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Abstract 

Frequently, when free-space electromagnetic waves pass through a material, there will be 

some form of interaction between the wave and the material. Measuring this change forms 

the basis of free-space, dielectric material measurement, where the variations will be 

attenuation and a phase change relative to the wave when the material was not present and 

are typically recorded over a broadband range of frequencies.  

In this work a new technique is presented to accurately perform free-space broadband 

material measurement to calculate the dielectric response of materials of unknown 

electrical length. (In this thesis, the electrical length means that while the physical length of 

the path is known, the number of wavelengths in the material is unknown, due to the 

unknown permittivity. This unknown number of wavelengths is described as the electrical 

length both here and also in many other works.) The technique is eventually applied to a 

more difficult form of material to measure, which is material in the form of powders and 

liquids. Powders and liquids present a particularly difficult challenge in that they must also 

be contained in a container of uniform shape and sufficient cross-section to guarantee that 

the entire received wave has passed through the same amount of material. The technique 

presented works for containment vessels with no or some dielectric response (respectively 

being relatively easy analysis and very difficult for dielectric analysis). 

Much of the work is devoted to the development of a test infrastructure and also a new 

vector network analyser (VNA) calibration technique that would be more appropriate to 

this infrastructure and kind of measurement than existing techniques. In terms of the latter 

point, to minimise measurement errors a free-space, broadband Thru-Reflect-Line/Match 

(TRL/M) calibration technique was developed. The challenge of a test structure for 

materials with an unknown electric length was met by offering the ability to vary the 

thickness of material through which the probing wave passes. Moreover, the range over 

which the thickness could vary was quite large (3 mm up to 18 cm) to accommodate 
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materials of unknown electrical length with dielectric constant values over a wide range (2 

to 80).  

Two measurement techniques are presented based on horizontal and vertical probing wave 

propagation, both of which allow for a series of measurements to be taken where the 

varying parameter is thickness of material under test. However, the horizontal propagation 

measurements required an extra containment layer (to contain the powder/liquid on both 

sides normal to the propagation, rather like a large, slim fish tank), compared to the vertical 

propagation measurement, but had significant mechanical and also the computational 

difficulties mentioned earlier. The vertical propagation measurements on the other hand 

show more promise, both in terms of mechanical containment and also in the inversion of 

the measured S-parameters to arrive at the complex electric permittivity.  

The measurements were performed in a large hall and also in a Radio Frequency (RF) 

anechoic chamber (optimal test range of approximately 500 MHz – 18 GHz). 

Several diverse solid materials were tested initially in developing the test infrastructure 

including double glazed standard and low emissivity windows, common building materials, 

house insulation materials and automobile glass. Once the platform and calibration 

technique were competed to a satisfactory level, measurements intended for dielectric 

analysis were carried out on commercial glass panes, water and household plain flour. All 

measurements were subsequently published in various conferences and workshops, hosted 

by the IEEE, IEEE Communications Society, IET, the European Association on Antennas 

and Propagation (EurAAP) and the Royal Irish Academy’s research Colloquium on 

Communications and Radio Sciences workshop. 
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1 Introduction 

This work presents a novel approach to a well-studied area of material analysis, namely 

dielectric analysis. In dielectric analysis, materials which exhibit dielectric properties will 

interact with incident electromagnetic fields and the manner and scale of the interaction 

can be measured and analysed to determine those very dielectric properties. 

1.1 Dielectric analysis 

Some materials interact significantly with incident electromagnetic waves and the manner 

of their interaction can be used to gain useful information about the materials themselves. 

This thesis examines interactions for one such category of materials, namely dielectrics. 

Dielectrics are defined by their interaction with electric, magnetic or electromagnetic 

fields. In a dielectric, electric field influence can be brought to bear, not alone to cause 

electronic transfer (electronic polarisation), but also through displacement of anions and 

cations in ionic crystals (ionic polarisation) and finally also by realignment of molecular 

permanent diploes (orientation polarisation). The dielectric’s electrical response is often 

defined as the material permittivity and importantly this response is frequency dependent.  

1.2 Motivation 

Dielectric material measurement research can be carried out as a branch of electromagnetic 

wave propagation research. In this regard, some of the early work described here, involved 

developing a test platform, and thus simply focussed on measuring the propagation 

attenuation caused by different materials, such as domestic energy insulation materials. 

The technique developed was eventually applied to a more difficult form of dielectric 

material to measure, which is material that is difficult to contain uniformly as it is in the 

form of powders or liquids. Powders and liquids present a particularly difficult challenge in 

that they must also be contained in a container of uniform shape and sufficient cross-
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section to guarantee that the entire received wave has passed through the same amount of 

material. 

1.3 Approach and novelty 

Dielectric measurements were taken at more than one Material under Test (MUT) 

thickness, so that the electrical length ceases to be an analysis variable (detailed in 

Chapters 4 and 5). In the case of powders and liquids, this means either having multiple 

containers or a single container whose thickness can be varied in a controlled manner. The 

latter approach was adopted in this work, whereby initial measurements were on a fixed 

container in order to prove aspects of the measurement technique. Subsequently the 

container was replaced with a second more elaborate and therefore also more flexible one, 

also capable of use in the measurements of powders and liquids. At least two or, in some 

cases, three different thickness of MUT are required for the new approach. This novel 

platform design initially consisted of a flexible container made of glass panes, which can 

be collectively used to set the thickness of test materials.  

In addition, a new vector network analyser (VNA) calibration technique was developed, 

that would be more appropriate to this infrastructure and kind of measurement than 

existing calibration techniques. In terms of the latter point, to minimise measurement 

errors, a free-space, broadband TRL/M calibration technique was developed. The 

challenge of a test structure for materials with an unknown electric length was met by 

offering the ability to vary the thickness of material through which the probing wave 

passes. 

1.4 Applications 

This research work can be applied to several areas (Figure 1-1), such as in, 

1. Moisture determination, applies to solid and powders 

2. Energy transfer: drying wood, glue production and food heating efficiency 

3. Structure analysis: drug powder homogeneity, tablet compression phase 
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4. Environmental contamination: ground contamination measurement, as the 

underground penetration 

5. Applications in high-speed electronics design (power and signal integrity), where 

an understanding of the dielectric variation with frequency, for example clock 

frequency, is vital 

6. In Telecommunications, for example in antenna design 

 

Figure 1-1 Applications of free space dielectric analysis  

1.5 Thesis layout 

This PhD thesis presents a novel, feasible approach to measurement of dielectric properties 

for materials with an unknown electric length.  

In the initial work a test platform was developed to measure microwave propagation 

through the increasingly popular energy efficient glass windows. This work leads, via 

modifications to the test structure, to non-destructive material testing, by measuring the 

amplitude and phase variations in microwave signal propagation through various materials. 

A VNA is used to measure scattering parameters from the test structure.   

This thesis is structured as follows:  
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 Chapter 2 is the related literature review of dielectric material characterisation. It 

describes the fundamentals of dielectrics and its complex permittivity and also its 

dependence on frequency and materials. Also, some important wave-guiding 

transmission lines and their field descriptions will be discussed as well as 

resonators due to their relevance in measurement setups;  

 Chapter 3 describes the test platforms developed in the course of this work in WIT; 

for propagation testing (including materials such as energy efficient glass, building 

materials and vehicle glass), development of a far field definition to define the 

actual measurement field, characterisation of the two antenna pairs, simple and 

progressively more elaborate VNA calibration, horizontal and vertical propagation 

measurement techniques, construction of several test frames, construction and 

qualification of an RF anechoic chamber, development of an ability to measure 

variable material thicknesses for both the horizontal and vertical techniques. For 

each of these points, the selection parameters are explained and justified and a 

description is offered of the various problems encountered and solutions attempted. 

 Chapter 4 presents the various algorithms that can be used to extract the 

permittivity and permeability values from measured S-parameters, as well as the S-

matrix algorithms that can be used in permittivity calculation. The four algorithms 

listed here are Nicholson-Ross Weir (NRW), National Institute of Standards and 

Technology (NIST) iterative, the New Non-Iterative (NNI) techniques and the 

Free-space technique. In this thesis, the free- space technique is used for calculating 

the dielectric constant. To conquer the unknown electrical length problem, a 

propagation constant is treated as a complex number and with the test platform’s 

controlled variable material thickness possibility, the dielectric constant can be 

calculated. 

 Chapter 5 presents all the measurements and data analysis results; from the early 

propagation test results to the subsequent complete dielectric measurement results 

and analysis. For the early propagation tests, energy efficiency glass, building 

materials, insulation materials and vehicle windows are examined. From these 

results it can be seen that some of those type of materials have a very strong 

attenuation to RF signals. For dielectric materials, glass, water and plain flour are 
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tested. The permittivity results are close to the published values. The horizontal test 

structure was used for most test setups, but some final results presented were taken 

from a new vertical set-up.  

 Chapter 6 outlines the work proposed for future work. A newer design of the 

vertical structure is presented, overcoming many of the disadvantages of the current 

measurement structure. 
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2 Electromagnetic Properties of Materials 

2.1 Dielectric material research 

Some materials interact significantly with incident electromagnetic waves and the manner 

of their interaction can be used to gain useful information about the materials themselves. 

This thesis examines interaction one such category of materials, namely dielectrics. 

Dielectrics are defined by their interaction with electric, magnetic or electromagnetic 

fields. In a dielectric the electrons are tightly bound, thus there are no conductive 

properties. However, the dielectric molecules may have a polar moment, due to positional 

charge imbalances, although overall the molecule has no net charge [1]. In the presence of 

an external electric field, a dielectric exhibits certain electrical properties not present in 

other non-conducting materials. For example, many non-metallic crystals are of this nature. 

There are two broad types of dielectric, defined in Polar Molecules in 1929 [2]:  

1) Non-polar molecular dielectrics. The molecular electron cloud is distributed with 

spherical symmetry relative to the positively charged centre. Therefore, in the 

absence of an external electric field, the positive and negative charge centres are 

coincident, so that the dipole moment    =0. For example, the ground state of the 

hydrogen (H), carbon dioxide (CO2) molecules and so on are all non-polar 

dielectrics.  

2) Polar molecular dielectrics. The distribution of the molecular electron cloud is not 

distributed with spherical symmetry relative to the positively charged centre and 

the positive and negative charge centres do not coincide, so that each molecule has 

a dipole moment    , for example, CO, HCl, H2O, etc. 
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Figure 2-1 a) Non-polar material; b) Polar material [3] 

Although each dielectric molecule has an inherent electric dipole moment, however, in a 

normal state, since the molecular thermal vibrations are random, the orientation of this 

electric moment is also random. Therefore within a volume, the vector value of all 

molecules’ electric moment is typically zero, as long as no external electric field is present. 

If, on the other hand, there is an external electric field and if the externally applied field is 

time-varying, then the response of the dielectric material depends on the ability of the 

material’s polar moment to respond to that varying field. This ability to respond, especially 

as the frequency varies, is known as the dielectric response of the material. Given that 

dielectrics do have characteristic responses that vary with frequency, this work looks at 

developing a reliable, flexible test platform to characterise a subset of dielectric materials, 

namely powders and liquids. Solid dielectrics can and have been tested, but a key 

development in the test technique is to test the same material repeatedly, for various 
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material thicknesses. Therefore a test platform, which can contain powders and liquids and 

whose sides can be widened, was a design requirement for this work. 

2.2 Material research at microwave frequencies 

Microwave frequencies are often of interest in engineering, for example in the analysis and 

heating of materials, conveying higher data rates in telecommunications, developing higher 

speeds in electronic design and in medical or security imaging. Examples of these 

engineering opportunities at microwave frequencies can be presented in four distinct (but 

not exhaustive) areas. 

