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Abstract  

This thesis studies a sensing method for assessing the quality of liquid fluids used in 

vehicles such as fuel, urea, break oil and coolant, etc. 

Dielectric constant is one of the important indicators of liquid fluids quality. When 

the dielectric constant is measured, comparison between the dielectric constant of 

used fluid and unused one can indicate the presence of contaminants such as water 

or particles, or changes in chemistry of the fluid such as additive depletion or 

oxidation happening by time. There are different methods for estimating dielectric 

constant of liquids. In the literature study for this project after studying physical and 

mathematical principles of different methods the Method of Time Domain 

Reflectometry (TDR) is chosen for measuring dielectric constant of the liquid fluids. 

Applying Time Domain Reflectomety method, the reflections result from a signal 

generated by signal generator, traveling through study sensor which is partially 

submerged into the liquid under test is investigated. The reflected signal together 

with the incident one plotted in time domain received via oscilloscope, is then being 

analyzed. A measurement of the reflection from and/or transmission through a 

material along with the knowledge of its physical dimensions provides information 

to characterize the refractive index or dielectric constant of that material.  

Transmission line is best way to investigate the signal which travels form one point 

to another point. The prototype sensor forms a coaxial transmission line, and the 

theory behind it is very helpful to understand the form, amplitude and timing of the 

reflected wave.  

The literature on this theory supports finding the sensitivity of study sensor with 

respect to a small change in dielectric constant of the liquid under test and its 

helpful to approach the long term goal of installing a sensor on-board to satisfy the 

strong desire in automotive industry and monitor the quality of in-vehicle used 

fluids in real-time. 
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1 Introduction 

With the constant growth in demand and use of vehicles, the importance and effects 

of the quality of various in vehicle used liquid fluids such as lubrication oil, urea, 

fuel, coolant and break oil, has been emerged. During pas decades, there has been a 

long term focus on installing a sensor on-board for the real time assessment of 

quality of these liquid fluids whereas their quality has a huge impact on engine life, 

vehicle performance, safety and also environmental care. This chapter gives an 

introduction to the study background, measurement systems used in laboratory and 

the theory behind selection criteria for this specific measurement method.  

Some related works to this study, the purpose and scope of the work and the 

benefits of achieving its long term goal followed by the limitations and conditions of 

performing the laboratory experiments will be as well described. 

1.1 Background 

There are different indicators of liquid fluid quality such as density, viscosity and 

dielectric constant. To be able to measure all these indicators and determine the 

fluid quality to its best, complex laboratory equipment are required. Dielectric 

constant is one of the most important indicators of liquid fluids quality. With 

measurement of dielectric constant we can distinguish the differences between 

different classes of liquid fluids by defining their level of impurity. Measuring 

dielectric constant of a used liquid and compare it with the original one, will enable 

detecting presence of contaminants. From the technical view, dielectric constant is 

the ratio of the stored electrical energy in a material by an applied voltage, relative 

to the stored electrical energy in a vacuum. As one of the most important indicators 

of liquid’s quality, the dielectric constant is being analyzed in this study for some 

liquid fluids. For the purpose of the study, the refractive index of experimented 

fluids is chosen to be as close as possible to the ones commonly used in vehicles. All 

in all indication of this critical factor requires advanced technology and is 

complicated. To be able to measure the physical property for dielectric constant, 

help of optimal designed algorithms, as well as direct feedbacks from the Engine 
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Control Unit (ECU), from Urea SCR (Catalytic Reduction system is a post-combustion 

technology treatment for diesel vehicles, which allows them to reduce their 

emissions of NOx (nitrogen oxides), from fuel and other fluid management systems, 

are needed. 

There is a simple relationship between dielectric constant and refractive index. 

Dielectric constant is square of refractive index. For the purpose of simplification 

throughout this report the calculations and formulas; rather than dielectric 

constant, refractive index is being used. 

1.2  Measurement Systems 

There are variety of methods and instruments to measure the dielectric properties 

of materials. The three principle technologies are the Time Domain Reflectometery 

(TDR), the Vector Network Analyzing (VNA) and infrared spectroscopy (FTIR). TDR 

and VNA are basically same, just in different domain. FTIR however, is an expensive 

instrument and needs expert interpretation. (Bogatin) 

The main advantage of reflectometry is its relevant performance characteristics in 

terms of high flexibility, high sensitivity, large application conditions as well as a 

non-destructive detection approach. In a production environment, a TDR is most 

useful in allowing the simple, fast and routine measurement of the characteristic 

impedance of uniform lines. (Sutherland, 1999) 

TDR is an inexpensive, well-established technique for the development of 

microwave sensors devoted to dielectric characterization of materials, soil moisture 

and water content measurements, localization of faults, interfaces or discontinuities. 

Other attractive advantages of time domain reflectometry measurement systems are 

the followings: 

- Good precision and accuracy. 

- High reliability of the instrumentation. 
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 - Offering the unique approach of exciting a specific transmission line and analyzing 

the reflected voltage signature caused by changes in impedance. 

 - Capability of multiplexing several probes. 

 - Possibility of remotely acceding, controlling and electronically retrieving and 

transmitting data through existing telecommunication technology. (A. Cataldo a, 

2008). Besides, Time Domain Reflectometry offers possible determination of spatial 

location and nature of various objects in real-time which makes it an appealing 

candidate for a variety of environmental and industrial applications.  

1.3 TDR and its Implications 

The simple, inexpensive coaxial transmission line is perhaps the best way to 

investigate the electronic signals which are transferred from one point to another. 

Determining coaxial transmission line performance has been simplified by 

techniques such as Time Domain Reflectometry. 

