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II 

Abstract  

The dielectric properties determine the electrical characteristics of materials. These properties 

are important for understanding the behavior of materials and how they can interact with each 

other. Engineers and scientists need to measure these parameters as accurately as possible, 

and thus be able to integrate them in their designs in a reliably way. 

 

Examples of application are dielectrics used in capacitors that have the function of reducing 

the applied electric field and increase the capacitors´ capacitance. The later can be increased 

by using dielectrics with high permittivity (dielectric constant) as water which has a dielectric 

constant of 80 at room temperature (25ºC). Unfortunately water cannot be used alone as 

dielectric due its capacity to be conductive and has to be combined with other materials. 

However, this study will focus only on measuring the dielectric properties of water and its 

temperature dependence. Temperatures chosen for measurements are 0 and 86ºC. 

 

Several methods have been studied over the years to measure the dielectric properties of 

materials, but there are only three possible measurement methods for liquids: coaxial probe, 

parallel plates and free space method. Comparing the three methods, in our case the free-

space method is better because it allows to perform measurements at high temperatures and in 

hostile environments. These two features are very important, since the water should be 

measured at 86 ºC and measurements are performed in a RF (Radio Frequency) lab, where 

interferences due to the electronic devices can affect accuracy in free-space measurements.  

 

Hence, the following thesis is based exclusively on analyzing the free-space measurement 

method for measuring the reflection parameters in dB by using two horn antennas. Both 

antennas are connected to the Vector Network Analyzer (VNA): one as transmitter and the 

other as receiver. Reflection parameters are also calculated by introducing the reflection 

formula for lossless material and a finite length in Matlab. Then, the dielectric constant is 

extracted by comparing both reflections in dB.  
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1. Introduction 

The measuring of the dielectric properties of materials has become increasingly important in 

the field of material research, particularly regarding electronic field and the biological 

research. Besides, it is important to know the dielectric properties of materials as well as its 

electrical properties, to see how they behave when they are exposed to the electromagnetic 

field and to variation of temperature. For this reason it will be interesting to study water, since 

it has one of the highest dielectric properties that vary with the varying temperature [1] [2]. 

 

In a capacitor, its capacitance increases when a dielectric is inserted between its plates, since 

the dielectric reduces the distance between them and also opposes to variations when an 

external electric field is applied. The dielectric constant or permittivity of a dielectric plays an 

important role in this case, since the higher the permittivity, the higher the capacitance in the 

capacitor and the lower the intensity of the electric field. If we use water as a dielectric, it 

would perform a very good job in that field, since its dielectric constant is 80 at 25ºC and 

increases with the increasing temperature. Unfortunately, water itself is not normally used as 

a dielectric because of its ability to be conductive and that it can easily leach ions from the 

environment. One way to use water as dielectric can be by limiting it using grapheme oxide 

sheets, which retain its insulating characteristics [3]. However, in this thesis only the 

dielectric constant measurement of water and its temperatures dependence (0 and 86ºC) will 

be attempted. 

 

The dielectric constant determines the ability of water to be polarized in direction of the 

applied electric field. Comparing two dielectric constants at room temperature: water (εr = 80) 

and the free-space (εr = 1), it is possible to state that due to the high dielectric constant, 

charges in water polarize more quickly, and consequently they need less energy than charges 

in the free-space to be oriented in direction of the electric field [2] [4]. Since the dielectric 

constant of water is a rather high value it is a difficult parameter to measure. 

 

Unlike the vacuum response, the response of the water over an external field applied depends 

on the frequency of the field. This frequency dependence reflects the fact that the polarization 

of a material does not respond instantaneously to the applied field. Response always shows a 
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phase difference. For this reason, the permittivity is treated as a complex function with well 

defined real and imaginary parts [5] [6]. 

 

In our case a constant field at 8.00 GHz will be applied to the water. If it is applied for enough 

time till the response stabilizes, the permittivity can be approximated to the static permittivity, 

since it is the answer to a static electric field.  

 

For measurements, the free-space method compared to the coaxial probe and the parallel 

plates method is the best option to perform measurements at elevated temperatures and in 

environments with high interferences as the RF lab. In such places there are many 

interferences generated by other electronic devices that are working and that may affect our 

measurements. Other advantages of free-space techniques are that measurements can be taken 

in a wide frequency range (broadband), and it is not a destructive method, because the only 

limitation of material under test (MUT) is that it must be large [6]. 

 

The free-space equipment used to measure reflection parameters consists of two pyramidal 

horn antennas that are connected to the VNA and positioned at a distance of 14 cm from each 

other, since at this distance better results are measured. Between the antennas a plastic 

container of 8.1 cm will be positioned, which is full of water (MUT). Particular interest will 

be devoted to the analysis of two extreme cases of water temperature: 0 and 86 °C. 