1) The knowledge gained from microwave frequency material measurements 

contributes to understanding both microscopic properties, through molecular 

interaction, and macroscopic properties, usually via a large-scale collective 

molecular interaction. The work described here fits into this area. 

2) Microwave frequency communications play an increasingly important role in 

industrial [4], military [5] and civilian lives. The need for higher data rates, in 

particular, has led to the use of the microwave range of frequencies, where wider 

bandwidths are typically available.  

3) As electronic design has increased in clock speeds, it is now common to examine 

the microwave properties of individual components, complete circuits and 

electronic packaging [6]. Detailed examination also requires knowledge of both 

permittivity and permeability of the printed circuit board and even the local 

environment.  

4) Microwave frequency energy is used to dry materials such as wood, to cure 

materials such as epoxies and ceramics and, for material non-destructive testing, 

such as, for example, tumour detection in the body [7]. 

2.3 General electromagnetic properties of materials 

Materials are often classified according to their response to externally applied energy, an 

area of measurement generally classified as spectroscopy. Classifications such as opaque 
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or transparent, conductor or insulator, are helpful in understanding certain material 

qualities. Although texts often refer to dielectrics as insulators, this classification is crude 

and even misleading in the case of applied alternating fields. While dielectrics are indeed 

non-conducting in terms of direct current, a dielectric is more correctly any liquid, gas or 

solid that will polarise in the event of an electric field being externally applied [1]. 

The following section elaborates on the distinctions between conductors and insulators and 

between insulators and dielectrics. 

2.3.1 Electron energy bands 

A material’s response to an externally applied electric field will be considered in terms of 

free electrons and polar moments. The former considers the atomic or molecular electron 

energy bands, i.e. the discrete energy levels of the molecular electron orbits. While this 

approach is not directly related to an explanation of dielectric qualities, it serves as a useful 

starting point, by defining materials, which are generally classified as insulators.  

For simplicity only atomic electron energy bands in a solid are discussed here.  

 

Figure 2-2 Energy band for different types of materials (modified from [8]) 

The highest energy band occupied by electrons at 0K is the valence band, which may be 

filled with electrons, either completely or partially. The conduction band is the energy 

band above the valence band. The electrons in the conduction band are free to move. 

However, there is an energy gap between these two bands. If the gap is large, there will be 
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no free electrons, such as in an insulator, and vice versa for a conductor. According to the 

band gap size between the valence and conduction bands, a material can be classified as an 

insulator, conductor or semiconductor. There is no band gap separating the valence and 

conduction bands in a conductor [9]. 

For insulators, the conduction band is completely empty and there is a large band gap 

(typically more than 2eV). When an external electric field is applied, it does energise the 

valence band electrons, but at low levels of external field, the new electron energy is not 

usually sufficient to cause it to jump the band gap and so there is no conduction of 

electricity. However, if the externally applied field is increased to sufficiently energise the 

electron, then conduction will occur, such as occurs in insulator electric breakdown. It 

should be no apparent that this should really be called insulator rather than dielectric 

breakdown, as is unfortunately the norm. At room temperature, the thermal energy (kT) of 

valence band electrons is much less than the band gap energy. For example, diamond is a 

(so-called perfect) insulator having a band gap of 5.5eV (at 300K) [10]. 

2.3.2 Dielectric 

This thesis is, however, interested in a class of insulators, called dielectrics. A dielectric is 

an electrical insulator whose constituents can have an electric dipole structure under the 

influence of an externally applied electric field. Arthur R. Von Hippel stated that 

"Dielectrics... are not a narrow class of so-called insulators, but the broad expanse of non-

metals considered from the standpoint of their interaction with electric, magnetic, or 

electromagnetic fields. Thus we are concerned with gases as well as with liquids and 

solids, and with the storage of electric and magnetic energy as well as its dissipation [11]." 

In a dielectric, electric field influence can be brought to bear, not alone to cause electronic 

transfer (electronic polarisation), but also through displacement of anions and cations in 

ionic crystals (ionic polarisation) and finally also by realignment of molecular permanent 

diploes (orientation polarisation). The dielectric’s electrical response is often defined as the 

material permittivity and importantly this response is frequency dependent.  

Ideal dielectrics have zero DC conductivity. When an external electric field is applied to 

them, the field tends to have some force on and between the molecules and also on their 
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individual components, although there is no free movement of electrons from molecule to 

molecule. Hence they do not have a net change in molecular charge, and tend instead to 

simply stretch and rotate. For simplification purposes, an assumption is made that our 

material is homogeneous, isotropic, source-free, free of charges and time invariant. This 

may be an over-simplification and in future work the possibility of a dielectric component 

with non-zero conductivity should be borne in mind. 

Most dielectric measurement techniques focus on solid materials, whereas the technique 

developed here can be applied also to liquids and gases. When placing a dielectric in an 

electric field, positive and negative molecules orientate themselves along the electric field 

lines. This effect is known as polarisation [12]. 

Before the external electric field is applied, the molecules that make up the dielectric are 

typically in random orientations, so there should be no net electric field in the dielectric, 

even though, on a molecular level, there are many individual electrical dipole moments. 

When an external electric field is applied to the dielectric molecules, it will change the 

balanced condition, in a manner that depends on both the electric field and also the internal 

dipole moments. In the case of the externally applied electric field, different frequencies 

applied provoke different responses depending on the collective response of the dipole 

moments at those frequencies.  

As mentioned earlier, the dielectric’s electrical response is often defined as the material 

permittivity. Permittivity is usually expressed as  

                    (2-1) 

where 

ε0 is the permittivity of free space 

εr is the relative permittivity of the material 

The (f) is included to highlight the frequency dependency of permittivity, but for 

convenience will be dropped hereafter. 

The permittivity of free space may be represented as follows 

 
          

    
   (2-2) 
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In the materials considered in this research, the electric and magnetic properties are mainly 

determined by the material’s permittivity (ε) and the permeability (μ). Moreover, as 

permeability defines the interaction when a magnetic field is applied the relative 

permeability is hereafter assumed equal to one (µr=1), as it can be assumed the materials 

considered exhibit no significant magnetic properties and also that induced eddy currents 

are negligible. This assumption is tested and validated in the analysis of the results later. 

Electric and magnetic fields interact with the material in two ways: temporary energy 

storage and energy conversion into heat, which as it is energy removed from the travelling 

wave, is described henceforth as an energy loss. This is a correct term describing energy 

from the perspective of the travelling wave and not intended literally. 

The relative permittivity is more conveniently expressed in complex form to represent the 

two mechanisms of energy storage and energy loss. Therefore (complex) permittivity may 

be written as  [13] 

            (2-3) 

This may also be represented, in terms of relative permittivity, as 

     
       

     (2-4) 

The real part of the permittivity is usually called the dielectric constant and this determines 

both the velocity of electromagnetic wave propagation and also how much energy is stored 

in the material. The imaginary part represents the amount of energy that is lost to the wave. 

The complex value    also captures the phase change or delay of the signal, due to passage 

through the dielectric.  

+
 

+ -
 

Figure 2-3 Dielectric dipolar change under the external electric field 
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It was mentioned earlier that the dielectric response depends in part on the nature of the 

electric field. This explanation here is simplistic, dealing as it does with only internal 

dipolar rearrangement, as shown in Figure 2-3. In fact there are other charge 

rearrangements that can occur, although the underlying reason is the same. The other 

mechanisms are significant at different electric field frequencies, as depicted later for water 

in Figure 2-7. Hence, their permittivity or dielectric response will change in a frequency 

dependent manner. 

2.3.3 Dipole Moment 

In a field-free environment, the total charge on a molecule is zero; however, the nature of 

chemical bonds is that the positive and negative charges do not completely overlap in most 

molecules. 

The dipole moment depends partly on the separation between positive and negative 

charges. By taking two point dipoles as an example, the electric dipole moment for a pair 

of opposite charges of magnitude +q and -q is defined as the product of the magnitude of 

the charges and the distance between them,    . The defined direction is toward the positive 

charge.  

          (2-5) 

where    is the displacement vector pointing from the negative charge to the positive 

charge, as shown in Figure 2-4. 

 

Figure 2-4 Molecular dipole moment 
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It is a useful concept in atoms and molecules (and dielectrics) where the effects of charge 

separation are measurable, but the distances between the charges are too small. 

The Debye (D) is the unit for the dipole moment. The conversion of D is: 

                       (2-6) 

2.3.4 Reflection and transmission 

When an electromagnetic wave hits a boundary between two materials at a normal angle, 

one part is reflected and one part is transmitted. The amplitudes of the reflected and 

transmitted waves can be calculated.  

Consider a wave in air with Ei and Hi, arriving at a dielectric material interface. The wave 

will be reflected as Er and Hr and transmitted as Et and Ht at the boundary (as in Figure 

2-5). The reflected and transmitted waves can be expressed, at the boundary, in terms of 

the incident wave combined with a reflection coefficient, Γb, and a transmission 

coefficient, Τb. 

 

Figure 2-5 Incident transverse electromagnetic field (TEM-Wave) reflected by and 

transmitted through a material boundry [14] 
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 (2-7) 

where, η0 is the characteristic impedance of air,  

η is the characteristic impedance of the dielectric material through which the 

wave is passing. 

The relationship between free-space and material impedance, permittivity and permeability 

can be shown to be 

 
       

  

  
      

    

    
  (2-8) 

And the reflection coefficient Γb at boundary can be shown to be a function of the 

impedance mismatch 

 
   

    
    

 
        

        
 (2-9) 

The relationship can also be shown between the characteristic impedances, the reflection 

and transmission coefficient Τb 

 
   

  

    
     

 

  
 
  
  

 (2-10) 

At the distance L from the boundary, Tb can be written as 

     
    (2-11) 

where γ is the material propagation constant 

Note that henceforth in this work, Tb, will simply be referred to as T and also the 

propagation distance through the material will be referred to as d: 

        (2-12) 
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Relating to dielectric constant, the higher r’ the higher the reflection coefficient and more 

energy is reflected from the surface [15]. 

2.3.5 Electromagnetic wave propagations in materials 

Many aspects of wave propagation are dependent on material permittivity and 

permeability. Since the impedance of the wave in the material Z is different (lower) than 

the free space impedance Z0, an impedance mismatch occurs at the boundary causing part 

of the energy to be reflected from the material while the rest of energy transmits through 

the material. Once in the material, the wave velocity vm is slower than the speed of light c. 

As the frequency does not change, then the wavelength in the material, m, is shorter than 

the wavelength 0 in free space according to the equations given in Figure 2-6. The scale of 

reduction in wave energy after passage through the material is commonly known as 

attenuation or insertion loss.  

 

    
  
  
      

  
  

   
  

   
  

   
  

Figure 2-6 Incident waves transfer from air to materials, with corresponding equations. 
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2.4 Dielectric material properties 

2.4.1 Electromagnetic material interaction Mechanisms 

The response of materials to electromagnetic fields may be defined at microscopic or 

macroscopic levels. The macroscopic response is typically defined by the dimension and 

shape of an object made from that material. 

The microscopic response is defined by the individual atoms or electrons in the material. 

At this scale, it is possible, for example [12], to analyse the interaction of an applied 

electromagnetic field, of frequency, ω, with a material’s atomic parameters, such as 

electronic density per volume, ne, and electronic resonance frequency, ωe. This analysis 

produces an expression for the complex dielectric permittivity for the material, as a 

function of the applied electromagnetic frequency, ω. The microscopic electromagnetic 

field is represented by the microscopic electric field strength, e, and the microscopic 

magnetic flux density, b, and each magnetic dipole is represented by a small electrical 

current loop. However, as the focus of this thesis is the bulk examination of a material’s 

dielectric response, the thesis analysis will focus primarily at the macroscopic level. 