Impedance discontinuities have different effects such as attenuation, attenuation 

distortion, standing waves and ringing. The reason is the portion of a transmitted 

signal that will be reflected back to the transmitting device rather than continuing to 

the receiver, much like an echo. This effect is compounded if multiple discontinuities 

cause additional portions of the remaining signal to be reflected back to the 

transmitter. This is a fundamental problem with the daisy chain method of 

connecting electronic components. 

The abrupt change of impedance mismatch between two materials causes two 

different reflections, like when a signal goes from air through the liquid. Due to 

impedance mismatch between liquid and air a part of it will initially reflect. The 

other part passes through the liquid and reaches the other end of the medium. Due 

to the high impedance there, the signal will reflect again, and because the impedance 

of the air is much more than any fluids, the two reflections will have opposite 

directions which make them distinguishable from one another. 
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A measurement of the reflection from or transmission through a material along with 

the knowledge of its physical dimensions will provide the information to 

characterize the permittivity and permeability of the material. The simple, 

inexpensive coaxial transmission line is perhaps the best way to investigate the 

electronic signals which are transferred from one point to another. 

1.4 Purpose of the Work 

Several motives such as increasing the engine performance and enabling real-time 

modification of engine or system operation, optimizing power and efficiency, oil 

drain management and reducing emissions have established a strong desire in 

automotive industry to install sensors on board for real-time assessment of the 

liquid fluids used in vehicles. While, there is no satisfying commercial sensor 

available for this purpose, the focus of this study has been defined on developing a 

prototype one. And this investigation is the main purpose of this thesis work. The 

focus is to design a fluid quality sensing method with desired sensitivity and 

performance to approach the long term goal of applying it on-board. In this study 

the sensor’s sensitivity, measurement range and other critical characteristics have 

been examined through laboratory experiments.  The project consists of theoretical 

study, mathematical calculations, simulation and prototype testing in laboratory. 

1.5  Benefits of the Reseach 

Real-time assessment of fluid’s quality as such has several benefits that motivated a 

research question. For intense oil, its real-time monitoring enables safe extension of 

oil drain intervals through monitoring the degradation process. Good lubrication is a 

perquisite for reducing oil consumption which protects the engine. This information 

about the oil quality helps in avoiding oils with degraded quality. Another example 

is the fuel, characterization and identification of the fuel can provide direct real-time 

ECU feedback to for the combustion process. Similarly, fuel identification offers the 

possibility to prevent consumers from feeding engines with unauthorized fuels.  For 
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urea as well, measuring the quality and concentration is beneficial in achieving high 

conversion rates and running SCR systems.   

All in all, real-time sensing of liquid fluids helps users, to maintain fluid based on 

fluid’s actual stress level rather than the simple usage base methods, provides early 

instant warning of serious fluid problems like incorrect addition, breakdown, and 

contaminants from ingress or combustion products and protects vehicles against 

substantial secondary damage as fluid issues often cause mechanical issues. 

1.6  Related Previous Work 

Although time domain reflectometry is commonly used today, but applying that 

along with the use of transmission line characteristics has a state of art application 

in liquid quality sensor in automotive industry. The measurement method of time 

domain reflectometry (TDR) was previously used for characterizing electrical 

properties of materials and also in liquid’s level determination. 

In 1999 a novel method was published for measuring the height of dielectric liquids 

based on transmission line used as a probe. In this level meter, the transmission line 

is realized as two coaxial cylindrical conductors immerging into the liquid to the 

known height of h. Part of the line is in liquid and the rest of it is in the air. Since 

dielectric property of the liquid is different from the one of air, line characteristics 

such as its impedance will change relatively to the height of it which is filled with 

liquid (h). The line is fed with a sinusoidal wave from the air side. While the signal 

encounters any change in the impedance, it will be partially reflected back with a 

phase change which depends on the submerged part of the line in the liquid under 

test, hence with phase delay measurement, the level of the liquid (h) could be 

determined (L. Bruschi, 1999). 

There is another work of simultaneous measurement of dielectric properties and 

level of liquids using TDR method done at 2006. In this scientific effort, an 

electromagnetic signal impinges on the sample to be characterized. The evaluation 

of the reflected signal identifies main dielectric properties of the sample. Time 
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domain reflectometry measurements are based on the generation of a step-like 

electrical signal propagating through a coaxial cable that connects the TDR 

generator with the probe. Impedance mismatch cause a reflection of the incident 

signal. And that Reflection Coefficient is relevant to the dielectric constant of the 

sample under test. 

In that study the reflected voltage along a coaxial probe caused by the travelling of a 

step pulse with 200ps-rise time is measured. The travel time and magnitude of all 

reflected signals returning back through the transmission line are recorded. The 

signal propagating down the transmission line is reflected from a generic section 

wherever an impedance mismatching occurs, causing an electromagnetic 

discontinuity. (Minwei Sun, 2009) 

1.7  Limitations and Conditions 

All experiments were done at the Electronics laboratory of Volvo Technology in 

Chalmers Technique Park in Göteborg, hence applying any chemicals such as 

common in-vehicle used liquid fluids as samples of the experiments was prohibited. 

Instead water and water-Glycerol mixtures were used as the measurement samples, 

allowing use of fluids with as similar refractive indexes as possible to the study’s 

target fluids.   

Examining the sensor in higher frequency could help in a better conclusion but it 

was not possible at the time of doing this project. The available signal generator 

limited the frequency to maximum level of 20 MHz. 

Impedance matching is a very import in reducing the number of reflections and 

getting a less disturbed waveform. Hence it’s recommended to have the prototype 

sensor material same as other parts of the experimental instrument. This criteria 

was not met at the experiments for this study. 

As the experimental result for the pulse signal did not completely support the 

simulation results and caused complications to analysis, to calculate the sensitivity 
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and measurement range the sensor is examined using a sine wave as the incident 

signal. 