Measurements are taken when the MUT is exactly positioned between the two horn antennas, 

and the reflections measured on the VNA from both sides of the MUT are equal (S11 = S22). 

Reflection parameters are also calculated by writing the reflection formula in a Matlab script. 

Finally, the dielectric constant of water is extracted by comparing the parameters measured on 

VNA with the reflection algorithm calculated by Matlab. Then, the extracted permittivity and 

its tabulated values will be analyzed.  Before measuring the water dielectric constant, the 

system is tested to see if it is possible to measure the permittivity reliably by measuring the 

dielectric constant in free-space and for another material available in the lab (glass). 

 

The reflection coefficient measured on VNA provides the degree to which the transmitted 

wave has been reflected from MUT relative to the vacuum. The reflection coefficient can vary 

from a maximum of 1 (totally reflected wave) to a minimum of 0 (totally transmitted wave). 
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From the theory, the dielectric constant of water has to decrease increasing the temperature, 

and vice versa [2] [4]. This is because the temperature influences the orientation of water 

charges. At room temperature (25 °C), the water dipoles are very close, organized into 

disorganized sets and follow random movements, opposing the variations induced by external 

electric field [2]. 

 

Considering the two extreme cases of temperature in this study: 0 ºC and 86 ºC, these main 

conclusions will be reached: 

 

1. When the temperature decreases until 0 °C, approaching the frozen state, the water dipoles 

continue to be close to each other but due to the low temperature they will be closely 

linked and more static than at 25 °C. Since the dipoles are highly bound and have a low 

thermal energy, their orientation with the electric field will be greater. This is because the 

energy barrier that dipoles have to overcome to be oriented according to the electric field 

is lower than the one needed to orient them in the opposite direction. For this reason it is 

possible to conclude that the dielectric constant of water increases by decreasing the 

temperature (tabulated value εr = 88) [2] [4]. 

 

2. Increasing the temperature up to 86 °C, the water dipoles are always very close to each 

other, but due to the high temperature they are poorly bound and have high thermal 

energy. This means that the amplitude of thermal motion of dipoles increases, thus 

increasing the deviation from a perfect alignment with the electric field. In this case the 

energy required for guiding the dipoles according to the electric field is higher than the 

one needed to orient them in the opposite direction. So it is possible to conclude that the 

dielectric constant of water decreases increasing the temperature (tabulated value εr = 59) 

[2] [4]. 

 

1.1. Aim of the project 

Given its optimal dielectric properties, water can also find applications in electronics, but due 

to its conductivity it can only be used when contained in other materials that maintain its 

insulating properties. Recently a prototype water-dielectric capacitor has been done. Hence, 

the high permittivity of water always interests scientists trying to measure it in a more 
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accurate way. Their increasing interest is also because it has a high value and difficult to 

measure.  Therefore, the goal of this study will be measuring the dielectric constant of water 

as reliably as possible and then analyze its variation at 0 and 86ºC. To achieve this goal, the 

free-space method will be used. However, to check the efficiency of the system, glass and free 

space permittivity would be measured first and then use the same system for water 

permittivity to compare with results extracted from the Matlab script.  

 

1.2. Outline of the project 

 Chapter 1:  Introduction  

 Chapter 2:  Theory of the project 

 Chapter 3:  Processes and Results of the free-space method. 

 Chapter 4:  Discussion about the results obtained. 

 Chapter 5:  Conclusion 
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2. Theory  

In this section the basic theoretical knowledge on which this project is based is explained. The 

topics introduced begin from the different types of materials and the polarization phenomenon 

in dielectrics until the reflection coefficient (Γ) for normal waves. The total subsections  

discussed are: Different types of electrical materials, Polarization in dielectrics, Measurement 

of S-parameters using a VNA, VNA calibration, Methods for measuring the S-parameters, 

Free-space propagation of a plane wave incident on a lossless and finite material, The 

reflection coefficient (Γ) for normal waves incident on a lossless and finite material. 

2.1. Different types of electrical materials 

Materials can be classified into three types according to their electrical behavior: conductors, 

insulators and dielectrics. Their different behaviors will be explained when they are placed 

inside an external electric field.  

 Conductors: if a conductive material is not subjected to the influence of an electric 

field, its positive and negative charges are uniformly distributed. When this material is 

placed inside an electric field, its free electrons flow against the electric field while 

nuclei are pushed away. In a very short time a high concentration of electrons will be 

available only on one side, then part of the conductor body will be positively charged 

and the other part thereof will be negatively charged [7]. 

 

 Insulators: applying the same electric field to an insulator, electrons will not flow 

against the electric field, since electrons in insulating materials are tied and they are 

not free to move [7].  