Figure 2-7 shows the different polarisation mechanisms that define many molecules’ 

dielectric response and the frequency regions in which each mechanism is dominant  [14]. 

Each of the three types of polarisation is a function of the frequency of the applied electric 

field. When the frequency of the applied electric field is sufficiently low, all polarisation 

types shown in Figure 2-7 have time to reach the value they would attain at steady field 

equal to the instantaneous value of alternating field. But with increasing frequency, some 

polarisation types no longer have time to reach their steady peak value. First the orientation 

polarisation is affected. This type of polarisation takes a time typically of the order of 10
-12

 

to 10
-10

 sec to reach its equilibrium value in liquids and solids with moderately small 

molecules. Hence, at room temperature when the applied electric field has a frequency of 

10
10

 to 10
12

 Hz, dipolar (orientation) polarisation can fail to reach its equilibrium value and 

will thus contribute less and less to the total polarisation as frequency increases further.  
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Figure 2-7 Electromagnetic frequency response of water with key interaction mechanisms 

In Figure 2-7, the dipolar (orientation) polarisation for the H2O molecule is shown to 

decrease after 10
8
 Hz and has minimum at about 10

11
 Hz. 

1) Dipolar (Orientation) polarisation 

 

Figure 2-8 Random dipole vector movement (two dimension) 

In the case of dipolar polarisation the material has permanent natural dipoles which are 

independent of each other, i.e. they can rotate freely. Under an external electric field at 

microwave frequencies, dipoles rotate to align with the field. As the stimulating 
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electromagnetic fields in this work are in the microwave region, then the material 

characterisation is more correctly called the material’s dipolar polarisation response. 

Dipolar (Orientation) polarisation is mostly limited to liquids with electric dipoles.  

Moreover, the net orientation polarisation changes all the time as molecules move. It is 

possible to draw all vectors from a common origin, and then the sum of all vectors should 

be zero, if the dipoles are randomly oriented (as shown in Figure 2-8). An example of this 

is liquid water, for which every water molecule is independent and free to move.  

 

Figure 2-9 Dipolar (orientation) polarisation [15] 

The linear O-C-O arrangement in CO2 results in a non-polar molecule. The resulting dipole 

moment of a molecule depends on the shape of the molecule and direction of applied 

electric field. The dipole moment of each bond is added as vectors, to obtain the resultant 

overall polarisation, as shown in Figure 2-9, from (a) to (c).  

The asymmetry of the water molecule leads to a dipole moment in the symmetry plane 

pointed toward the more positive hydrogen atoms. The magnitude of this dipole moment in 

a single water molecule is 

                (2-13) 

If an external electric field is applied, the dipoles would have a tendency to align 

themselves along a field line of the external field. 
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2) Ionic polarisation 

In chemistry, as the name suggests, ionic polarisation occurs in ionic materials. It occurs 

when an electric field is applied to an ionic material then cations and anions get displaced 

in opposite directions, giving rise to a net dipole moment. For example, the most common 

table salt is Sodium Chloride, NaCl. Each Na
+
 and Cl

–
 pair forms a dipole. When there is 

no externally applied electric field, the NaCl molecules form a structure where the 

individual dipoles not alone effectively cancel each other, but they also cannot rotate; their 

orientations are fixed. After applying an external electric field, the ions experience an extra 

force in the direction, which can cause the dipole to stretch and thereby to change each 

individual dipole moment.  

3) Deformation polarisation 

Deformation polarisation includes two distinct forms of polarisation, namely electronic 

polarisation and atomic polarisation. Electronic polarisation occurs in atoms, when the 

electron cloud is moved out of the equilibrium trajectory by an applied steady or 

alternating electric field. Electrons respond to an externally applied electric field very 

quickly, so electronic polarisation occurs right up to ultraviolet frequencies [16]. Atomic 

polarisation, on the other hand, is the displacement of atoms in a molecule. Atomic 

polarisation occurs when adjacent positive and negative ions “stretch” under an applied 

electric field. For most dielectric materials, atomic and electronic polarisations are the 

dominant polarisation mechanisms at microwave frequencies, although their exclusive 

domination occurs at frequencies far beyond the microwave region. 

At a molecular scale, several dielectric mechanisms contribute to dielectric behaviour. 

Dipole (orientation) and ionic conduction interact strongly at microwave frequencies. 

Water molecules, which are permanent dipoles, rotate to follow an external electric field. 

These mechanisms are quite lossy, which explains why food heats in a microwave oven. 

Atomic and electronic mechanisms are relatively weak and usually constant over the 

microwave region. Each dielectric mechanism has a characteristic “cut-off frequency” As 

frequency increases, the slow mechanisms drop out in turn, the faster ones to contribute to 

r. The loss factor (r”) will correspondingly peak at each critical frequency. The 

magnitude and “cut-off frequency” of each mechanism is unique for different materials. 

http://www.worldlingo.com/ma/enwiki/en/Chemistry
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Water has a strong dipolar effect at low frequencies, but its dielectric constant rolls off 

dramatically around 20GHz. 

2.4.2 Debye relaxation time 

Peter Debye [2] introduced a relaxation model as a further means of characterising 

dielectric materials. His model defines the response delay of a dielectric to an externally 

applied electric field. The Debye relaxation time, τ, is a measure of the mobility of a 

material’s molecules (dipoles). It is the characteristic time for a distribution of electrons in 

a dielectric returning to an equilibrium state, after a disturbance is removed and, as such is 

a function of the dielectric polarisation. Liquid and solid materials have molecules that are 

in a condensed state with some limits in the freedom to move when an electric field is 

applied. Collisions, commonly known as internal friction, restrict movement so that the 

molecules turn slowly. Combined with the effort required to align the more opposed of the 

randomly distributed polar moments means that the material exponentially approaches the 

final steady state condition of complete orientation polarisation, with the relaxation time 

constant τ. When the applied external electric field is switched off, the sequence is reversed 

and random distribution is restored with the same defining relaxation time constant.  

Debye proposed that the following parameters static permittivity, εs, high frequency 

permittivity, ε∞, and relaxation time, τ, could be used to describe permittivity. The single 

relaxation Debye relation for deionised water, Methanol and Ethanol is written as [34]: 
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The relaxation frequency fc is inversely related to relaxation time: 
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 (2-16) 

At frequencies below the relaxation frequency, the alternating electric field is slow enough 

that the majority of dipoles are able to keep pace with the field variations. When the 

polarisation is able to develop to the fully polarized condition, the energy loss (which is 

related to the imaginary component r") is depended on the frequency. As the frequency 

increases, r" continues to increase but the component that represents the energy 

temporarily stored in the dielectric (which is proportional to r') begins to decrease due to 

the phase lag between the dipole alignment and the changing electric field. Above the 

relaxation frequency both r" and r' drop off as the electric field is too fast to influence the 

dipole rotation and both the rate of collision and the amount of polar alignment/energy 

storage reduce [17]. 

 

Figure 2-10 Debye relaxation of water, Methanol and Ethanol at 20º C descriptions 

Microsoft Excel was used to calculate the Debye relaxation curves for liquids at 20º C, 

shown in Figure 2-10, where the static parameter values used are shown in Tables [17]. 
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Table 2-1 Relaxation parameters at 20°C 

Liquid 
Static permittivity 

εs 

Optical permittivity 

ε∞ 

Relaxation time 

τr/ps 

Deionised water 80.21 5.62 9.36 

Methanol 33.65 5.76 58.75 

Ethanol 25.28 4.44 192.68 

 

Notice the temperature variations presented in the curves in Figure 2-10, which are derived 

from a modified Debye model, at frequencies below 100GHz and for arbitrary temperature 

that is given as [18] 
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where TW is the liquid temperature 

Table 2-2 Relaxation parameters at 25°C 

Liquid 
Static permittivity 

εs 

Optical permittivity 

ε∞ 

Relaxation time 

τr/ps 

Deionised water 78.36 5.16 8.27 

Methanol 32.65 5.60 53.44 

Ethanol 24.51 4.38 169.49 

 

The molecular dipole moment for any material influences its permittivity and conversely 

measurement of the material’s permittivity can be used to calculate the dipole moment. For 

low frequency applied electromagnetic fields of moderate intensity, all types of 

polarisation attain equilibrium in an isotropic polar material and the permittivity of the 

material is called its static permittivity s. In investigating the material molecular structure 

and even in the study of high frequency dielectric behaviour, this static permittivity value 

is also interesting. For instance in Figure 2-7, the water dielectric constant shows 

considerable variation with frequency. For the upper frequency range shown (f >10
14

 Hz) 

the static permittivity of water has a stable value. With decreasing frequency, the 
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permittivity value increases until it reaches a new constant level. For some materials, this 

level is maintained to very low frequencies, while others show a second dispersion in 

microwave, UHF range or lower ranges.  

Materials that exhibit a single relaxation time constant can be modelled by the Debye 

relation [2], which appears as a characteristic response in permittivity as a function of 

frequency as shown in Figure 2-10. Also, complex molecules can contain lots of different 

relaxation times, τ(n), or relaxation frequencies, fr(n), respectively, which can be produced 

from rotations of dipoles, translational vibrations between molecule clusters, rotation of 

molecule clouds etc. [19]. 

For water dielectric properties, r' is constant, above and below the relaxation with the 

transition occurring near the relaxation frequency at about 22GHz. Further, the complex 

permittivity, r'' is fairly small, above and below relaxation and peaks in the transition 

region of r'. 

2.5 Literature review of measurement techniques 

The main microwave techniques for the electromagnetic characterization of materials 

generally fall into either resonant or non-resonant methods. Resonant methods are used to 

get accurate dielectric properties at a single frequency or several discrete frequencies, 

while non-resonant methods can be used to get the electromagnetic properties over a 

frequency range. 

Although resonant methods can only measure material properties at a single or several 

discrete frequencies, resonant methods usually have higher accuracies and sensitivities 

than non-resonant methods [9]. In resonant methods, the MUT are tested as resonators or 

as a key part of a resonator, so therefore the properties of MUT are determined from the 

resonant properties of the resonator. This method is based on the resonant frequency and 

quality factor of a dielectric resonator of known dimensions, which are determined by its 

permittivity and permeability. By inserting the sample into a resonant cavity, these material 

properties can be obtained by measuring the change in both the resonant frequency and 

also the quality factor. 
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This research work uses a non-resonant dielectric material measurement method. In non-

resonant methods, when an electromagnetic wave propagates from free space into the 

sample material, both the wave’s path impedance and the wave velocity are changed. As a 

result of the path impedance change, there is a (partial) reflection of the incident wave at 

the point of change, namely at the interface between air and the material. Measurements of 

the both the reflected and transmitted portions of the wave provide the parameters, from 

which the material permittivity and permeability may be calculated.  

  

Figure 2-11 Wave transmission and reflection example, as wave passes the boundary of 

two different materials 

Non-resonant methods mainly include reflection only measurement or both transmission 

and reflection measurement of the incident wave. The reflection method is based on the 

reflection from the test sample, while in the transmission and reflection method, the 

material properties are calculated from both the reflection from the material boundary and 

the transmission through the material. With the reflection method, electromagnetic waves 

are directed to the MUT, and the properties of MUT are derived from the reflection due to 

the impedance discontinuity caused by material presenting, so usually it is possible only to 

calculate either the permittivity or permeability; whereas with the transmission/reflection 

methods, the MUT is inserted into transmission line, and the properties are deduced on the 
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basis of the reflection from the material and the transmission through the material, so both 

the permittivity and permeability of the MUT can be calculated. 