1.8  Scope of the Work 

The scope of this project is divided into three main sections: Literature review, 

mathematical calculation and simulation, prototype building and laboratory 

measurements. The work started with literature study of the related works. Then 

the simulation was done with MATLAB. The laboratory measurements were 

performed applying TDR method. And finally conclusion of the study is drawn based 

on similarities and differences between theory and practical results. 

1.8.1  Literature Review 

The first part mostly focuses on the theoretical study of the Time Domain 

Reflectometry measurement method coupled with the use of transmission line 

theory for characterizing dielectric properties of liquid fluids by literature review 

and studying related publications.  

1.8.2 Mathematical Calculations and Simulations 

In the second part, mathematical analysis of coaxial transmission lines is done in 

order to find the most responsive equations for the sensor model. The mathematical 

equation is simulated as the time domain response in MATLAB to understand and 

analyze the TDR response which was the resulted waveform received by the 

oscilloscope. 

1.8.3 Measurements 

And in the last section the prototype sensor is built and laboratory measurements 

are conducted to define sensor’s sensitivity and measurement range.  
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1.9 Report Outline 

In the next chapter the measurement method, its history and principles of its 

experimental set up are described. 

Chapter three includes theoretical issues regarding transmission lines, and 

specifically goes through coaxial transmission lines calculations and presents 

simulation results. 

Chapter four is about the experimental setup and instruments used in the 

laboratory. Experimental results presented this chapter.  

In Chapter five, conclusion and recommendations for future work are being 

discussed. 
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2 The Measurement Method 

The technology that underpins the sensing method in this project is Time Domain 

Reflectometry (TDR). As mentioned in chapter one. 

TDR has many advantages that make it the best alternative as the measurement 

method for characterizing dielectric properties of various liquid fluids. TDR is a 

convenient way to evaluate impedance values and variations along transmission 

lines such as cables, connectors or a microstrip on a PC board. TDR measurements 

are made by launching a sine wave, an impulse or a step signal into the test device 

and observing the response signal in time.  

2.1 History of TDR 

TDR came to the attention of geologists and other scientists in early 1939. They 

recognized that there was a significant relationship between dielectric properties of 

soil, rock and other materials and their moisture content. This old application of 

TDR is shown in figure 1. TDR was largely developed as the result of World War II 

radar research and was used for defining these dielectric relationships. 

TDR is a decades-old approach which has been remained the fastest and most 

accurate way to find problems in telecommunication cables. TDR is basically like 

this:  an electromagnetic wave is transmitted down the cable (or other device - not 

necessarily a good conductor), when it reaches a change in impedance or break 

along the cable, or the end of the cable, part of that pulse energy is reflected back to 

the instrument. In TDR, the information is displayed as waveform. We can measure 

the time it takes for the signal to travel, and reflect back to the source and we can 

find the precise location of the problem, it works principally like radar in a wire. 

Another application of TDR was using it as a touch sensor. It was used to determine 

the location of touch along a set of wires. When a person’s finger comes close to or 

touches the wires, it changes the capacitance between these wires, and when the 

signal encounters this change, a part of it will be reflected back. (Sutherland, 1999) 
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With the advent of commercial TDR research oscilloscopes in the early 1960's, it 

became feasible to test this new technology. Today, due to its sensitivity, TDR 

technology is the "cutting edge" methodology for many diverse applications, 

including the determination of basic soil-water/material-water relationships, the 

surveillance counter measurements in telecommunication, the extraction of path 

parameters and parasitic in high speed electrical interfaces, the testing of integrated 

circuit packages to measure liquid levels, the monitoring of slope movement in a 

variety of geotechnical settings ( including highway cuts, rail beds, and open pit 

mines), and the failure analysis as a non- destructive method for the location of 

defects in semiconductor device packages. (Sutherland, 1999) 

 

Figure 1: Connection of transmission cable to TDR transducer cable in protective enclosure 

 

Figure 2: Installing TDR cable and grouting with drill rig water pump 



Chapter 2- The Measurement Method 

 12        

2.2 Principles of Time- Domain- Reflectomety  

Time- Domain- Reflectomety equipment is a measuring tool that permits analysis of 

many items related to transmission lines. As shown in figure 3, TDR basically 

consists of a signal generator and an oscilloscope. A pulse or a sinusoidal wave is 

launched into the device under test at the velocity of propagation of the line that can 

be measured as the speed of the signal varies in respect to the medium it is traveling 

through. If the impedance along the transmission line remains the same, no signal 

will be reflected back, and all that will be seen on oscilloscope is the incident wave 

recorded as the wave passing through the monitoring point of the line. Where ever 

there is a change in the impedance or brake in the line or any kind of discontinuity 

in the transmission medium, the signal will be reflected back. The incident wave and 

the reflected one are added together monitored by the oscilloscope and plotted in 

time domain in a particular point on the line which carries the information of the 

device under test. 

Ratio of the incident voltage to the reflected one, would determine the reflection 

coefficient which has a simple relationship with the refractive indexes of the 

mediums on two sides of the discontinuity. This ratio will also determine the 

different characteristic impedances of different parts of the line. The position of the 

discontinuity can also be calculated as a function of time by applying the velocity of 

propagation along the transmission line. In this way TDR is used in monitoring and 

determining the level of the liquids by measuring refractive indexes of them.  