 

 Dielectrics: any non conductive material. The main difference between a conductor 

and a dielectric is that in the latter atoms or molecules are not moving as they do in a 

conductor, but they are only oriented according to the applied field [7]. This happens 

because its electrical charges are linked and thus they lack perfect mobility. Therefore, 

when this material is subjected to an external electric field, charges induced on its 

surface are less than the sources of charge. Particle orientation due to the effects of an 

electric field is known as polarization [7]. 
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Examples of dielectric materials are: ceramics, glass, teflon, rubber, porcelain, paper, and 

some industrial fats [2] [4]. Gases also have dielectric properties such as nitrogen and sulfur 

hexafluoride [2] [4]. 

 

Each dielectric material has a complex relative permittivity (εr). Examples of relative 

permittivity’s are: vacuum (εr = 1), Teflon (εr = 2.1), glass (εr = 3.8 - 14.5), paper (εr = 3.7), 

water (chemically pure) (εr = 80) [4]. The complex relative permittivity (εr) is dimensionless 

[2] [4]. 

2.2. Polarization in dielectrics 

Polarization in dielectrics may be due to: stretch and rotation: 

 Stretch: when an atom or a polar molecule is stretched, a dipole moment will be 

induced on it (Figure 2.1) [7] [8].  

 

Figure 2. 1 Dipole moment induced in an atom or polar molecule due to stretching, when 

they are under the effects of an external electric field [7] 

 Rotation: occurs only with polar molecules or dipoles, like water, that have a 

permanent dipole moment (Figure 2.2) [7] [8]. 

 

Figure 2. 2 Rotation of a polar molecule (dipole) with a permanent dipole moment, due 

to the effects of an external electric field [7] 
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Dipoles (Figure 2.3) have opposite charges, and generally polarized more strongly than non-

polar molecules, which have equal charges. Water dipoles have a dielectric strength about 80 

times higher than the nitrogen, a non polar molecule and one of the major air constituents [7]. 

This also implies that the dielectric constant of water is a difficult parameter to measure, 

because it is a fairly high value. 

 

 

Figure 2.3 Dipoles orientation, a)before applying an external electric field, b)after 

applying an external electric field [9] 

 

2.3. Measurement of S-parameters using a VNA 

The Vector Network Analyzer (VNA) used for measuring the S-parameters is a Rohde & 

Schwarz model. The VNA (Figure 2.4) has a signal source and a receiver that are tuned by 

the user and they work at the same frequency. Respectively, the signal source transmits the 

signal to the material under test (MUT), and the receiver receives the signal reflected back by 

the sample [5] [6].  

 

The operation results can be displayed on the VNA screen. The transmitted signal, S21 - S12, 

and the reflected signal, S11 - S22, tuned at a certain frequency can be measured in dB, 

magnitude and phase, etc.  
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Figure 2. 4 Vector Network Analyzer (VNA) [10]  

 

S-parameters or dispersion parameters are used to describe the electrical behavior of linear 

electrical networks when undergoing various steady state stimuli. Although it is applicable to 

any frequency, the S-parameters are primarily used to analyze networks operating at radio 

frequency (RF) and microwave frequencies [6]. 

 

In general, for practical networks, the S-parameters change with the frequency being 

measured, this is why it must be specified for any measurement, along with the characteristic 

impedance and the system impedance [6]. 

 

The term dispersion (scattering) refers to the effect observed when a plane electromagnetic 

wave is incident on an obstruction or through a different dielectric media. This corresponds to 

a wave that is propagating in the free-space and meets a region with impedance different than 

the characteristic impedance of the free-space. Due to the impedance mismatch, only one part 

of the wave will be transmitted through the region, while the other part will be reflected back 

towards the source [11]. This reflection can be measured accurately with the VNA.  

 

2.4. VNA calibration 

VNA have to be calibrated by using a calibration kit (Figure 2.5) before proceeding with 

measurements, because with the calibration it is possible to minimize systematic errors 

(repeatable), which affect the measurements, and which are produced by system 

imperfections. Random errors generated by noise, friction and the environment (temperature, 

humidity, pressure) cannot be eliminated with calibration [6]. 
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2.5. Methods for measuring the S-parameters 

What follows is a brief explanation of some methods for measuring the S-parameters. Each 

method has its strengths and its weaknesses, depending on factors such as accuracy, 

convenience and the shape of the material to be measured. Summarizing, the parameters to be 

taken into account when choosing one method or another are [6]: 

 

 frequency range 

 the expected values of εr and μr 

 accuracy required in measurement  

 material properties (homogeneous, inhomogeneous) 

 state of material (liquid, powder, solid, sheet) 

 destructive or non-destructive 

 temperature 

 cost 

 

2.5.1. Open ended coaxial probe method 

The open ended coaxial probe (Figure 2.6) is constructed from a section of a transmission line 

and it is particularly effective to measure liquid or powder materials. The measurement is 

made immersing directly the probe in the test fluid, or placing it in direct contact with the 

solid (or powder). The S11 parameters are measured by a Vector Network Analyzer [6]. 

