of the signal can be of two types: linear (a 

signal with one tone at the input to the circuit, and a single tone at the output to the same), or with 

multiple tones. To perform a linear characterization, it is necessary to use the network analyzer. When 

it comes to radiofrequency, there are several issues: vector measurements will certainly be needed 

since quantities in module and phase must be measured; when we talk about high frequencies, such 

as radio frequencies, the structure we are dealing with is distributed: we have voltages and currents 

that depend substantially on the position we are in. It does not make sense to measure voltages or 

currents: what would be measured would be the quantities at the gates, but a few millimeters later 

something completely different would be measured, frustrating the sense of measurement. 

A measurement of the reflection from and/or transmission through a material along with knowledge 

of its physical dimensions provides the information to characterize the permittivity and permeability 

of the material. A vector network analyzer consists of a signal source, a receiver and a display. The 

source launches a signal at a single frequency to the material under test. The receiver is tuned to that 

frequency to detect the reflected and transmitted signals from the material. The measured response 

produces the magnitude and phase data at that frequency. The source is then stepped to the next 

frequency and the measurement is repeated to display the reflection and transmission measurement 

response as a function of frequency.  Simple components and connecting wires that perform well at 

low frequencies behave differently at high frequencies. At microwave frequencies wavelengths 

become small compared to the physical dimensions of the devices such that two closely spaced points 

can have a significant phase difference. Low frequency lumped-circuit element techniques must be 

replaced by transmission line theory to analyze the behavior of devices at higher frequencies. 

Additional high frequency effects such as radiation loss, dielectric loss and capacitive coupling make 

microwave circuits more complex and expensive. It is time consuming and costly to try to design a 

perfect microwave network analyzer. Instead, a measurement calibration is used to eliminate the 

systematic (stable and repeatable) measurement errors caused by the imperfections of the system. 

Random errors due to noise, drift, or the environment (temperature, humidity, pressure) cannot be 

removed with a measurement calibration. This makes a microwave measurement susceptible to errors 

from small changes in the measurement system. These errors can be minimized by adopting good 
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measurement practices, such as visually inspecting all connectors for dirt or damage and by 

minimizing any physical movement of the test port cables after a calibration.  A VNA contains both 

a source, used to generate a known stimulus signal, and a set of receivers, used to determine changes 

to this stimulus caused by the device-under-test or DUT. The scheme is represented in figure A.2.  

 

Figure A.2. Scheme of Network Analyzer. 

 

For the characterization of the contaminants, in the laboratory, a Vector Network Analyzer can be 

used to measure transmitted and reflected waves, from which the scattering parameters are 

subsequently processed to obtain complex permittivity [62, 63, 64, 65, 66, 67]. 
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A.3 Configuring the VNA 

Before discussing calibration further, and some of the alternatives available, it is important to first 

gain a clear understanding of any VNA setup issues as they will affect calibration performance. In 

almost all cases, the VNA settings are used during calibration. Therefore, setting up the VNA as 

desired beforehand can be especially helpful. The settings of interest are: 

1. Frequency Start, Stop and Number of Points: These settings are obvious. Segmented sweep 

must also be setup in advance if a more custom frequency list is desired. 

 

2. IF Bandwidth and Averaging - These parameters control the digital filtering and post-

processing that determine the effective noise floor, amount of trace noise and, in some special 

cases, immunity to interfering signals. The trade-off for improved noise performance is slower 

sweep speed. 

 

3. Point-by-Point versus Sweep-by-Sweep Averaging: Point-by-point averaging incurs 

additional measurements at each given frequency point and increases sweep time roughly 

proportionally. Because the additional measurements are taken at once, the effect is like the 

proportional change in IFBW. An additional benefit is that the displayed data is fully 

optimized during the first sweep. Sweep-by-sweep averaging acquires additional 

measurements on subsequent sweeps. The result is a gradual shift in trace amplitude. Before 

extracting data, the VNA user must verify that a fully corrected sweep has occurred. Sweep-

by-sweep averaging is a rolling average, so the time it takes to fully stabilize from a sudden 

DUT change is roughly proportional to the average count. Consequently, it offers an alternate 

way to improve lower-frequency variations. 

 

4. Power: Port power is somewhat less critical due to the excellent linearity of the receivers, but 

any step-attenuator settings must be selected before calibration. Changing the step-attenuator 

settings alters the RF match in the measurement paths as well as in the insertion loss thus. 