2.5.1 Reflection method 

The reflection methods can be done in two ways: open circuit reflection and short circuit 

reflection. Assuming that the transmission line used is coaxial line. 

 

Figure 2-12 Open circuit reflection method with a coaxial cable 

Figure 2-12 shows an open circuit reflection in which the co-axial cable is in contact with 

the MUT, when the electromagnetic wave is incident on the MUT. A weakness of this 

technique is that the reflected wave depends on the impedance at the material’s surface, 

which will not be same for the entire material surface. In order to average out the influence 

on the impedance of surface imperfections, the reflectivity must usually be calculated at a 

number of positions and, if possible, the surface made uniformly even beforehand. The 

diameter of the MUT should be much higher than the diameter of the coaxial cable.  
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Figure 2-13 Short circuit reflection method [20] 

Short circuit reflection method was introduced by Robert and Von Hippel [21]. The short 

circuit may either be fixed in the line or moveable. The advantage of a moving short circuit 

is that it allows many separate measurements at a given frequency and allows the sample to 

be placed in either a strong electric field or strong magnetic field region. As shown in 

Figure 2-13, l1 is the distance from the calibration reference plane to the front of MUT; l is 

the length of the MUT, Δl is the distance from the other end of the sample to the 

transmission line short. While there will be a more detailed description of the calibration 

reference plane later in this work, at this point it will simply mean the plane which 

provides the benchmark position for both MUT measurements and also analysis. 

This method gives the material properties depending on the material length, l, propagation 

constants γfree-space and γmaterial and the homogeneity and isotropicity of the MUT. The 

sample position is made depending on the type of measurements that are to be taken. The 

sample is inserted at the termination of the cable (after a short). It is assumed, in this case, 

that only the transverse electric field (no electric field in the direction of propagation) 

exists in this mode. At the position of the short termination in the transmission line, there 

should be both a low electric field and a high magnetic field, based on wave propagation 

theory, while at the position one quarter wavelength away from the short termination, the 

field should be a low magnetic field with a high electric field. Generally, a high electric 

field is advantageous for permittivity measurements, whereas a high magnetic field is 

advantageous for permeability measurements, for more sensitive measurements and better 
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measurement signal-to-noise ratio [11]. For the permittivity measurement the sample 

should be moved away from the short position, whereas for the permeability measurement 

the sample should be near the short [20]. As mentioned, the short circuit method can only 

measure either permittivity or permeability. If both permeability and the permittivity are 

required, the sample must be moved along the wave propagation line and new Scattering-

parameters measured in the second location.  

2.5.2 Transmission/reflection method 

For the transmission/reflection method, an MUT is inserted into a medium, and the 

transmission and reflection portions which produced by an incident electromagnetic wave 

are measured. As mentioned earlier, using the reflection method, it is only possible to 

calculate either permittivity or permeability. Scattering parameters (S-parameters) are used 

to describe the relationship between the input waves a and output waves b.  

The relationship between the input wave a and output wave b is often described by S-

parameters: 

            (2-18) 

where            ,           
 , and  

      
      
      

  (2-19) 

 

 

Figure 2-14 A two-port network with input wave “a”s and output wave “b”s 
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In the transmission and reflection method, all the four S-parameters can be obtained, so 

both permittivity and permeability can be calculated. The working principles for this 

method have been analysed in literature, such as  [10], but will be outlined here now and 

described in detail later. In this method, the MUT is inserted into a transmission path, 

which may be guided 9such as a wave-guide) or also free-space, as is the case in this work. 

As mentioned all the four S-parameters can be measured. By using these four parameters, 

it is possible to calculate both the material’s permittivity and permeability. Figure 2-15 

shows a typical configuration for a transmission/reflection method [20]. 

 

Figure 2-15 Sample transmission line of Transmission/reflection of electromagnetic wave 

2.5.3 Conversion techniques 

Various techniques to convert S-parameters into dielectric properties have been proposed. 

The Nicholson, Ross [22] Weir [23] (NRW) technique is popular and uses two or all four 

S-parameters, depending on the measurement technique. However it does not produce 

accurate results at sample sizes that are integer multiples of the incident beam’s half 

wavelength, something which is increasingly likely when the measurement range of 

frequencies is broadband, such as the range 800-6000MHz used in this work. The NIST 

Iterative technique was first proposed by Baker-Jarvis in 1990 [24] and uses NRW as a 

starting point and then the Newton-Rapheson to solve for the dielectric parameters. This 

technique is more elaborate than NRW, but overcomes the NRW weakness, as it is 
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accurate at sample sizes that are integer multiples of the incident beam’s half wavelength. 

The technique known as the New Non-Iterative (NNI) technique is based on a simplified 

version of the NRW technique  [25]. It is suitable for permittivity calculation for the case 

that the permeability μr=1, which will be the case for non-magnetic materials in which 

there are also no currents induced by the applied electromagnetic field. 

In early 1966, R. M. Redheffer  [26] was the first researcher to suggest a free-space 

method for dielectric measurement. In his report, he pointed out that “free-space methods 

are non-destructive and contactless techniques which are especially suited for dielectric 

measurement of materials”. In 1971, Harold L. Basset first measured the complex 

permittivity using a free-space method. The equipment he used was a pair of spot-focusing 

antennas at a fixed frequency of 9.4GHz  [27]. 

Nowadays, the tests for complex dielectric properties are usually carried out using a Vector 

Network Analyser (VNA), which simultaneously measures the reflected and transmitted 

waves amplitudes and phases, with sufficient accuracy. The VNA amplitude and phase 

measurements are usually taken in the form of S-parameters. There are different methods 

to calculate permittivity and permeability from S-parameters. The four main conversion 

techniques just mentioned are now described in more detail.  

1) Nicolson-Ross-Weir technique (NRW) 

NRW is a popular method to calculate permittivity and permeability from at least two 

measured S-parameters, S11 (the reflection wave measurement) and S21 (the transmitted 

wave measurement). It generally uses two functions, shown in Chapter 4, which allow 

using S11 and S21, which can be obtained directly from a vector network analyser (VNA) to 

calculate the two unknown quantities of permittivity and permeability. Both reflection 

coefficient and transmission coefficients require all four S-parameters, however, in a 

symmetrical measurement environment, only two S-parameters (S11, S21) are needed, as the 

reverse S-parameters are assumed equal to the forward S-parameters [22] [23]. The 

measurement environment in this PhD paper is based on symmetrical structure, therefore, 

only two S-parameters (S11, S21) are used, an assumption that was easily verified through 

measurement of the forward and reverse S-parameters. 
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It will be shown later (Chapter 4) in more detail how the reflection and transmission 

coefficients, Γ and Τ, are related through several parameters, including propagation 

constants, wavelength and group delay of the wave and how this is important in the 

analysis of measured S-parameters to arrive at the desired dielectric properties. 

The NRW technique is highly sensitive to small values of the S-parameter, S11. This 

parameter is based on the reflected wave’s strength, which is usually smaller than the 

propagated wave’s strength and thus can be small at some frequencies in the measurement 

range. For a small S11 value the uncertainty in the measurement of the phase of S11 can be 

very large, which can cause consequent large uncertainties in the calculated values. This 

effect can be mitigated somewhat by reducing the sample length. 

The NRW technique does offer some advantages including: 

 Fast, non-iterative 

 Applicable to free-space, but also to waveguides and coaxial line measurements 

There are however some disadvantages with the NRW technique: 

 Instability at frequencies corresponding to multiples of λ/2, one half of the probing 

wavelength. This means it is not suitable for low loss dielectric materials; because 

in low loss materials, all frequency related to integer multiples of λ/2 will 

necessarily also have one very small S-parameter (S11≈0). This in turn leads to an 

instability in the NRW calculation  

 Thin samples of the MUT should be used to avoid the latter instability problem, but 

even this is not guaranteed success, as high dielectric MUTs will shorten the 

wavelength in the material by an appreciable amount (the λ/2 instability occurs 

earlier, in wavelength terms, than may have been expected). 

There are two methods to calculate the complex dielectric properties using the NRW 

method: one is by assuming an initial value for the permittivity and permeability of the 

material, followed by determining the value of n (where n is the number of complete 

wavelengths in the material). Once the value of n is determined, both permittivity and 

permeability can be calculated, (more detailed analysis of this calculation is presented in 

Chapter 4). Another useful approach is to analyse the group delay, since the group delay of 
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a propagating wave does not depend on the wavelength of the particular wave, but is 

instead dependent on the sample length of the dielectric material and its permittivity. 

2) NIST iterative technique 

This technique performs a calculation based on the NRW technique, but also uses the 

Newton-Rapheson’s root finding technique. The NIST iterative technique avoids the 

instability peaks that exist in the NRW technique when the sample thickness is an integer 

multiple of one half wavelength (nλg/2). By extension, unlike the NRW technique, it is also 

suitable for long samples and for characterizing low loss materials. A stable permittivity 

result over the entire frequency measurement spectrum can be obtained from the S-

parameters. By assuming permeability μr=1, this technique minimizes the instability in the 

NRW method (divergence and limitation of sample length problems). However, with this 

assumption, only non-magnetic materials and materials where there are no induced 

currents can be calculated by using this technique [24]. 

The advantages of the NIST iterative technique include 

 Smooth permittivity results, no instability when the sample thickness is an integer 

multiple of one half wavelength, particularly when testing low loss materials 

 Accurate 

 Arbitrary thickness of samples can be used 

 Robust for both low loss and high loss materials 

The disadvantages of the NIST iterative technique will include: applicable for permittivity 

measurements only and will need an initial guess of the permittivity value. 

3) New non-iterative technique 

The new non-iterative technique (NNI) technique has the advantage of being stable over a 

whole range of frequencies for an arbitrary sample length. The NNI technique is based on a 

simplified version of the NRW technique and no divergence is observed at frequencies 

corresponding to multiples of one-half wavelength in the sample. It does not need an initial 

estimation of permittivity and can perform the calculation very quickly. The accuracies are 

comparable to the NIST iterative technique. The NNI technique uses a slightly different 

formulation from the NRW technique and it can be easily extended to other measuring 

methods, for example those using micro-strip or co-planar lines to propagate the probing 
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wave. NNI also yields both the permittivity and permeability in the expression of the 

effective electromagnetic parameters.  

The main advantages of the new non-iterative technique may be summarised as 

 Smooth permittivity results, no divergence 

 Accurate 

 Arbitrary length of samples can be used 

 Fast, non-iterative 

 No initial guess needed 

A disadvantage of the new non-iterative technique is that once again it is applicable for 

permittivity measurements only. 

4) Free space measurement technique 

From the late 20
th

 century, research increased into free-space techniques for dielectric 

measurements, for example, the research work shown in D.K Ghodgaonkar’s paper [28].  

 

Figure 2-16 Free space measurement simple structure 
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The free space technique is non-destructive, contact-free and less restrictive on MUT 

thickness or even shape, as long as the probing beam can be guaranteed to pass through a 

uniform thickness of homogenous MUT. Moreover, as long as the latter condition can be 

met, it is also suitable for the non-solid dielectric material characterization, such as liquids 

or powder material, which cannot maintain the uniform thickness condition without the 

addition of a container and are the primary focus of this work. This condition can, in some 

circumstances, also be met by a waveguide, but in a waveguide the frequency range is 

much more restricted (only frequencies higher than the waveguide cut-off frequency can be 

used) than in free space. Also, for the free space technique the MUT does not have to 

match the waveguide cross section, is easier to guarantee uniform sample distribution and, 

once contained appropriately, liquids can be measured.  