 

The VNA and the probe system are previously calibrated such that the only reflection 

measured, when the probe comes into contact with the sample, is the reflection generated by 

the sample.  

Figure 2. 5 Calibration kit DC – 9.5 GHz 
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The measured S11 parameters then have to be processed by a program to obtain the dielectric 

parameters of the sample [6]. 

 

 

Figure 2.6 Coaxial probe method [6] 

 

Advantages: 

 Broadband 

 easy, especially if materials are liquid or semi-solid 

 non-destructive 

 

Disadvantages: 

 measure only εr 

 limited accuracy  

 presence of air gaps between probe and materials. 

 the sample must be thick enough 

 

2.5.2. Parallel plates capacitor measurement method 

In this method, the measurement is performed by placing a thin sheet of material or the liquid 

under test, between the two electrodes of the capacitor (Figure 2.7). A measuring instrument 

is used to measure the variation of conductance and capacitance, when the material is 

introduced and removed from the inside of capacitor. From these variations it is possible to 

calculate the complex permittivity of material [6]. 
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Figure 2.7 Parallel plates capacitor method [6] 

 

Advantages: 

 good resolution 

 ideal for measurements at low frequencies 

 

Disadvantages: 

 measure only εr 

 only measurements at low frequencies  

 destructive 

 limited dimensions of the samples 

 

2.5.3. Free-space method  

This method is characterized by using two antennas to focus the microwave energy towards 

the sample material. The sample is positioned exactly between the two antennas (Figure 2.8), 

and there is no contact between antenna-sample-antenna. This method is well suited for 

measurements in hostile environments and the measurement of materials at high temperatures. 

The S-parameters measured in transmission, S21, or in reflection, S11, are processed by a 

program to obtain the dielectric properties of the material under test [6]. 
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Advantages: 

 measurements of εr and μr are possible 

 broadband 

 no destructive 

 measurements in hostile environments 

 measurements of materials at high temperatures 

 no contact antenna-sample-antenna 

 

Disadvantages: 

 the samples must be large  

 interferences and losses in the free-space 

 

Each method has its strengths and weaknesses dependent on the kind of measurements to be 

carried out. Coaxial probe and free-space techniques can be considered better than parallel 

plates technique as they are broadband and non-destructive methods. Non destructive means 

that there are not dimensional sample limitations. In this case, the only downside of the free-

space method is that the sample must be large. Broadband means that measurements can be 

made over a wide frequency range. Characteristics that make free-space method better than 

the other two methods are that measurements can be performed at high temperatures and in 

environments with high interferences [6]. 

 

                 Figure 2.8 Free-Space method [5] 
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2.6. Free-space propagation of a plane wave incident on a lossless and finite material. 

The plane waves propagating in the free-space, impact the material under test, hence a portion 

of the wave propagates in the material and the other part is reflected back in the vacuum. This 

reflected wave is combined with new transmitted energy and being retransmitted, generating 

repeated transmissions-reflections between the vacuum and the material [11]. 

 

The reflections are due to the fact that free-space and the material under test (MUT) are two 

regions with different intrinsic impedances (respectively    and η) (Figure 2.9). If the process 

is repeated continuously over the time, it can reach a steady-state situation in which  

the portion of the transmitted and the reflected wave becomes constant with well defined 

amplitude and phase [11]. 

 

What follows is a brief explanation about incident, reflected and transmitted waves. 

 

  

 

2.6.1. Free-space (   ) 

Considering the incident wave travelling in the   -axis direction, the electric field is deduced 

as [11] 

 

                                
                                 

 

and its magnetic field is [11] 

    Figure 2.9 Incident (I), reflected (Г) and transmitted (T) waves [11] 
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where [11]: 

   = the arbitrary wave amplitude constants 

                 , where       = the propagation constant in the 

free-space, also known as wave number 

                   = the impedance in the vacuum 

   = the free-space permeability  

   = the free-space permittivity  

 

A basic plane wave has only one component of electric and magnetic field, respectively in    

and   . The fields in the other directions are constants and equal to zero [11].  

 

                                                 

 

The wave phase velocity is the speed at which the phase travels, at a fixed point of the wave.  

In the free-space it is defined as [11] 

 

                                       

 

The wavelength in the free-space can be written [11] 

 

                                                                             

 

where [11]:  

  = the speed of light  

  = the frequency 

 

Considering the reflected wave for    . The electric and magnetic fields are deduced as 

follows [11] 

 

                          Γ    
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Γ

  
   

                            

 

where Γ is the reflection coefficient of the reflected electric field [11]. 

 

2.6.2. Lossless finite material (   ) 

The transmitted electric and magnetic field in the lossless medium (           

            ) can be written as follows [11] 

 

                               
                                 

 

                         
 

 
   

                                

 

                                                              

 

where [11]: 

   = the transmission coefficient of the transmitted electric field  

   = the intrinsic impedance of lossless material 

   = the relative permittivity 

   = the relative permeability 

 

The propagation constant is purely imaginary and can be defined as [11] 

 

                                                              

 

The wavelength is given by [11] 

 

                                                              

 

 

and the phase velocity can be written as [11] 
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It travels slower than the speed of light in the vacuum [11]. 