Therefore, changing them will invalidate the calibration. 

An important aspect of test-set power level is the consideration of dynamic range. Setting the port 

power to the maximum level before receiver compression provides the widest possible signal-to-noise 

floor ratio and thus dynamic range. Be sure to perform this setting before beginning calibration. 
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A.4 NI PXIe-5632 VNA 

For the activities carried out in this research work, the PXIe-5632 [68] will be used, the architecture 

of which is shown in figure A.3 while the specifications in figure A.4. 

 

Figure A.3. NI PXIe-5632 VNA Architecture. 

 

Figure A.4. Specification of the NI PXIe-5632. 
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An automatic system has been developed for reading the outputs of the radio frequency sensors using 

LabVIEW to control the VNA NI-PXIe-5632 in order to monitor in real time the scattering parameters 

characterizing in the microwave circuit. Figure A.5 shows the scheme in LabVIEW. Laboratory 

Virtual Instrument Engineering Workbench (LabVIEW) is a system-design platform and 

development environment for a visual programming language from National Instruments. I want to 

see the attenuation in the transmission line due to the presence of water. 

 

 

Figure A.5. niVNA_SParamMeasure.vi. 

https://en.wikipedia.org/wiki/Visual_programming_language
https://en.wikipedia.org/wiki/National_Instruments
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A.5 Automatic Calibration (AutoCal) 

SOLT (Short, Open, Load, Thru)) calibration is one of the most common VNA calibration 

methodologies. It uses a well-defined short circuit, open circuit and load (with characteristic 

impedance, usually 50 or 75 ohms). There are several types of calibrations, defined by what ports are 

involved and what level of correction is accomplished. These calibration types include Full 2-Port. 

This is the most used and most complete calibration involving two ports. All four S-parameters (S11, 

S12, S21, and S22) are fully corrected. The advantages are that it is simple, redundant standards and not 

band limited but requires very well-defined standards and has lower accuracy at high frequency. In 

contrast to the mechanical standards approach to calibration, automatic calibration modules can be 

used to simplify the calibration method.  

Automatic calibration techniques, such as those performed by the AutoCal modules available from 

Anritsu, are often the preferred method for calibrating VNAs. AutoCal provides VNA users with the 

ability to quickly calibrate the network analyzer with the simple push of a button. The AutoCal 

module incorporates extremely accurate, repeatable solid-state switches to select a variety of 

impedance standards from just one connection between the VNA and a calibrator module. 

Calibrations employing AutoCal modules are consistent, repeatable and provide better accuracy than 

traditional broadband-termination, 12-term calibrations. In addition, automatic calibrations are much 

faster than with traditional calibration kits. Precision AutoCal module requires only two connections, 

while a mechanical calibration kit requires 7 to 9 connections for a typical calibration.  

The basic concept in Precision AutoCal is the transfer of known calibration parameters from a 

traceable VNA to measure the calibration standards within the Precision AutoCal module, a process 

referred to as Precision AutoCal characterization. A calibrated VNA (using a traceable calibration 

kit) measures the S-parameter data of each impedance standard throughout the calibrator module’s 

frequency range. The accuracy of the calibrated VNA is thereby transferred to the Precision AutoCal 

module. The stability and repeatability of the Precision AutoCal impedance standards provides 

excellent automatic calibrations over a defined time frame [69]. 

Very high calibration accuracy is maintained through the use of certain principles: 

• The use of many impedance and transmission states covering as wide a range as possible 

across the Smith chart. 

• The creation of very stable states that are further enhanced with a constant-temperature 

thermal platform inside the module. 
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• The use of very reliable and repeatable solid-state switching constructed to provide a great 

variety of state impedances for better calibration stability. 

 

A.5.1 Calibration Kit 

The calibration kits contain all of the precision components and tools required to calibrate an Anritsu 

(Figure A.6).  

 

Figure A.6. Calibration Kit. 

Anritsu and other vendors provide calibration kits for a variety of algorithms and circumstances. In 

all cases, certain information must be provided to the VNA in order to complete the calibration. The 

nature of that information varies by kit and application. These kits are all based on SOLT and require 

that data describing all of the reflection standards (provided by the factory) be loaded into the VNA 

on a serial number basis. Typically, these calibration kits are loaded using the Cal Kit/AutoCal utility 

menu. 
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