A TDR schematic is shown in  

. The step signal generator sends a positive-going signal with amplitude of Ei 

traveling down at the velocity of propagation of the line through the transmission 

line under test. When the signal encounters a mismatch at the load impedance, it 

will be partially reflected back as shown with amplitude of Er and will appear on the 

oscilloscope display algebraically added to the incident wave. (Agilent, 2002) 



Chapter 2- The Measurement Method 

 13        

 

Figure 3: TDR setup Signal generator and Oscilloscope used as basics instruments for experiment 

 

 

Figure 4: Functional block diagram for time domain reflectometry (Agilent, 2002) 
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3 Theories behind the Prototype Sensor Specifications  

The prototype fluid quality sensor forms a coaxial transmission line. In this chapter 

the basic principle of sensor design as well as different models of transmission lines 

and their specifications, the sensor model and equations for its specifications 

calculation will be explained.  (Popovic, 2000) (Cheng, 1989) (Orfanidis, 2008) 

3.1 Introduction of Transmission Lines Theory 

In General transmission line is a closed system in which power is transmitted from a 

source to over limited distances. In circuit, we usually assume that capacitors, 

inductors and resistors are lumped and they are interconnected by means of wire 

conductors. The current along a wire conductor is assumed to be the same at all 

points. In electromagnetics concepts, transmission line is an electromagnetic model 

that can also be analyzed by circuit- theory tools, and mostly consists of two 

conductors. With Transmission lines we can analyze electro-magnetic actions that 

happen at a distance and are caused by time-varying charges and currents. They are 

guiding structures that support electromagnetic waves. (Cheng, 1989) 

3.1.1 Models of Transmission Lines 

The different practical types of transmission lines are described in this section. The 

coaxial and two- wire transmission lines will be further described in more detail in 

the next section as they are widely applied in characteristics of the prototype sensor 

study. 

1) Parallel-plate or strip line transmission line: This model has two parallel 

conductor plates separated by a dielectric layer (Figure 5(a)). 

2) Two– wire transmission line: Two- wire transmission line has two separate 

cylindrical conducting wires and is determined by a fixed distance between the 

wires (Figure 5(b)). Ubiquitous overhead power and telephone lines seen in rural 

areas and the flat lead- in lines from a rooftop antenna to a television receiver are 

some applications for the two- wire transmission lines. (Bruschi, 1999) 
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3) Coaxial transmission line: This transmission line consists of two coaxial 

cylindrical conductors separated by a dielectric medium (Figure 5(c)). This 

structure has the advantage of confining the electric and magnetic field within the 

dielectric region. Telephone and TV cables and the input cables to high-frequency 

precision measuring instruments are the examples of this type of transmission line. 

This form of the transmission lines. 

 

(a)                                                                         (b) 

 

 

 

(c)                                                                           (d) 

Figure 5: Different types of transmission lines (a): Parallel-plate transmission line (b): Two– wire 
transmission line. (c): Coaxial transmission line. (d): Microstrip transmission line 

4) Microstrip transmission line: Microstrip line or simply stripline is the widespread 

use of a form of parallel-plate line. This line was realized with a planar form of single 

wire transmission line over a ground plane. Microstrip employs a flat strip 

conductor suspended above a ground plane by a low-loss dielectric material (Figure 

5(d)). The existence of two different dielectric constants (below and above the strip) 

makes the circuit difficult to analyze its closed form. This also introduces a 
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variability of propagation velocity with frequency that can be a limitation on some 

applications. The advantages of microstrip have been well established, and it is a 

convenient form of transmission line structure for probe measurements of voltage, 

current and waves. Microstrip structures are also used in integrated semiconductor 

forms, directly interconnected in microwave integrated circuits. (Minwei Sun, 2009) 

3.2 General Transmission Line Characteristics 

The general transmission line equations are derived from a circuit model in terms of 

resistance, inductance, conductance and capacitance per unit length of line. The 

transition from the circuit model to the electromagnetic model is effected from a 

network with lumped-parameter elements (discrete resistors, inductors and 

capacitors) to one with distributed parameters (continuous distributions of R, L, G, 

and C along the line). From the transmission-line equations, all the characteristics of 

wave propagation along a given line can be derived and studied.  The equation 

driven in this section govern general two- conductor uniform transmission lines that 

include coaxial and two- wire lines. A transmission line is a distributed parameter 

network and must be described by circuit parameters that are distributed 

throughout its length. Consider a differential length ∆𝑍 of a transmission line that is 

described by the following four parameters (Cheng, 1989) 

R is the resistance per unit length in both transmission line conductors in Ω 𝑚⁄ . L is 

the inductance (internal plus external inductance) per unit length in both 

transmission line conductors in H 𝑚⁄ . G is the conductance per unit length of the 

media between the transmission line conductors in S 𝑚⁄ . And finally C is capacitance 

per unit length of the transmission line conductors in F 𝑚⁄ . 

Where R and L are series elements and G and C are shunt elements. As in practice, 

the sensor model in this project is considered a lossless transmission line and in this 

report all the equations are driven for lossless transmission lines, in which; the 

equivalent model has just capacitance and inductance. 



Chapter 3- Theories Behind The Prototype Sensor Specifications  

 18        

The two linear differential coupled equations which describe voltage and current 

along the transmission line with respect to time and distance are called 

telegraphers’ equations. For a lossless line such as this project prototype sensor, 

these equations are presented as 

∂𝒱(t,z)

∂z
= −𝐿

∂𝒾(t,z)

∂t
      and      

∂𝒾(t,z)

∂z
= −𝐶

∂𝒱(t,z)

∂t
 

3.2.1 Circuit Model- Forward and Backward Voltage Waves in Time 
Domain 

A series impedance �́� and shunt admittance �́� per unit length are defined by 

combining transmission line parameters. This leads to a distributed circuit model 

shown in  

. (Orfanidis, 2008) 

𝑍 =́ 𝑅 +́ 𝑗𝜔�́� 

𝑌 =́ 𝐺 +́ 𝑗𝜔�́� 

 

Figure 6: Transmission line distributed circuit model 

By applying Kirchhoff’s Voltage and current laws and using Taylor series expansion, 

differential equations are obtained and the most general solution to those equations 

will define voltage and current through the line. 