 

2.6.3. The reflection coefficient (Γ) for normal waves incident on a lossless and 

finite material 

It is measured when the wave is incident on the boundary of the second medium and it is 

partially reflected back to the source [11]. 

 

Γ  
           

    

    
              

             
    

    
  

              

where: 

                                        = the impedance in the vacuum 

   = the intrinsic impedance of lossless material 

  = the sample thickness 

                 , where       = the propagation constant in the 

free-space, also known as wave number 

  =                     the propagation constant in the material 
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3. Process and Results 

The methods discussed above, will be used to measure the dielectric constant of materials in 

the free space. The measurements were performed at the following frequencies: 8.00 GHz. A 

free-space method is a nondestructive method and can be used for measuring a wide range of 

materials including gases, liquids and solids.  

 

Measurements of reflection are taken from the VNA when the MUT is perfectly centered 

between the horn antennas and S11 = S22. Reflections are also calculated by introducing 

reflection formulas in a Matlab script. Finally, the dielectric constant is obtained from the 

relation between the calculated and the measured reflection. 

 

First of all, in this study the dielectric constant of air and glass will be measured at 8.00 and 

9.00 GHz (to observe variation with frequency). If the results are reliable and consistent with 

the theory, the measurement of dielectric constant of water will be tried. The last and the most 

important goal of this thesis is to observe how the dielectric constant of water varies with 

varying temperature at 0 and 86ºC. The different steps in the process are showed in the 

following flowchart (Figure 3.1). 
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3.1. Process Work Flowchart 

 

 

Figure 3.1 Work process 
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3.2. The free-space measurement equipment 

A Rohde & Schwarz ZVB 14 (Figure 3.2) Vector Network Analyzer (VNA) is used. The 

VNA can accurately measure reflected waves (S11 and S22) i-e when a signal is transmitted in 

the free space (or transmission line); it is reflected back toward the source due to an 

impedance mismatch.  

 

 

Figure 3.2 Rohde & Schwarz ZVB 14 

 

High quality coaxial cables with attenuation less than 1.50 dB are used to connect the VNA to 

the equipment (Figure 3.3) 

 

 

Figure 3.3 Coaxial cables 

 

Two Waveguides Philips (Figure 3.4) 
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Figure 3.4 Philips Siversima PM 7325X waveguides 

 

Two Pyramidal Horn Antennas from Arra showed in Figures 3.5-6-7. This is the most 

common horn antenna. It widens in the E and H-plane, so it can radiates narrow beams in 

both planes 

 

       

                                                                                                                  

DIMENSIONS: 

     a = 7.50 cm 

     b = 5.10 cm 

     d = 9.00 cm 

    G   15 dB 

          Figure 3.5 ARRA X820 horn antennas 

   Figure 3.6 Horn antennas dimensions  
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Once assembled the equipment, the end result is as follows (Figure 3.8) 

 

 

Figure 3.8 Free-Space measurement equipment 

 

3.3. VNA calibration 

Before starting to measure, it is necessary to proceed with the VNA calibration, to minimize 

any possible error due to imperfections in the system. These are known as systematic errors. 

Stochastic errors generated by noise, friction, humidity, temperature and pressure cannot be 

minimized or eliminated with the calibration [6]. 
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   Figure 3.7 Horn antenna radiation pattern 
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Here are the different steps extracted from the Agilent manual to be followed to calibrate the 

VNA. This is calibrated by using a Calibration Kit (Figure 3.9) [12]: 

1. “Press Cal key”. 

2. “Click Calibrate  2-Port Cal”. 

3. “Click Select Ports, and select the 2 ports should be calibrated”. 

4. “Select the standard calibration kit gender: male (m) or female (f). This is referred to 

the gender of ports on which will be performed the calibration”. 

Following, the selected 2 ports on which will be performed a full 2-Ports calibration are 

denoted as A and B [12] 

5. “Connect the OPEN Port of calibration kit to Port A”. 

6. “Click Port A OPEN on VNA to start the calibration on Port A”. 

7. “When the OPEN calibration on Port A is finished, disconnect the Port A from the 

OPEN Port, and connect it to the SHORT Port of calibration kit”. 

8. “Click Port A SHORT on VNA to start the calibration on Port A”. 

9.  “When the SHORT calibration on Port A is performed, disconnect the Port A from 

the SHORT Port, and connect it to the LOAD Port of calibration kit”.  

10. “Click Port A LOAD on VNA to start the calibration on Port A”. 

11. “The same procedure has to be followed for Port B”. 

12. “Once the calibration of Port B is finished, make a THRU connection between ports A 

and B by connecting Port A and Port B to the THRU Ports of calibration kit”. 