The inaccuracies in dielectric measurements using free space methods are mainly due to  

1) The diffraction effects from the edge of the sample (and container, if required) and 

signal leakage from the whole test environment or, if not taken in an isolated 

environment, spurious signal interference. 

2) Standing waves in the test environment between the antennas and the multiple 

surfaces of the MUT (including the container, if required), and which cannot be 

completely calibrated out. 

The research work reported here uses the free-space technique. A VNA calibration process 

is performed to reduce the impact of standing waves and edge diffraction from the sample. 

Also, in order to reduce the impact of diffraction, hard edges were rounded and/or had 

graphite-impregnated foam placed on them. The calculation algorithm to arrive at the 

material dielectric values from the measured S-parameters is a free-space conversion 

method that is similar to the NRW method. 

For different materials, shapes and test frequencies, each method can be more appropriate 

than the others. The decision on which method to use could be considered by material 

shape, dielectric properties or sample length. Both transmission/reflection method and free 

space method are mainly used for the broadband applications. In order to remove 
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extraneous effects and to establish a benchmark for the measurement, the first step is 

usually to carry out a calibration for each method before measuring the S-parameters.  

Table 2-3 Similarities and minor differences between conversion techniques 

Conversion techniques S-parameters Dielectric properties 

NRW 
S11,S21,S12,S22 

Or S11, S12 
εr,, μr 

NIST iterative 
S11,S21,S12,S22 

Or S11, S12 
εr,, μr=1 

New non-iterative 
S11,S21,S12,S22 

Or S11, S12 
εr,, μr=1 

Free Space conversion 
S11,S21,S12,S22 

Or S11, S12 
εr,, μr=1 

2.6 Selection of Technique  

Resonant methods have much better accuracy and sensitivity than non-resonant methods 

[29] and are generally applied to the characterization of low-loss materials. However, in a 

recent study, resonant methods are also applicable to high-loss materials, if very small 

samples are prepared or higher volume cavities are constructed [30]. A major disadvantage 

both for resonant and also waveguide techniques is that they require precise sample 

preparation so that the MUT is an exact fit, with no air-gaps. In addition, for an analysis 

over a broadband frequency, a new measurement setup (a cavity) must be made, which is 

not feasible in a practical point of view. Tuneable resonators can be used for a wider 

frequency band measurement and analysis. However, they are expensive, require multiple 

sample preparation and also an increase in the frequency bandwidth accompanies a 

decrease in the measurement accuracy [31]. Non-resonant methods have relatively higher 

accuracy over a broad frequency band and usually necessitate less sample preparation 

compared to resonant methods. As a type of non-resonant method, the various 
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transmission-reflection methods are widely utilized for material characterization. This 

method has the advantage of simplicity, broad frequency coverage, and high accuracy over 

the range [22] [23] [18] [32]. 

Permittivity measurements of thin dielectric materials can be performed by using non-

destructive methods such as open-ended waveguide and coaxial methods [33] [34]. The 

sample must be sufficiently thick so that the interaction of the electromagnetic field with 

the non-contacting boundaries or sample holder is negligible. Furthermore, one more 

disadvantage is, any bad contact present between the waveguide or coaxial aperture and the 

sample surface may degrade the accuracy of measurements [35]. Finally, for open-ended 

waveguides and coaxial probes with a lift-off distance, thin samples may sag and the 

theoretical calculations are more complex [36]. 

Free space methods, as another non-destructive method, do not have very strict 

requirements on the shape of samples. However, they can suffer from diffraction at the 

edges of the sample or sample container. In order to reduce this effect, the size of the 

sample can be selected sufficiently large, or by selecting proper calibration method. 

However, for thin materials, such solutions may decrease the performance of 

measurements as a result of sagging or as was the case in some early powder 

measurements in this work by bulging. Also as another solution, spot focusing horn-lens 

antennas can be employed [37]. In this case, however, the bandwidth of the focused 

antenna system is limited. To address some of these challenges, a calibration procedure, 

which takes into account the diffraction and other effects can be incorporated into the 

measurement process. However, the accuracy of such a calibration process may not be 

high if the sample is placed in the antenna’s far field, a concept that will be elaborated on 

later [38]. A further challenge of most analysis methods is that for most materials, the 

material electrical length is unknown, simply because the permittivity is initially unknown. 

Therefore, it is not possible to directly obtain the dielectric constant without resorting to a 

compromise, such as an estimate of the electrical length or material wavelength (detailed in 

Chapter 4). 

An alternative approach to this latter problem is to take measurements at more than one 

MUT thickness, so that the electrical length ceases to be an analysis variable. In the case of 
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powders and liquids, this means either having multiple containers or a single container 

whose thickness can be varied in a controlled manner. The latter approach was adopted in 

this work, whereby initial measurements were on a fixed container in order to prove 

aspects of the measurement technique. Subsequently the container was replaced with a 

second more elaborate and therefore also more flexible one, also capable of use in the 

measurements of powders and liquids. 

Further details are included in Chapters 4 and 5, where at least two or in some cases three 

different thickness of MUT are required for the new approach. The new platform design 

will consist of a flexible container made of glass panes, which can be collectively used to 

set the thickness of test materials.  

2.7 Matrix calculation 

For the free space dielectric measurement, the MUT is usually sandwiched between two 

plain glass panes (thicknesses tested at 4mm, 6mm and 12mm). So the glass container 

structure can be described as a glass-sample-glass assembly. By using the known S11 and 

S21 of the whole structure and the permittivity and thickness of the glass, the S-parameter 

of MUT can be obtained by using the matrix calculation [20] [28]. Further detailed 

algorithms are listed in Chapter 4. 

2.8 Conclusion 

This chapter is related to a review of the published literature relating to dielectric material 

characterisation. It describes the fundamentals of dielectrics, its complex nature and also its 

dependence on frequency and materials. Finally, some important free-space and guided 

wave propagation measurement techniques was discussed, as well as techniques using 

resonance to provide a wider context for possible measurement setups. 
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3 Development of Measurement Environment 

A considerable effort was required to develop a reliable, prototype test infrastructure, 

including site selection, test frame construction, antenna holders, integration with a Total 

Station for fine angular measurements and isolation from unwanted signal interference. 

The setup of the prototype system is drawn in Figure 3-1. 

 

Figure 3-1 Measurement system setup diagram 

3.1 Measurement components 

For all dielectric measurements, the principle piece of equipment used to accurately 

measure the required S-parameters was a vector network analyser (VNA).  
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For experimental accuracy and repeatability, the cables from the VNA to the antennas were 

specially chosen for their phase constancy (even if moved during a measurement phase) 

and their overall low loss. Sometimes the transmitting antenna had extra measurement 

requirements, so it was mounted on a modified PENTAX Precision Total Station, shown in 

Figure 3-3, for accurate distance, height and angle measurements. The modifications 

required the specification and commissioning of a suitable antenna holder and adapter to fit 

in place of the handle on the top of the Total Station. 

3.1.1 Vector network analyser 

 

Figure 3-2 Rhode & Schwarz vector network analyser ZVB-20 

While early glass propagation measurements used a vector signal generator on the transmit 

side and a spectrum analyser on the receive side, such a setup is only suitable for amplitude 

variations in the propagation path. Dielectric analysis also requires phase change 

measurements, and, for asymmetrical test set-ups, the ability to convert the transmitter to a 

receiver and vice versa. Therefore a two-port bi-directional Vector Network Analyser 

(VNA) was the obvious choice.  

Also, for high frequency free space measurement, it is very difficult to measure the current 

or voltage, so S-parameters are usually measured instead. S-parameters are related to return 

loss, reflection and transmission coefficients. Measuring S-parameters can simply be 

obtained from the VNA. The results are formatted to EXCEL readable files, and can even 

be converted to H, Y, Z parameters or ABCD matrix, with the latter conversion being of 
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potential use when matrix inversion is required, which is considered in more detail later for 

glass tank containment of powders and liquids.     

As mentioned measuring phase variation is an important feature of a VNA. For the purpose 

of dielectric analysis, both magnitude and phase results are needed to obtain dielectric 

properties. By using VNA, it is able to achieve both of these values in one single test.  

This PhD research work used a Rhode & Schwarz four - port VNA, the ZVB-20, with a 

frequency range from 10 MHz to 20GHz, although the bulk of the work was carried out 

over the narrower range of 800-6000MHz, defined by one of the available horn antenna 

pairs. The minimum frequency resolution was 1Hz and all magnitude results were stored in 

linear format, and phase measurements were saved using degrees. 

3.1.2 Calibration kit for VNA 

For each new test setup, there were changes in the experimental environment, any of 

which, could affect the measurement results. For instance, a change in the antenna 

separation distances, the height of the two test antennas or other similar changes to the 

environment. A VNA calibration kit can be used to reduce the impact of such effects, by 

moving the measurement reference plane from the VNA itself to the calibration points. The 

calibration should take place at the VNA ports themselves or, even more practically, at the 

cable ends (at the antenna junction) and their influence in the VNA readings calibrated out. 

The calibration kit used here is the ZV-Z32 from Rhode & Schwarz, which has exact Open, 

Short and Match (OSM) connectors over the VNA operating frequency. 

An alternative calibration technique, the Through-Reflect-Match/Line (TRL/M) is 

described in Chapter 5 that moves the reference plane even further along the measurement 

propagation path by including the antennas, the propagation path to the target, the MUT 

and the test structure. This calibration technique requires a reflection plane to be placed in 

front of the MUT target, which is the same size as the target. While it is not expected to 

reduce the subtle unwanted signals, such as spurious cable reflections, to the same extent 

as the VNA calibration kit, it nonetheless will allow immediate understanding of the 

changes in propagation and reflection due to the MUT. A TRM calibration means 

replacing the “Line” in the widely used TRL calibration by a “Match” standard. The 
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“match” can be achieved in this free-space technique by placing RF absorber foam, with 

the same size as the MUT, in the same place as the reflector, thereby effectively absorbing 

all transmitted power, just as a matching load would do. The Thru standard is simply 

achieved by direct (without MUT) transmission between the two antennas. The reflected 

power will be the benchmarks for the minimum reflected power and the maximum 

transmitted power. In the case of the reflector, the VNA S11 results will be the benchmark 

for the maximum reflected power, while the S21 results will be the benchmark for 

propagated power that does not pass through the MUT (diffracted or stray reflections). 

When using the absorb foam, ideally, S11 would remain the same as when performing the 

Thru calibration, however, in reality the absorber foam still will reflect a small portion. In 

the Match calibration, the measured S21 value is similar to the measured S21 value from the 

reflector calibration, or more correctly, both should be similarly low. The Match value 

should be slightly higher as of the absorber foam will not have a strong diffraction or target 

edge effect. The reflection and Match calibrations are used to determine the diffraction 

from the edges of the MUT.   

3.1.3 Precision Total Station 

A modified Total Station (PENTAX R-300, pictured in Figure 3-3) was used as part of the 

antenna mounting, using a custom made adapter/holder. The angular accuracy of the Total 

Station is ±5 seconds [39], which is of benefit in particular for the antenna gain 

measurements. Moreover, with a Total Station, it is possible to precisely control the height 

and separation of both transmitting and receiving antennas. According to antenna far field 

theory, the modified Total Station setup can thus help confirm that the minimum required 

separation between two antennas is always attained. When measuring the antenna radiation 

patterns, this Total Station was used to control the antenna movement, with a step size of 

2º. In addition, for most of the measurements, the two antennas have to face each other, 

and the incident wave should be perpendicular to the MUT surface, so that the incident 

wave is normal to the material. 
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Figure 3-3 Modified Pentax Total Station for antenna mounting 

3.1.4 Cable 

To get accurate results for the measurements it is important that the cables are well 

shielded against surrounding effects and that they don't change their properties if 

physically perturbed. The chosen cables to meet these criteria are 7.62m long Sucoflex 106 

from Huber+Suhner [40]. These cables have good phase maintaining qualities, if moved 

during measurements and is low loss over 0.9 to 18GHz frequency range, which 

encompasses the measurement range described here [40]. 