The voltage at point z of the transmission line is the result of the transmitted voltage 

plus the reflected one. At point ‘z’, on the transmission line the voltage wave on a 

transmission line is 
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𝑉(𝑧) = 𝑉+𝑒−𝑗𝛽𝑧 +  𝑉−𝑒𝑗𝛽𝑧 = 𝑉+(𝑧) +  𝑉−(𝑧) 

And the current is 

𝐼(𝑧) =
1

𝑍
 (𝑉+𝑒−𝑗𝛽𝑧 − 𝑉−𝑒𝑗𝛽𝑧 ) = 

1

𝑍
𝑉+(𝑧) −  𝑉−(𝑧) 

 

Where 𝛽 and Z are complex wave number and complex impedance. In lossless lines 

they are defined as below. 

𝛽= 
𝜔

𝑐
                 and               Z=√

𝐿

𝐶
 

3.3 Coaxial Transmission Line 

The project prototype fluid quality sensor is built in a form of a coaxial transmission 

line. Figure 7 shows a coaxial transmission line. The inner electrode has the radius 

of ‘a’ and the outer electrode has the radius of ‘b’; a medium with the dielectric 

constant of 𝜖 is located between the two conductors. (Orfanidis, 2008) 

 

Figure 7: Cross sectional view of coaxial transmission line 

The most import parameters for a distributed circuit model of a lossless coaxial 

transmission line are capacitance per unit length (3.1) and inductance per unit 

length (3.2). And they are defined as below: 

C =  
2πϵ

ln 
b

a
 
                                                                  (3.1) 

                                                        

                                             𝐿 =  
μ

2π 
ln

b

a
                                                               (3.2) 
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The intrinsic impedance of the medium between the two conductors is , which is 

defined as 

 
n

0



                                                              (3.3) 

Where n is the refractive index of that medium and 
0 is the intrinsic impedance of 

vacuum and can be calculated as 

0

0
0




  =376.73 Ω                                                      (3.4) 

Where vacuum permittivity, ε0 is equal to 8.854.10-12 farad/m and vacuum 

permeability µ0, is equal to 4π.10-7 Henry/m. 

The most important characteristic of a transmission line is the characteristic 

impedance of the line per unit length, and is equal to  

C

L
Z                                                                       (3.5) 

Using equations 3.1-3-4, the relativity of the characteristic impedance of the coaxial 

transmission lines to the size of its electrodes and refractive index of the medium 

between the electrodes is defined via this formula (3.6). 

)ln(
2

73.376
)ln(

2 a

b

na

b
Z




                                               (3.6) 

3.4 Two- Wire Transmission Line 

Two- wire transmission line has been an alternative solution for our sensor as its 

characteristics are very similar to coaxial lines that matches well the sensor study 

case.  

 shows the two parallel cylindrical conductors with the same radius of ‘a’ while in 

this case, there is a distance of ‘D’ between the two circle centers. (Orfanidis, 2008) 
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Figure 8: Two- wire transmission line 

The characteristic impedance for this model of transmission line can be calculated 

by putting L and C of the line in equation (3.5). 

The inductance per unit length and capacitance per unit length in a two- wire 

transmission line are respectively defined in 3.7 and 3.8 formulas. 

𝐿 =  
𝜇

𝜋
 cosh−1(

𝐷

2𝑎
)                                                       (3.7) 

𝐶 =  
𝜋𝜖

cosh−1(
𝐷

2𝑎
)
                                                            (3.8) 

Replacing 3.7 and 3.8 in 3.5, and considering 3.3 and 3.4 into the equation, the result 

equation (3.9), shows the characteristic impedance of a lossless two-wire 

transmission line based on the conductor radius, their distance, and the refractive 

index of the medium between them. 

𝑍 = 376.73 
cosh−1(

𝐷

2𝑎
)

𝑛𝜋
                                                 (3.9)     

3.5 The Sensor Case 

As described, the sensor in this study (as well referred to as the antenna or probe in 

this report) forms a coaxial transmission line .To study and understand sensors 

behavior under laboratory experiments, with help of previously described 

principles, the theory of such transmission line will be further studied in this part.  
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Following three models can exemplify the sensor case and help in analyzing its 

performance under experiment in the next chapter. 

First one is shown in figure 9. Two coaxial transmission lines of lengths d1, d2, 

impedances Z01, Z02, and propagation speeds c1, c2 are connected in cascade.  The 

first part will exemplify the part of the probe in air and second one the part 

immersed into liquid under test. As discussed before one way to measure the 

dielectric constant in transmission line by TDR is to calculate the reflection 

coefficient (  ). (Orfanidis, 2008) 

As explained in part 3.3 there is a clear relationship between the refractive index (n) 

of the medium between probe’s electrodes and its characteristic impedance 

Formulas 3.10 and 3.11 present the characteristic impedance as the most important 

characteristic of the transmission line. As the size of probe’s electrodes are constant, 

the outer radius of inner conductor of probe is a=5e-3 meter and the inner radius of 

the outer conductor is b=15e-3 meter, in the calculations through this report, term 

)ln(
a

b
is considered as a constant value. The reflection coefficient then (  ), will be 

calculated via formula 3.12 , considering 3.12 formula 3.13 is obtained which shows 

the relation of this term to refractive index of the liquid between probe’s electrodes. 

 

Figure 9: Two coaxial transmission lines- The sensor case 
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                                       (3.10) 
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                                     (3.11) 
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 =
0102

0102




                                                     (3.12) 

n

n






1

1
                                                         (3.13) 

For convenience and ease of calculation the connected lines in figure 9 is redrawn in 

figure 10. The study sensor case is a terminated transmission line with very large 

(infinite) impedance (Z L) as its open end.  