13. “Click Port A - B THRU on VNA to start the calibration”. 

Figure 3.9 Calibration kit DC – 9.5 GHz 
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14. “When the full 2-port calibration process is finalized, press Done. Doing this, the 

calibration coefficients will be saved, and the error correction function enabled”. 

Connections are showed in Figure 3.10 

 

 

Figure 3.10 2-ports calibration [12] 

 

In the free-space method, the reflection coefficient (Γ) is generated, when a wave coming 

from the free-space is incident to a material with a different intrinsic impedance and it is 

partially reflected back to the source [6] [11].  

 

3.4. Calculating (| Γ |) in Matlab, for normal waves incident on a lossless and finite 

material 

The reflection coefficient (| Γ |) is calculated in dB by introducing those formulas in Matlab 

[11]. 

 

Γ  
           

    

    
              

             
    

    
  

             

 

where: 

                                        = the impedance in the vacuum 

   = the intrinsic impedance of lossless material 

  = the sample thickness 

                 , where       = the propagation constant in the 

free-space, also known as wave number 

  =                     the propagation constant in the material 
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The magnitude of reflection is given 

 

                    Γ       Γ        Γ                         

 

and then is converted to dB 

                          Γ               Γ                              

 

 

3.5. Reflection (   ) method.  

In the free-space method (Figure 3.2), the reflection coefficient     ) in dB is measured on the 

VNA and also calculated with the reflection algorithm in a Matlab script.  

 

Measurements were performed at different distances, but only at a distance of 14 cm was it 

possible to measure on VNA an equal reflection from both antennas.  

3.6. Extract the dielectric constant from the reflection parameters 

For all cases analyzed, the dielectric constant is extracted from the reflection parameters 

following these steps: 

 position the MUT at the center of horn antennas until it is possible to measure S11 equal to 

S22. 

 plot reflection curve in Matlab by introducing formulas (1), (2) and (3) 

 finally, obtain the permittivity by relating measured and calculated reflection 

3.6.1. Free-space/Air  

No material is positioned between the two horn antennas 

 

 free-space tabulated permittivity (εr)   1 

 distance (d) between antennas = 14 cm 

 VNA frequency measurements = 8.00 and 9.00 GHz 

 

3.6.1.1. Reflections measured on VNA 

No material is positioned between the two horn antennas as showed in Figure 3.11. 
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Figure 3.11 Free-space Г measurement  

 

The reflection coefficient measured (Table 3.12) from VNA at 8.00 and at 9.00 GHz is   

 

 

 

 

 

            Table 3.12 Free-Space reflections measured on VNA 

 

3.6.1.2. Reflection curve obtained with Matlab 

 The reflection calculated in Matlab (Figure 3.13) 

 

 

3.6.1.3.  

Frequency (GHz) Reflection (dB) 

8.00 - 19 

9.00 - 21 

Figure 3.13 Free-Space reflections calculated with Matlab  
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3.6.1.3. Dielectric constant for free-space 

The dielectric constant, εr, is given by comparing the reflection coefficient measured on VNA 

with the result obtained by introducing the reflection formula in Matlab (Table 3.14). 

 

 

 

 

 

Table 3.14 Extracted dielectric constant for free-Space 

 

The uncertainty in the dielectric constant measured at 8.00 and 9.00 GHz is almost the same.  

 

3.6.2. Glass  

A thin layer of glass is positioned between the two horn antennas and its thickness depends on 

the material available in the lab. The MUT is manually positioned, so this may introduce 

some uncertainty in measurements. 

 

 tabulated permittivity of glass (εr)   3.8 - 14.5 

 distance  between antennas = 14 cm 

 VNA frequency measurements = 8.00 and 9.00 GHz 

 thickness (d) of glass = 6 mm 

 

 

 

 

 

 

 

 

 

 

 

 

Reflection (dB) εr 

- 19 0.97 

- 21 0.98 
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3.6.2.1. Reflections measured on VNA 

 

 

Figure 3.15 Glass Г measurement  

The reflection coefficient measure on VNA for glass (Figure 3.15) is showed in Table 3.16 

 

Frequency (GHz) Reflection (dB) 

8.00 - 11 

9.00 - 15 

Table 3.16 Glass reflections measured on VNA  

 

3.6.2.2. Reflection curve obtained with Matlab 

Comparing VNA measurements with the Matlab results (Figure 3.17) 

 

     Figure 3.17 Glass reflections calculated with Matlab  
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3.6.2.3. Dielectric constant for glass 

The dielectric constant is obtained (Table 3.18) 

 

Reflection (dB) εr 

- 11 9.45 – 10.10 

- 15 7.60 – 7.80 

Table 3.18 Extracted dielectric constant for glass 

 

There is some uncertainty between the dielectric constant measured at 8.00 and 9.00 GHz. 