3.2 Antenna 

Two sets of antennas are used for the measurements, which are: 

 800MHz to 6GHz Horn antenna, Schwarzbeck BBHA 9120 LFA 

 8.2GHz to 12.4GHz Horn antenna, Schwarzbeck JXTXLB-90-20-C 

However, Voltage Standing Wave Ratio (VSWR) bandwidth tests (antenna mounted on a 

flat roof and pointing skywards) for the latter antenna showed a higher usable bandwidth, 
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of 7.5GHz to 15GHz, taking the usable bandwidth as the region, where the VSWR 

(Voltage Standing Wave Ratio) ≤ 2 [41]. VSWR (Voltage Standing Wave Ratio) ≤ 2 

means that about one third of the incident wave is reflected at the antenna interface and 

two thirds is transmitted. VSWR is a measure of how much power is delivered to an 

antenna. This does not mean that the antenna radiates all the power it receives. Hence, 

VSWR measures the potential to radiate. VSWR is a good estimate of radiated power, 

needing only the antenna itself and the VNA for the measurement. A low VSWR means 

the antenna is well-matched, but does not necessarily mean the power delivered is also 

radiated. The power can be either absorbed (as losses) or radiated away. A second 

reference antenna in an anechoic chamber or other radiated antenna test is required to 

determine the actual radiated power, although this test is not directly carried out here. The 

Two Antenna test, which has been carried out, could be used to distinguish between 

VSWR and actual radiated power, assuming the antennas are identical.  

Alternative approaches to defining a working antenna bandwidth, not followed here, 

include using the S11= -6dB or -10dB bandwidths, where the bandwidth is defined relative 

to the peak S11 value. S11 is a measure of how much power the antenna "accepts".  

3.3 Antenna radiation pattern  

In each case the antenna radiation pattern was measured to confirm the manufacturer’s 

graphs. As the two antennas were identical, the Two Antenna Gain method described in 

Section 3.3.2 was used, with the Total Station providing the required angular accuracy. Of 

course the measured antenna pattern is only two-dimensional, whereas an actual antenna 

pattern is three-dimensional. A three-dimensional test is very hard to complete, needs 

dedicated equipment for precise three dimensional rotation and also usually needs a lot of 

time. A two-dimensional measurement can be converted into an approximate three-

dimensional measurement, by measuring the E- and the H-plane radiation patterns 

separately. Each measurement is obtained by fixing one of the antennas, while varying the 

angle of the other, a technique known simply as the Two Antenna Gain method. One of the 

antenna mounting tripods has the freedom to rotate and, by using the Total Station, can 

accurately measure over a 360° range. The antenna under test can be measured in 
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transmitting or in receiving mode because of the reciprocity theorem [19], which states that 

an antenna has the same behaviour whether transmitting or receiving.  

 

Figure 3-4 Antenna pattern measurement structure 

The pattern for each antenna, for E- and H- planes, was measured in a large hall, starting at 

the normal incidence and then measuring up to 90° to each side. The step width was 2° and 

was monitored by the Total Station. The distance between the antennas was 5m, so the 

measurement occurred in the far field for these antennas. Pyramidal absorbent foam was 

placed around the measurement, to reduce the effect of the ground wave and any reflected 

wave from behind the receiver, as shown in the photograph in Figure 3-4. The antenna 

height was set at 1.60m to also reduce the effect of any ground reflected waves. 

3.3.1 Standing Wave Ratio (SWR) 

The ability of an antenna to accept power from a source is determined by the input 

impedance that the antenna presents, or more correctly, the impedance mismatch it 

presents relative to the source impedance. In most cases source impedance is 50Ω over the 

chosen frequency range, so ideally, the antenna impedance is expected to be 50Ω over the 
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same range. Maximum power transfer will occur for all frequencies for which the antenna 

impedance matches the output impedance of the source. In reality the range of frequencies 

for which an antenna achieves this is limited, even for the broad band antennas used in this 

work. When the match is not perfect some of the source energy will be reflected and a 

standing wave will be generated in the line. This mismatch is measurable as the VSWR 

and it is expressed as [19] 

 
     

     

     
 (3-1) 

where |Γ| is the reflection coefficient and is simply S11 (magnitude and in linear 

form). 

In addition, reflection which is caused by impedance mismatch can also happen once the 

antenna has transmitted the power, when the signal ceases to pass through air (impedance 

is 120π, approximately 377Ω) and encounters an obstacle with an impedance different to 

air. Such an effect is desirable in free space dielectric measurement, as long as the signal 

interacts only with the dielectric, which is impossible if tests are carried out in the antenna 

far field (see Section 3.4), as was the case in some of the measurements in this work. Free 

space, far field measurement therefore also introduces unwanted reflections as well as 

other unwanted interferences, such as diffractions, testing structure edge effects, etc. 

However, if an appropriate calibration technique is applied and good care taken, while 

making the free space antenna measurements, the extra interferences can be reduced to a 

minimum. This calibration is presented in much more detail in Section 5.2. 

While normal incidence on RF absorbent foam would be a possible technique to measure 

the VSWR, the method used here was to point the antenna to the sky, from the roof of 

Waterford Institute of Technology (WIT), so any reflected power measured by the VNA 

may be assumed as coming from the impedance mismatch. The measured VSWR results 

for both pairs of antenna will present in Chapter 5. 

3.3.2 Two antenna gain method 

There are different methods to measure antenna gain. In this research work, the method 

used is valid only where two antennas are identical [19] [42]. Identical antennas mean both 
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antennas are of the same type and dimensions and should have, therefore, very similar 

gains.  

 

Figure 3-5 Diagram of two antenna gain method 

The two-antenna method may be represented by 

 
                

 

 
         

   

 
          

  
  
   (3-2) 

where 

        = the gain of the transmitting antenna (dB) 

        = the gain of the receiving antenna (dB) 

   = receiving power (W) 

   = transmitting power (W) 

  = antenna separation (m) 

  = operating wave length (m) 

By using the initial (normal incidence) measurement as the reference, all subsequent 

measurements can be taken relative to this measurement. This offers the distinct advantage 

of not needing to include the antenna separation loss (the first term in (3-2)) in the 

radiation pattern calculation. 
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3.3.3 Mounting height over the ground 

The height of the antenna is 1.5 m above the floor to avoid ground reflections. It was 

initially thought that it would be better to transmit at a height of 1m over the ground so that 

the incident wave is at the middle of window. The chosen antennas have a published (and 

verified here through tests) half power beam width that varies from 30° at 1 GHz to less 

than 10° at 6 GHz. 
1

.0
m

0
.5

m

 

Figure 3-6 Ground wave reflection between 1 m and 1.5 m antenna height  

The nearest ground reflection to the transmitter is defined by the lowest frequency, the half 

power beam width angles and also by the height of the transmitter above ground. Figure 

3-7 shows at which distance the beam hits the ground the first time. Therefore, increasing 

the height of antenna from 1m to 1.5m will minimise the ground reflection [44], with the 

central beam now 0.5m higher than initially considered. This latter point is not of 

importance here as the window is simply that large. For later dielectric work, the target and 

receive antennas are simply elevated to accommodate the new height. 
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Figure 3-7 Position of the earliest ground reflection at transmitter antenna heights of 1 m 

and 1.5 m for all test frequencies 

3.4 Antenna near and far field boundary theories 

After a literature review on the near and far field boundary [43], very few published papers 

were found that delve into this topic [44], specifically papers, which uniquely define the far 

field boundary criterion. 

In antenna measurement, the far field boundary can be an important condition.  Near and 

far describe the nature of fields surrounding an antenna or an electromagnetic radiation 

source. The far field region is defined as “that region of the field of an antenna where the 

angular field distribution is essentially independent of the distance from the antenna [44]”. 

 

Figure 3-8 Antenna near field and far fields [45] 

http://upload.wikimedia.org/wikipedia/en/f/fe/FarNearFields-USP-4998112-1.PNG
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In fact, the regions around an antenna can be divided into three fields: reactive near field, 

radiating (Fresnel) near field and far (Frauenhofer) field as depicted in Figure 3-8. These 

three fields don’t change abruptly from one field to the next, but every field may be 

defined by its own qualities. 

The Reactive Near field region is defined as “that portion of the near field region 

immediately surrounding an antenna wherein the reactive field predominates” [19]. The 

radius of the outer boundary from this field is typically given by: 

 

        
  

 
 (3-3) 

The radiating near field (Fresnel) region depends on the antenna parameter D. If the overall 

dimension D is not large compared to the wavelength, this region may not exist [43]. The 

inner boundary is shown in equation (3-3) and the outer boundary criterion is accepted by 

many as  

This boundary criterion is based on a maximum phase error of 22.5° from a simple dipole 

antenna. As the radiation pattern from a dipole antenna is spherical, it is easy to quantify 

the radiated wave’s phase difference between the centre and the edge of receiving antenna. 

A phase difference that is accepted as standard is 22.5° (π/8), as shown for the horn 

antenna radiation pattern incident on a simple dipole receiver, in Figure 3-9. Other 

accepted standards use even smaller phase differences, if more precise measurements are 

required. For example, a tighter phase difference that is also used would be less than 1°, 

which requires a much greater separation of    
    

 
 [43].  

In the case of 22.5° maximum phase difference, there will be a small difference in the 

measured wave between the edge and the centre of antenna in both amplitude and phase. 

However, the technique used compared the difference between two sets of results, with and 

without the MUT, but always at the same antenna separation. So this plane wave 

approximation over the entire antenna should not influence the results. 

 
   

   

 
 (3-4) 
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Figure 3-9 Phase error at the edges of a test antenna in the far-field when illuminated by a 

spherical wave [19] 

It is possible to make similarly accurate measurements in the near field. In general near 

field measurement techniques can be expensive and very exacting, due to strict orientation 

and location requirements. However, in the case of dielectric analysis the near and far 

fields vary in the same manner (all fields are inversely proportional to the dielectric 

properties of the medium). The early work described in this report is derived from 

measurements in a large hall where the far field for the antennas was realisable, whereas 

later measurements were in the more confined environs of an RF anechoic chamber and 

were therefore restricted to the antennas near field region. 

In measurements using antennas, there are other standards, apart from the two phase 

difference standards mentioned, to define the far field boundary. For example, the far field 

region is also defined as the region where the vectors H and E are perpendicular to each 

other. Therefore, in this region, the angle between the vectors H and E is independent of 

the radial distance from the radiating source. There are several criteria therefore in 
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determining an antenna’s far field threshold and three of these conflicting criteria are listed 

below, with explanations as to how each is determined. 

1) The phase difference criteria yield, for 22.5° and 1° respectively 

 

   
   

 
     

    

 
 (3-5) 

2) Based on the point after which the electric and magnetic fields are always 

perpendicular to each other, 

 
      (3-6) 

3) Equation (3-7) is used when the far field threshold is very large compared to the 

antenna size D (written as r>>D, which is simplified to r≥5D). This criterion relates 

to an amplitude approximation (π/16 relates to the phase approximation).  

 
      (3-7) 

The boundary depends on the antenna dimension D and/or the operating wavelength, λ. For 

those criteria, there are different tests where each is deemed more appropriate.  

When the radiation wave reaches the far field, the electric and magnetic fields are 

perpendicular to each other. The second far field separation criterion is determined by 

wave impedance. If using this criterion, it is necessary to find out where the angular field 

distribution is essentially independent of distance from the source.  