 

Figure 10: Transient response of terminated transmission line, the equivalent electrical diagram of 
the circuit of transmission line probe- Two lines connected in series 

The entire portion of the second line and load may be replaced by the wave 

impedance Z1 at distance d2 from the load. Z02 is called Z0_liquid as d2 is the level filled 

with liquid and d1 is the part of probe in air. 
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                                         (3.14) 

The wave impedance Z1 as well as the voltage V1 at the junction are continuous 

across the interface. The corresponding reflection coefficient is discontinuous and is 

given from the two sides of the junction. The ratio between the reflected signal 

amplitude and primary pulse amplitude gives the reflection coefficient  defined as 

(3.15), hence the relation between that amplitude and refractive index is considered 

as the target study in our laboratory experiments described in chapter 4. 

1 




1

1

V

V
=

011

011




                                                  (3.15) 
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Now having   as defined in formula 3.12, reflection coefficient at the junction 

between air and water can be defined as (3.17).  

1 =
011

011




2

2

2

2

1













L

L                                            (3.17) 

The problem is now reduced to the case of one line terminated at the effective load 

Z1 with reflection coefficient Γ1. Thus, the line voltage at the generator will be: 

  VVVd                                                         (3.18) 

Where                  

                             V=
01

01*





G

GV
                                                          (3.19) 

Even though the total voltage V1 is continuous across the interface, the forward and 

backward voltages are not and are related by the matching matrix equation and 

These expressions simplify considerably when the generator is matched to the first 

line, that is, ZG = Z01, or ΓG = 0. Then, we have at the generator end: V+ = V. 

Converting these into the time domain, the time-domain forward and backward 

transient voltages are given by: 

)(
2

1
)()( tVtVtV G                                               (3.20) 

)222()()1()2()( 122

0

2

1 TTmTtVTtVtV
m

m

LL  




          (3.21) 

The simulation of V d in time domain for our sensor case is done via MATLAB the 

signal received at oscilloscope end is shown in figure 11. 
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Figure 11: Simulation results with MATLAB with use of formulas 3.21- voltage of the received signal 

at the Oscilloscope end 

3.5.1 Level Sensor 

One application of the sensor is realised as level sensor which will b e theoritacly 

described in this chapter, and expermentally measured in the next one. 

 

Figure 12: To the left: Schematic diagram of the transmission line level meter; To the right: 

equivalent electrical diagram of the circuit of transmission line probe. 

Let us consider a two-wire transmission line of length L and characteristic 

resistance R0 . If the line, terminated to a load of impedance RC , is attached to a 
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generator with a voltage )cos()( 0 tVtVG  and an impedance RG , the voltage V(x) 

and the current I(x) amplitudes along a uniform and lossless line can be obtained 

from the general solution of the telegraphist’s equations as below: (Bruschi, 1999) 

      (3.22) 

 

where x is a coordinate which assumes the value 0 at the beginning and the value L 

at the end of the line, ɛ is the dielectric constant of the medium separating the two 

conductors forming the line and c is the propagation speed of signals in vacuum. ρ1 

and ρ2 are instead the reflections coefficientsat the input and at the end of the line 

given by these formulas.                                              

0

0

1
RR

RR

G

G




  

0

0

2
RR

RR

C

C




  

The term proportional to  𝑒−𝑗𝜔(√𝜀/𝑐)𝑥 in the general solution 3.22 represents a signal 

propagating along the line, while that proportional to 𝑒
−𝑗𝜔(

√𝜀

𝑐
)(2𝐿−𝑥)

 indicates the 

reflected signal at the load. The ratio V(x)/I(x) calculated at x=0 provides, by 

definition, the input impedance of the line. The probe of our level meter is made up 

by a coaxial cable partially immersed in a liquid (Figure 12). The separating medium 

between the two conductors is a liquid of dielectric constant ɛ L in the portion h, and 

its air of dielectric constant ɛ V in the portion d-h. This probe can be described as the 

connection of two lines (Figure 12). The first one, surrounded only by air has a 

length d-h and a characteristic resistance R0V . The other one, completely covered by 

liquid, has a length h, a characteristic resistance R0L Characteristic resistance of the 

line surrounded only by air is R 0V. 
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And an input impedance ZL , which is also the impedance onto which the first one is 

terminated, equal to 

 

In which 

 

A sinusoidal generator with output resistance R0V to avoid multiple reflections is 

connected to the input of the cable. The output of the coaxial cable is instead 

terminated on the load RC. In stationary conditions, an incoming wave VD and a 

reflected one VR are present at the input point. Thus, by particularizing the general 

Solution 3.22 to the coaxial probe, the amplitudes VD0 and VR0 of the incoming and 

reflected signals will be as follows. 

 

 

Where 
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Solving for VR0 

 

Putting ε v =1 and  λ = 2πc/ω 

 

A device less sensitive but highly reproducible can be obtained if ρc=1 e.g., line with 

its end open. With an open end line such as the probe under experiment and with an 

excitation signal of wavelength much greater than the length of the transmission 

line built, the response is practically linear. This concept will be experimented in the 

chapter 4. 
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4 Experimental Results 

This chapter presents the laboratory setup together with the experimental results 

achieved via continuous laboratory experiments. 