As it appears that the free-space method is a reliable method for measuring the permittivity, it 

is possible to proceed and try measuring the dielectric constant of water at only one frequency 

(8.00 GHz). First of all it is necessary to know the reflection generated by the empty container 

made of plastic.  

 

3.6.3. Reflections due to the empty Container  

In this section the reflection (S11 and S22) generated by introducing the plastic container 

(Figure 3.19) between the two pyramidal horns antennas will be measured.  

 

 thickness (d) of plastic container =  8.10 cm 

 distance  between antennas = 14 cm 

 VNA frequency measurements = 8.00 GHz 

 

 

Figure 3.19 Plastic container for water  
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From the VNA the reflection due to the plastic container is measured (Table 3.20). 

 

Frequency (GHz) Reflection (dB) 

8.00 - 23.95 

Table 3.20 Plastic container reflection measured on VNA 

 

The next step is to find the difference between the reflection in the free-space and the 

reflection with the empty container. This is necessary to compensate for excessive reflection 

caused by the empty container.  

 

 Frequency (GHz) Reflection (dB) 

8.00 - 23.95- (- 19.02) = - 4.93 

Table 3.21 Reflection due to the plastic container to compensate in measurements  

 

The reflection measured for water should be compensated by - 4.93 dB (Table 3.21) 

 

The antennas and the water container have been manually positioned as correct as possible. 

Anyways, the S-parameter measurement at the output may contain some uncertainty because 

alignment is not perfect. 

 

3.6.4. Water at 0ºC 

 tabulated permittivity of water at 0ºC (εr)   88 

 distance  between antennas = 14 cm 

 thickness (d) of plastic container =  8.10 cm 

 VNA frequency measurements = 8.00 GHz 

 due to the container measurements should be compensated for excessive reflections by - 

4.93 dB  
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3.6.4.1. Reflections measured on VNA 

 

 

Figure 3.22 Water Г mesurement at 0ºC  

 

From the VNA the reflection coefficient of water at 0ºC (Figure 3.22) is showed in Table 

3.23 

Frequency (GHz) Reflection (dB) 

8.00 - 5.90 + (- 4.93) = - 10.83 

Table 3.23 Water reflection measured on VNA at 0ºC  

 

3.6.4.2. Reflection curve obtained with Matlab 

The reflection calculated in Matlab (Figure 3.24) 

 

    Figure 3.24 Water reflection at 0ºC calculated with Matlab  
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3.6.4.3. Dielectric constant for water at 0ºC 

From both reflections the dielectric constant is obtained (Table 3.25) 

 

Reflection (dB) εr 

- 10.83 90.05 

Table 3.25 Extracted dielectric constant for water 

 

From Table 3.25 it is possible to observe that the dielectric constant increases decreasing the 

temperature. 

 

3.6.5. Water at 86ºC 

 tabulated permittivity of water at 86ºC (εr)   59 

 distance  between antennas = 14 cm 

 thickness (d) of plastic container =  8.10 cm 

 VNA frequency measurements = 8.00 GHz 

 due to the container measurements should be compensated for excessive reflections by - 

4.93 dB  

 

3.6.5.1. Reflections measured on VNA 

 

 

Figure 3.26 Water Г mesurement at 86ºC  

 

From the VNA the reflection coefficient of water at 86ºC (Figure 3.26) is measured (Table 

3.27) 
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Frequency (GHz) Reflection (dB) 

8.00 - 7.35 + (- 4.93) = - 12.28   

Table 3.27 Water reflection measured on VNA at 86ºC  

 

3.6.5.2. Reflection curve obtained with Matlab 

Reflections calculated with Matlab (Figure 3.28) 

 

3.6.5.3.  

3.6.5.3. Dielectric constant for water at 86ºC 

By comparing both reflections the dielectric constant is obtained (Table 3.29) 

 

Reflection (dB) εr 

- 12.28   58.35 

Table 3.29 Extracted dielectric constant for water 

 

From Table 3.29 it is possible to observe that the dielectric constant decreases with the 

increasing temperature. 

 

 

 

 

 Figure 3.28 Water reflection at 86ªC calculated with Matlab  
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4. Discussions    

Observing the results obtained with the reflection method (Table 4.1). Only measurements at 

8.00 GHz will be considered. 

 

Method Material Frequency 

(GHz) 

Dielectric 

constant (εr) 

Dielectric 

constant 

measured (εr) 

Inaccuracy 

(%) 

Reflection 

Formula 

    

Free-Space 

(Air) 

8.00 1.00 0.97 3.00 

Glass 8.00 3.80 - 14.50 9.45 – 10.10 --- 

Table 4.1 Discrepancies in glass and free-space εr measurement using the   method  

 

It is easy to understand that with this method it is possible to calculate the dielectric constant 

in an accurate way. 