This criterion is particularly important in Electromagnetic Compatibility (EMC) 

measurements, because the wave impedance is assumed constant at 120π (approximately 

377Ω on the graph). Figure 3-10 shows the plot of electric and magnetic impedances 

versus normalised distance from the antenna. The horizontal axis shows the normalised 

distance, which is simply r/λ (distance from the antenna over wavelength). This boundary 

is defined in wavelengths, implying that the boundary moves in space with the wavelength 

(frequency) transmitted from the antenna. 

http://en.wikipedia.org/wiki/Field_(physics)
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Figure 3-10 Impedance of E and H-fields moving away from the antenna 

From the chart, ZE is the electric field impedance and is defined as the ratio of two of the 

spherical geometry solutions to Maxwell’s equations for the antenna, namely the electric 

field and magnetic field strengths, Eθ and Hφ, and, similarly, ZH is the magnetic field 

impedance and is the ratio of Eφ and Hr. 

From the plot, it can be seen that as the distance increases, both tend towards the same 

constant value of 377Ω or 120π Ω, which is the wave impedance of free space and can be 

derived as the plane wave solution to Maxwell's equations. Depending on test requirements, 

there are two possible selections for distance to the far field boundary. When 1.6λ is 

selected (r/λ≈1.6, shown as a green, vertical line on the graph), this occurs when both ZE 

and ZH are within 1% (or 3.77 Ω) of 377Ω. However, when r/λ is roughly equal to 3 

(purple, vertical line on the graph), for this criterion, the antenna spacing r is 3λ, and now 

both ZE and ZH are within 1Ω of 377Ω. More detailed analysis of the far field boundary 

criteria are attached in the appendix. 

In summary, the different conditions and which criteria are most appropriate are shown in. 
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Table 3-1 Range criteria for far field boundary definition 

Antenna dimension 

D 

Appropriate minimum 

separation Equation 

   
         

 
                

            
 

 
  

 

 

Figure 3-11 Different far field boundaries for Schwarzbeck BBHA 9120 

Some of the far field criteria are plotted against their 800-6000MHz measurement range, in 

Figure 3-11 for the Schwarzbeck BBHA 9120 LFA Horn Antenna used in this research 

measurement and for which D=0.33m. This plot indicates a recommended antenna 

separation of 4.35m for far field measurements for this antenna over the entire range. In 

fact a separation of 5m was used for most early stage far field measurements. (This 

corresponds to a separation from 10-100λ, for the frequencies used, if considering the other 

far field criteria). For the other pair of antennas (SchwarzbeckJXTXLB-90-20-C), the 
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primary antenna dimension D=0.25m, so the far field criteria can be plotted as shown in 

Figure 3-12. This indicates a minimum recommended antenna separation of 12m for far 

field measurements [41]. 

 

Figure 3-12 Far field boundaries for second pair of antennas 7.5GHz to 15 GHz 

measurement setup 

The calculations here are based on a self-developed TRL/M calibration technique, which 

works for both the near and far field measurements. With this calibration a new near field 

antenna separation distance of D=0.50m was also used for some of the later measurements. 

This separation allows the measurement system from the large hall to be deployed inside 

the smaller confines of the WIT RF anechoic chamber, which is a more confined space 

than the large hall used for the far field measurements. 

3.4.1 Large hall 

Due to the far field requirements, these tests were performed in a big hall (approximately 

45m x 30m x 8m). A custom-built wooden frame (2.1m x 1.1m cross-section), with 

rounded edges to reduce diffraction effects, (Figure 3-13) was created to hold the glass 

under test in a position normal to the propagating wave. A similar technique was used in 

the National Institute of Standards and Technology (NIST) in Boulder, Colorado, USA, 

shown in Figure 3-14.  
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Figure 3-13 Custom-built test frame, was built by PhD candidate and used in WIT. Unit: 

mm 

Figure 3-15and Figure 3-16 show the first custom-built glass tank, for liquid and powder 

dielectric property measurements. This first tank was later improved to introduce the 

ability to vary dielectric powder or liquid thickness.  

 

Figure 3-14 Free space test structure, was used in the National Institute of Standards and 

Technology (NIST) in Boulder, Colorado, USA  [46]  
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Figure 3-15 Test structure with glass tank placed Figure 3-16 Glass tank assembly 

3.4.2 Flexible thickness container design 

The dielectric tests were carried out initially on standard glass panes and then on some 

non-solid materials (salt, sugar and tap water).  

In order to test the dielectric materials (powder and liquids), a prototype glass container 

was made that could hold a fixed 50mm of material in the propagation path. The other tank 

dimensions were 1000mm by 500mm and it could be easily filled with powder or liquid 

material. A free space measurement technique for dielectric property calculation was 

applied to this prototype glass container. As mentioned earlier in Chapter 2, this technique 

is non-destructive, and is also suitable for the non-solid dielectric material characterization, 

such as liquids or powder material, as long as the probing beam can be guaranteed to pass 

through a uniform thickness of homogenous MUT. More detail of free space techniques 

conversion algorithm will be introduced in Chapter 4.    

For unknown dielectrics, a modified approach was applied to overcome the unknown 

permittivity value. In this case a newer container was developed with the ability to control 

the container thickness di. The new platform consisted once again of a container made of 

glass panes, whose uniform separation could be controlled. A block diagram representation 

is shown in Figure 3-17, where spacing can vary from a minimum value of d1 = 3mm to a 
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maximum value of d2 = 18cm, the latter figure having been chosen simply to place an 

upper limit on the material tested. This means there is a lot of flexibility in MUT thickness, 

so the MUT can either be made electrically thin or, for wide spacing, could have sufficient 

material loss that the multiple reflections between the two containing glass surfaces can be 

neglected. Glass is not perfectly rigid, so the 18cm maximum thickness also helped to 

reduce the effects of sample thickness variation. The low value for d1 was selected to 

facilitate uniform packing of powder, reduce the impact of thickness variation due to slight 

imperfections or bulging in the glass and to measure phase variation directly for low 

valued dielectrics [47]. 

 

Figure 3-17 Horizontal design of glass tank container with a flexible thickness 

During testing, two more tanks were developed with two different sizes of 60cm by 40cm 

and 40cm by 30cm, to help isolate errors associated with container misalignment, a topic 

that will be addressed in section 5.8.3.  

Five different thickness glass panes, of 4mm, 6mm, 8mm, 12mm and 15mm, were tested 

individually and then as the walls to contain powder dielectrics,. The flexible tank was 

made from two panes of identical thickness glass as a sandwich structure, although Perspex 

and hard plastic boards were also tested.  
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Several different powders and liquids were tested in the tank, including household powders 

such as plain flour, white sugar and table salt. The powders were tested at thicknesses 

including 3mm, 8mm, 30mm and as large as 36mm. 

  

Figure 3-18 Horizontal design structure of glass tank container with a flexible thickness, in 

the picture indicated position of glass pane and spacer, which control the material thickness 

3.4.3 Anechoic chamber 

Fully anechoic RF chambers have all surfaces covered with resistive foam pyramid 

absorbers. The foam absorbers are impregnated with graphite powder and are usually 

pyramidal or even better conical in shape in order to maximise the path of an incident wave. 

Maximising the path increases the amount of signal incident on the graphite powder, 

thereby transferring more energy from the wave into the powder. The function of a fully 

anechoic test chamber is to copy or mimic free space by using absorbers that have 

‘progressive impedance’; this is, to prevent reflectivity by gradually absorbing the energy. 

A fully anechoic chamber can be of any size depending on the requirement. The outer skin 

is normally metal, where the high conductivity is an effective shield against electric fields 

(Faraday cage). Ideally the metal would also have a high magnetic permeability, to provide 
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a low reluctance path around the room, to slow-varying or static magnetic fields. The WIT 

RF chamber is enclosed in sheet steel for these reasons. 

 

Figure 3-19 WIT Anechoic chamber, which this PhD candidate was involved in the 

designing building and characterising work 

The WIT RF anechoic chamber foam was fitted out by this PhD candidate, the supervisor 

and an exchange student. The pyramid absorber foam used is the APM 45 from Siepel, 

which has a claimed attenuation from -25 to -50dB in the frequency range 500MHz to 

40GHz [48]. It has been used for some tests outside of the chamber, such as the large hall 

mentioned in Section 3.3). 

Figure 3-20 and Figure 3-21 show the tests carried out for the qualification of the chamber 

and its pyramidal RF absorbers, using a VNA. Chamber qualification results are also 

presented in Chapter 5. For now, it is simply worth mentioning that the RF absorbent foam 

reflection results for normal incidence were similar to the manufacturer’s claimed values, 

at the measurement frequency range of 800MHz to 6GHz and the signal leakage from or 

into the chamber was about -70dB.  
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Figure 3-20 Measurement of attenuation at the door (normal incidence) 

 

Figure 3-21 Measurement of attenuation at the sidewall (normal incidence) 
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Figure 3-22 Measurement of attenuation through the door (normal incidence) 

In addition, with the principle of the Faraday cage it is possible to create a non-interference 

area inside the chamber. That means that no signals propagate from outside to inside (e.g. 

RF waves). In Figure 3-22 the test setup is to verify that there is no leakage of any 

consequence from the chamber.  

3.5 Wireless propagation testing 

Early work described here focussed on examining wireless propagation through various 

materials to build up an understanding of the requirements of free space measurement, 

especially free space calibration. Various calibration techniques were used throughout the 

work, but in the early stages the calibration plane was simply at the cable end, just before 

the antennas, with measurements normalised to show the change in performance due to the 

introduction of the MUT. The wooden test frame mentioned in Section 3.4.1 was built to 

hold the MUTs, which varied in size, shape and density and included double glazed energy 

efficient windows, insulating building materials, vehicle transparent glass and vehicle 

window tints.  
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3.5.1 Energy efficient windows 

Transparent conductors (TCs) are gaining widespread acceptance in glass manufacture, as 

a means of controlling the energy leaving (or entering, in warmer climates) buildings. 

Legislation has been introduced to encourage this, such as Germany’s Verordnung über 

energiesparenden Waermeschutz und energie sparende Anlagentechnik bei Gebaeuden 

(Energiesparverordnug - EneV), which states that the energy demand shall be reduced by 

over 30% and in a further step by the year 2012 by a further 30%, compared with previous 

legislated levels [49]. 

The industry response has focussed primarily on the use of TC coatings, usually on one of 

the inward facing sides in a double glazed unit. The aim of applying thin coats of TC is to 

reduce heat transfer across a vertically mounted window. However, this coating also 

reduces the wireless signal propagation. The initial research was to exam the attenuation of 

these coated energy efficient window. This work was published at the European Wireless 

Conference, Lucca. A copy of the paper is in the Appendices. 

  

Figure 3-23 Energy efficient window measurement 
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3.5.2 Building materials 

In the modern energy conscious world, energy efficient materials are widely used as part of 

building heat retention. According to previous research on the propagation measurement of 

traditional building materials (such as block, solid concrete, wood, bricks, etc.), wireless 

propagation through building walls can be strongly attenuated [46]. For this reason, the 

principle propagation path into buildings has been through the building openings, namely 

external doors and windows. However, the international demand for improved energy 

efficiency has led to an examination of building openings in terms of their poor ability to 

retain heat within the building. As mentioned in the previous section, this has in turn led to 

the manufacture of windows that are much better at retaining heat, but with a significant 

negative consequence for wireless, with measured attenuation of up to -30dB, (results 

presented in Chapter 5). 