4.1 Experiment Setup 

The coaxial transmission line is chosen as the transmission environment in this 

experiment. The prototype sensor is aluminum pipe shape coaxial transmission line 

shown in figure 13(a). Figure 13(b) shows pictures of the laboratory setup. The 

sensor being a coaxial probe is emerged into a liquid under test. As shown, the 

electromagnetic wave is generated by a signal generator, the reflected wave back 

from the sensor added to the incident one; is received by an oscilloscope. A proper 

power splitter is isolating transmitter (signal generator) from receiver (the 

oscilloscope). There are multiple reflections at any points where there is a 

difference between the refractive indexes of the mediums traveled by generated 

signal. To mitigate number of disturbing reflections, some practices such as 

adjusting the length of the connector cables, length of coaxial probe (the sensor) and 

keeping the background stable are taken into consideration. These continuous 

practices have helped in keeping the impedance constant as much as possible 

through the whole system under experiment. The optimal length of the probe is 0,5 

meter and for the connector cables is 1meter which are used in all calculations and 

measurements throughout this report (unless mentioned differently). 
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Figure 13 (a), Fist from top: The Prototype sensor made for experiments from Aluminum, Figure 13 

(b): The laboratory setup 
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The liquids under test at most of the experiments are mixtures of water and 

Glycerol. Eleven samples with eleven different refractive indexes are made by 

adding different amount of glycerol to water. Applying the formula 4.1 allows 

calculation of the refractive indexes of these mixtures. n is the refractive index of 

liquid in room temperature which is 1,333 for water and 1,457 for glycerol. 

   (4.1) 

Table below shows the corresponding calculated refractive indexes for different 

percentage of glycerol added to water. 

Percentage of 

Glycerol in the 

Mixed Liquid 

(with Water) 

The Refractive 

Index of the Liquid 

fluid Mixture 

Under test 

0 1,333 

5 1,3392 

10 1,3454 

15 1,3517 

20 1,3579 

25 1,3642 

30 1,3704 

35 1,3767 

40 1,3829 

45 1,3892 

50 1,3954 

Table 1: Calculation of refractive indexes for different percentage of glycerol in water-glycerol 

mixtures 

glycerolwaterwaterwater nvalumenvalumen )1( 
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As mentioned in limitation part, it would have been a great improvement to use 

actual in vehicle used liquids such as urea for these experiments. 

4.2 Presentation of Experimental Data 

To enhance the understanding of the signal characteristics received on oscilloscope, 

figure 14 shows the two different waves resulted from inserting the sensor in two 

different test mediums.  Signal generator sends the incident signal with frequency of 

20 ns to the prototype sensor which is entirely in air, the received wave by 

oscilloscope in this experiment is shown in figure 14(a). The incident signal travels 

through the sensor and it gets reflected wherever there is a change in the refractive 

index. As it can be seen in figure 14(b), immersing the sensor into water results in 

that additional negative second peak at the interface point of air and water due to 

the difference between the refractive indexes of the two mediums. As described 

above different characteristics of the reflected wave at the receiver end (Figure 14),  

such as timing and amplitude are related to the dielectric constant and the relation 

of the reflected signal to the incident one will define the reflection coefficient and 

hence the refractive index of liquid under test. 

Where V (voltage) in vertical axis is the amplitude of the output/received signal by 

oscilloscope (reflected incident added to the incident waveform) plotted over time 

at the receiver end. The measured Voltage (V) in this chapter is defined as the TDR 

voltage, (transmission) line voltage or the time-domain forward, pulse backward 

transient voltages measured over time at receiver/oscilloscope end.  
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Figure 14 (a), To the left: TDR waveform on oscilloscope, having the sensor in air/ Pulse amplitude of 
the output signal measured at receiver end, plotted over pulse travel time (for 50 cm cable and 50 cm 
probe) Figure 14 (b), To the right: TDR waveform on oscilloscope, having the sensor in water/ Pulse 

amplitude of the output signal measured at receiver end, plotted over pulse travel time (for 50 cm 
cable and 50 cm probe) 

For better results, clearer wave reflections and for the purpose of this report in 

order to allow more accurate analysis of the experimental data, the excitation signal 

has been selected to be a sine wave. As well the measurements performed will 

present the measured amplitude, the RMS (root-mean-square) voltage of the 

reflected signal received at the oscilloscope as the end receiving point. The time 

represents the traveling time of the incident sine wave which is the excitation wave 

generated by signal generator sent through the whole experiment system. 

The RMS value is the effective value of a varying voltage or current. It is the 

equivalent steady DC (constant) value which gives the same effect. The RMS value is 

the square root of the mean (average) value of the squared function of the 

instantaneous values.  The RMS voltage is shown in figure 15. During laboratory 

experiments the RMS value of the output wave is read out from oscilloscope and 

plotted versus propagation time of the signal in the following graphs. (Popovic, 

2000) 
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Figure 15 : RMS voltage of a since wave 

Electromagnetic length (referred to as EM Length, EL or nd at this report)  

calculated in formula 4.2, is the product of the geometric length (d) of the path the 

wave follows through the experimental system, multiplied by the index of refraction 

of the medium through which it propagates. Where n is that refractive index and d is 

the length; where in this case d is the level/height of the liquid under test in 

measured in meter. 

"𝐸𝑀 𝐿𝑒𝑛𝑔𝑡ℎ = " n.d”                                                     (4.2) 

4.3 Experiment one- The Level Sensor 

As described in chapter 3.5.1, one of the applications of the experimented sensor 

had been investigated as a level sensor. In this part the laboratory experiments on 

the level sensor will be described and the relations to electromagnetic length (liquid 

levels) will be investigated via laboratory measurement. Figure 16 shows reflected 

waves from excitation of a 200ns pulse traveled through the sensor, which was 

emerged into different levels of water. The amplitude of the reflected pulse is 

measured at the receiver end and plotted versus pulse travel time. So in this 

experiment refractive index had been kept as constant value, and variable is the 

height/level of liquid in experimental coaxial probe.  
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Figure  

Figure 16: The measured reflected wave traveled through sensor inserted into different water levels 

As it can be seen, there is a trend in the graph (Figure 16). As the signal gets to the 

interface point that first negative peak is reflected due of the difference between 

refractive indexes of air and water. The amplitude is dependent on the level of the 

liquid, and as measured it varies for different levels of water in the probe.  