 

Method Material Frequency 

(GHz) 

Dielectric 

constant (  ) 

Dielectric 

constant 

measured (  ) 

Inaccuracy 

(%) 

Reflection 

Formula 

    

Water 0ºC 8.00 88.00 90.05 2.33 

Water 86ºC 8.00 59.00 58.35 1.18 

Table 4.2 Discrepancy in water εr measurement at 0ºC and 86ºC using the   method  

 

However, some uncertainty was detected comparing the tabulated values with the software 

simulation results, but it never exceeded 3% (Table 4.1 - 4.2). This can be caused due to 

several uncertainty factors: system imperfections, calibration standards, dimensions and 

surface roughness of MUT and plastic container, and multiple horn antennas reflections, 

between transmitter and receiver [13] [14]. 
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Inaccuracy in measurements can also be introduced by antennas alignment. They were well 

positioned but probably not perfectly aligned. For a perfect alignment of horn antennas they 

should be placed on rails.  
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5. Conclusions  

It is possible to conclude that the reflection method for measuring the dielectric constant of 

materials in the free-space is a reliable method because the values obtained are very close to 

the tabulated values and differ only in a small percentage. The deviation could be due to 

measurement instrument, equipment assembly, dimensional and geometrical uncertainty of 

MUTs, losses, interferences coming from the other electrical instruments and from the 

environment in general. 

 

In the future, a ring resonator could be used to measure the dielectric constant of the material 

in free space. In this case the material should be introduced into the ring gap. Its operation is 

similar to the resonant cavity (the dielectric constant is calculated from the variation of the 

resonance frequency of the ring, when the material is introduced in its gap). The dimensions 

of the ring and the gap depend on whether low or high frequencies are being used. For 

measurements, monopole antennas can be used in transmission or reception. These antennas 

allow focusing their narrow beams on the ring. 
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Appendix A  

Reflection (   ) method for free-space and glass 

clear all ; 

close all 

clc 

  

f1= 8*10^9;%*********************************** 

f2= 9*10^9;%************frequencies************** 

%********************************************* 

d=%thickness     

  

c=3*10^8; 

etha0=377; 

 

for Er= 0.5:0.001:1.5 

 

lambdaf1=c/(f1*sqrt(Er)); 

lambda0f1=c/(f1*sqrt(1)); 

lambdaf2=c/(f2*sqrt(Er)); 

lambda0f2=c/(f2*sqrt(1)); 

 

k0f1=(2*pi)/lambda0f1; 

kf1=(2*pi)/lambdaf1; 

k0f2=(2*pi)/lambda0f2; 

kf2=(2*pi)/lambdaf2; 

 

etha=etha0/sqrt(Er); 

etharatio = (etha-etha0)/(etha+etha0); 

 reflectionf1=exp(-2*1i*k0f1*d)*etharatio*(1-exp(-2*1i*kf1*d))/(1-exp(-

2*1i*kf1*d)*(etharatio)^2); 

reflectionf2=exp(-2*1i*k0f2*d)*etharatio*(1-exp(-2*1i*kf2*d))/(1-exp(-

2*1i*kf2*d)*(etharatio)^2);
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magn_reflectionf1 = sqrt(real(reflectionf1)^2 + imag(reflectionf1)^2); 

magn_reflectionf2 = sqrt(real(reflectionf2)^2 + imag(reflectionf2)^2); 

reflectionf1_dB=10*log10(magn_reflectionf1); 

reflectionf2_dB=10*log10(magn_reflectionf2); 

 

hold on 

plot(Er,reflectionf1_dB,'r') 

plot(Er,reflectionf2_dB,'b') 

 

ylabel('|Reflection|(db)') 

xlabel('Dielectric Constant(Er)') 

grid on 

 

end
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Appendix B 

Reflection (   ) method for Water  

clear all ; 

close all 

clc 

  

 %******************************************** 

f1=8*10^9;%*************frequencies************* 

 %******************************************** 

 

d= 0.081;%thickness of material   

  

c=3*10^8; 

etha0=377; 

 

for Er= 50:0.01:90 

 

lambdaf1=c/(f1*sqrt(Er)); 

lambda0f1=c/(f1*sqrt(1)); 

 

k0f1=(2*pi)/lambda0f1; 

kf1=(2*pi)/lambdaf1; 

 

etha=etha0/sqrt(Er); 

etharatio = (etha-etha0)/(etha+etha0); 

 

reflectionf1=exp(-2*1i*k0f1*d)*etharatio*(1-exp(-2*1i*kf1*d))/(1-exp(-

2*1i*kf1*d)*(etharatio)^2); 

 

magn_reflectionf1 = sqrt(real(reflectionf1)^2 + imag(reflectionf1)^2); 

 

hold on
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plot(Er,reflectionf1_dB,'r') 

 

ylabel('|Reflection|(db)') 

xlabel('Dielectric Constant(Er)') 

grid on 

 

end 

 

 

 

 

 

 