Figures 17, 18 and 19 show the relation between RMS voltages (described in 

chapter 4.2) and the electromagnetic length of different liquid fluids with different 

refractive indexes are experimented for a range of level differentiations. These 

figures show the results for water, a mixture of water and glycerol and glycerol with 

refractive indexes of 1.333, 1,395 and 1,467 respectively.  
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Figure 17: RMS Voltage versus EM Length of Water with RI (Refractive Index) of 1,333 

 

Figure 18: RMS Voltage versus EM Length of Water and Glycerol with RI (Refractive Index) of 1,395 
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Figure 19: RMS Voltage versus EM Length of Glycerol with RI (Refractive Index) of 1,457 

To allow a comparison and draw conclusions figure 20 plots all the three above at 

one graph. This graph proves the theory behind the level sensor theory described in 

chapter 4.3. As it can be seen there is an almost linear relationship between the RMS 

reflected voltage and level of the liquid under test. 

 

Figure 20: RMS Voltage versus EM Length for different liquids at different heights/levels 
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4.4 Second Experiment- Fixed Level, Variable Refractive Index 

In this experiment the variable is changed to refractive index while the height/level 

of the liquids under test is constant. 

The RMS voltage of the reflected waves versus the electromagnetic length of the 11 

different liquid samples with refractive indexes as described in part 4.1 of the 

report, are measured at two different fixed liquid heights of 0,063m and 0.076m . 

The results of this measurement is plotted in graphs 21 and 21 respectively.  

 

Figure 21: RMS Voltage versus EM Length for different liquids at fixed liquid level/height of 0,063m 
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Figure 22: RMS Voltage versus EM Length for different liquids liquid level/height of 0,076 m 

4.5 Third Experiment- Relationship between RMS Voltage and 
Refractive Index 

In this section the relation between reflected RMS voltage at oscilloscope end and 

refractive indexes of the liquids under experiment are examined. 

To investigate what has been studied in theory part (Part 3.5) in this section the 

relation between refractive index and the characteristics of the output signal at 

receiver end which is the reflected sine wave traveled through prototype sensor 

that is partially inserted into liquid under test, is investigated by laboratory 

experiments. In this experiment the level of samples filling in the probe is constant; 

however samples have variable refractive indexes which cause different 

characteristics on the reflected wave. The liner relationship between RMS voltage of 

the reflected sine wave measured at oscilloscope end and the refractive index of the 

eleven different liquid experiment samples made with different refractive indexes at 

frequency of 20 MHz, is shown in figure 23. 
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Figure 23: RMS Voltage versus the refractive index of the 11 different liquid samples in 20 MHz at 
fixed height/level (d) 
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5 Conclusion 

The overall sensor features can be summarized into high resolution and sensitivity. 

Measured with a voltmeter of 0,5 millivolt resolution, a 0.5 meter probe can detect 

the very small change of 3*10-5 in the refractive index. The material applied makes 

the sensor insensitive to temperature. 

Finding alternative solutions for measurement of refractive index/ dielectric 

constant of liquid fluids have been the focus of theoretical investigations. To 

evaluate the conclusions from literature studies as mainly described in section 3.5 

above, sets of experiments have been conducted during this project work as 

explained in chapter 4 above. To find the most relevant sustainable solution for 

dielectric constant measurement, theory and previous studies leaded this work on 

examining the most relevant and measurable characteristics of transmission line as 

impedance, reflection coefficient and consequently the line voltage. Hence most of 

the measurement results in chapter 4 are based on voltage readouts from 

Oscilloscope. These results show that the application of a lossless coaxial open end 

transmission line as a level sensor is studied, measured and analyzed to be almost 

linearly related to the amplitudes of reflections from discontinuity points in 

refractive indexes of medium through which the incident sine wave propagates. 

In second sets of experiments the main purpose of this study is experimented via 

measuring refractive indexes of different liquid fluids while trying to find their 

relevance to the main inter-correlated characteristics of transmission lines such as 

“characteristic impedance”, “reflection coefficient” and “line voltage”. The latest 

results have shown a linear relationship between this crucial liquid quality factor, 

the refractive index, and the RMS voltage of the transmission line measured at 

receiver end. 
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5.1 Future work 

As mentioned in the laboratory limitations, there were limitations with the 

equipment and hence the maximum frequency has been 20 MHz. Investigating the 

sensor performance and characteristics in higher frequencies is strongly 

recommended for future experiments. 

Mixtures of glycerol and water offered different refractive indexes, but there was 

not a big enough gap between them. To cover for this limitation, investigating more 

different kinds of liquids with larger differences in their refractive indexes is 

recommended. And finally to adapt to the study purpose and expand the results of 

this study in the future work, conducting some more experiments applying the 

liquid fluids used in vehicles such as urea is beneficial. 

 According to research (Bruschi, 1999), not only the amplitude but also the phase 

shift as the other characteristic of the reflected wave from sensor on oscilloscope is 

important to study. Due to lack of enough margins between the refractive indexes of 

samples, this study was unable to investigate the phase change behavior of the 

signal passing through the study sensor and ending at oscilloscope. Hence is well 

recommended to study the phase difference for the wide range of different liquids in 

high frequency. For future similar studies the conductivity of the system is 

interesting to investigate, for this purpose its recommended to separate the incident 

signal and reflected one at receiver end by use of a proper coupler or similar. 
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