The final significant access opportunity into a building is via the roof. There are many 

different materials used in roofing, including natural slate and engineered slate, wood, 

concrete tiles and (internally) insulation. This work therefore examined the signal 

attenuation for various materials used in both roof and wall construction. It also recorded 

the dielectric response of each material for future use in material dielectric analysis. 
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Figure 3-24 Building materials tested 

Results from this work were accepted at the IET Colloquium on Antennas, Wireless and 

Electromagnetics, Loughborough, UK, 2013. A copy of the presentation is included in the 

Appendices. 

3.5.3 Vehicle glass and window tints 

Signal transmission into and out of a vehicle is also a modern issue in wireless 

communications. Apart from the metal structure, which will not permit passage to any 

appreciable signal strength, the question to be answered in this part of the research is 

whether the vehicle glass causes any significant attenuation of the wireless signals.  

In particular most vehicle rear windows which have integrated heating wire are a potential 

risk to signal propagation. In addition, some vehicles with front window heating wire 

should also be taken into account. Although not widely used on vehicles, four different 

types of vehicle window tint film were also measured. Results are presented in Chapter 5. 
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3.6 Conclusion 

Chapter 3 described the test platforms developed in the course of this work in WIT. For 

propagation material tests (including tests on materials such as energy efficient glass, 

building materials and vehicle glass), various accepted far field definitions were presented 

to help select the actual measurement separation distance. In terms of the test setup, the 

chapter describes the characterisation of the two antenna pairs, simple and progressively 

more elaborate VNA calibration methods, horizontal and vertical propagation 

measurement techniques, construction of several test frames, construction and qualification 

of an RF anechoic chamber and, finally, the development of an ability to measure variable 

material thicknesses for both the horizontal and vertical techniques. For each of these 

points, the selection parameters were explained and justified and a description was offered 

of the various problems encountered and solutions attempted. 
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4 Permittivity and permeability parameter 

extraction algorithms  

The VNA S-parameter measurements produce results that represent the probing signal’s 

amplitude and phase variations depending on the dielectric material’s permittivity and 

permeability. Several algorithms have been proposed to extract that material permittivity 

and permeability data from the S-parameter measurements. As mentioned in Chapter 2, the 

four most important of these algorithms will be discussed here, namely Nicolson-Ross-

Weir (NRW), NIST iterative, the New non-iterative (NNI) techniques and Free-space 

techniques. 

All the techniques listed in this chapter are based on a symmetrical test setup, where the 

same results should be obtained if transmitter becomes receiver and vice versa. Therefore, 

in terms of the S-parameters S11=S22, S21=S12. 

The Nicholson-Ross-Weir (NRW) technique is popular and uses either two or all four S-

parameters. However, it does not produce accurate results at sample sizes that are integer 

multiples of the incident beam’s half wavelength, something which is increasingly likely 

when the measurement range of frequencies is broadband, such as the range 800-6000MHz 

used in this work. The NIST Iterative technique uses NRW as a starting point and then the 

Newton-Rapheson method to solve for the dielectric parameters. This technique is more 

elaborate than NRW, but overcomes the NRW weakness, as it is accurate at sample sizes 

that are integer multiples of the incident beam’s half wavelength. The technique known as 

the New Non-Iterative (NNI) technique is based on a simplified version of the NRW 

technique. It is suitable for permittivity calculation for the case that the permeability μr = 1, 

which will be the case for non-magnetic materials in which there are also no currents 

induced by the applied electromagnetic field. Free space measurements are non-destructive 

and contact-free. They usually use NRW as starting point and introduce complex 

propagation constant to solve complex permittivity and so is also as the starting point used 

in this PhD work.  
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4.1 Nicolson-Ross-Weir technique (NRW) 

NRW is popular and uses two or all four S-parameters, depending on the measurement 

technique. The reflection and transmission coefficients are related to the S-parameters and 

given by: 

 
    

       

      
 (4-1) 

 
    

       

      
 (4-2) 

Those parameters (S11 and S21) can be easily and accurately obtained using a VNA, a 

technique described in Chapter 3. 

The reflection coefficient, Γ, can be obtained by inverting equations (4-1) and (4-2) and is 

given by 

             (4-3) 

where |Γ|<1 is required for finding the correct root value.  

 
  

   
     

   

    
 (4-4) 

Similarly, an expression for the transmission coefficient, T, can be obtained: 

 
  

         

            
 (4-5) 

The free space wavelength, λ0, and the cut off wavelength, λc, are related to the 

transmission and reflection coefficients by the equation 

  

  
  

     

  
  

 

  
   (4-6) 

where Λ is a unitless factor. In addition, for a coaxial line or for free space, λc=∞. 
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After solving the equation and relating it to the sample length and the transmission 

coefficient, equation (4-7) can be arrived at, 

  

 
   

 

   
    

 

 
  
 

 (4-7) 

As in equation (4-7), there is an infinite number of roots. The imaginary part of the 

complex number T is equal to the angle of the complex value plus 2πn, where n is an 

integer. The value of n relates to the unknown material electrical length. 

So, the permittivity and the permeability can be derived from the above equations, 
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(4-9) 

However, NRW becomes unstable when the sample thickness is an integer multiple of one 

half wavelength (nλ/2) of the probing beam. Clearly this is a particular problem when the 

probing beam is broadband, as is the case in this work, as the instability will recur in the 

derived dielectric constant. The value of S11 becomes very small or zero [50] at this point. 

The reason is the interference and partial cancellation of the reflected wave from the back 

surface and the reflected wave from the front surface, which leads to very small values of 

the measured reflection S11 measured what is shown in Figure 4-1. 



70 

 

Figure 4-1 Cancellation leading to a small S11 value 

These small values produce peaks in the term         from the NRW Equation (4-9), 

and therefore peaks in the permittivity curve, as Boughriet et al. [25] have demonstrated.  

Figure 4-2 shows the variation in εr’ versus frequency for a PTFE sample. This displays the 

resulting inaccurate peaks from cancellation of the reflection from the back surface and the 

reflection on the front surface. The solid line shows the result for εr’ by using the NRW 

model and the dashed line shows the iterative solution from using the NIST model, which 

uses an initial guess from NRW equations. This λ/2 problem appears at measurement 

wavelengths, which are integer multiples of λ/2 sample lengths [18]. 
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Figure 4-2  εr’ versus frequency for a PTFE sample.  

4.2 NIST iterative technique 

The NIST iterative technique uses the NRW technique to obtain the initial values. This 

technique then uses the Newton-Rapheson root finding technique, thereby overcoming the 

weakness of NRW. As described in Chapter 2, the NIST technique overcomes the 

instability peaks that exist in NRW technique when the sample thickness is an integer 

multiple of one half wavelength (nλ/2). It is suitable for long samples and characterizing 

low loss materials. However, if the approximate permittivity value of the material is 

known, then the reflection and transmission coefficient can be deduced from the following 

equations: 

 

  

  
  
 
 
 

  
  
 
 
 

 (4-10) 

where γ0 is the propagation constant in air. It can be defined as  

 

      
 

 
 
 

  
  

  
 
 

 (4-11) 

And the propagation constant in material γ can be defined as 
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 (4-12) 

Then the reflection and transmission coefficient are (for the case where µr=1) 

 

  

  
  
 
 
 

  
  
 
 
 

 
    

    
 (4-13) 

 

          
    

      
  

  
  
  
 
 

 
(4-14) 

After solving those equations, a function of permittivity, F(εr) is arrived at: 

 
                    

             
     

      
 (4-15) 

 
      

       
         

                       (4-16) 

Apply the Newton-Rapheson numerical method for the roots calculation of F(εr). To 

determine the roots by the Newton method, a Jacobian matrix is calculated [24]. 

 

   

    
             

        

  

    
             

        

  

    
             

        

  

    
             

        

  

   (4-17) 

 Where,            
      ,            

       

Then the conversion process can be presented as, 

                (4-18) 

where Δεr is the change that brings the permittivity value close to the desired value.  

This technique depends on the initial guess of the permittivity. This technique is suitable 

where the permittivity value of the material is known approximately. However, if the 

material properties are unknown, then the NIST technique can also be unstable. 
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4.3 New non-iterative technique (NNI) 

The new non-iterative technique has the advantage of being stable over a whole range of 

frequencies for an arbitrary sample length. The NNI technique is based on a simplified 

version of the NRW technique and no divergence is observed at frequencies corresponding 

to multiples of one-half wavelength in the sample. The NNI technique uses a slightly 

different formulation from the NRW technique and it can be easily extended to other 

measuring methods. From Equation (4-3) the reflection coefficient can be written as  

             (4-3) 

where |Γ|<1 is required for finding the root.  

As mentioned early in this chapter, the tests performed were based on a symmetrical setup, 

where the transmit and receive antenna could swop roles, without effecting the outcome. 

This was verified throughout the testing, for example during the propagation tests on the 

energy efficient windows, where the roles of transmitting and receiving antenna when 

switched still gave almost identical results. 

In terms of the S-parameters, based on this symmetrical test setup, X from Equation (4-4) 

was defined as: 

 
  

   
     

   

    
 (4-4) 

The transmission coefficient from Equations (4-5) and (4-6) is also reproduced for 

convenience here 

 
  

       

            
 (4-5) 

  

  
  

     

  
  

 

  
     

 

   
   

 

 
  
 

 (4-6) 

where λ0 is free space wavelength and λc is the cut off wavelength.  

As in waveguide measurement for dielectric analysis, the wavelength is 
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(4-19) 

Then the material’s electromagnetic parameters are defined as 

 
     

   

 
 
   

   
  (4-20) 

 
     

   

 
 
   

   
  (4-21) 

With the result of the calculation for Γ, these electromagnetic parameters can easily be 

determined. 

Therefore it can be deduced that  

 
        

   

 
 
   

   
 

 

 
 
  
  

 
  
 

 
(4-22) 

 
      

  
 

  
       

  
 

  
 

 

    
 (4-23) 

If the MUT is purely non-magnetic, with no induced currents, then     , so 

 
               

 
  

   

   
 
   

 
   

 
 

   

 (4-24) 

where n=1 is for new non-iterative technique. 

4.4 Free space measurement technique 

The free space technique is non-destructive, contact-free and less restrictive than NRW, 

NIST and NNI techniques on MUT thickness or even shape as long as the probing beam 

can be guaranteed to pass through a uniform thickness of homogenous MUT. The free 

space technique can apply to broadband tests and can be used for testing a wide range of 
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materials, such as gases, solids, liquids and powers. Similar to the NRW technique, the 

reflection and transmission coefficients are related to the scattering parameters and given 

previously by Equations (4-1) to (4-5): 

 
    

       

      
 (4-1) 

 
    

       

      
 (4-2) 

Once again, those parameters can be easily directly measured with a properly calibrated 

VNA. 

The reflection coefficient, Γ, is given by 

             (4-3) 

where 

 
  

   
     

   

    
 (4-4) 

The transmission coefficient, T, is: 

 
  

         

            
 (4-5) 

The chosen of the plus or minus is defined by |Γ|<1. Then  

 
  

 

  
 
   

   
  (4-25) 

 
  

 

  
 
   

   
  (4-26) 

The magnitude of the material propagation constant can be written as 

 
  

           

 
 (4-27) 

where d is the thickness of MUT. 
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Since Τ is a complex number, the complete equation for the material propagation constant 

can be written as 

 
  

             

 
   

     

 
  (4-28) 

where n=1, 2, 3... 

The real part is single valued, but the imaginary part may have multiple values. So, 

 imaginary part of  γ  phase constant     2π/λm (4-29) 

  

  
   

 

  
 (4-30) 

When n=0 and -2π<ϕ<0, d/λm is between 0 and 1. If the thickness d is less than λm, there 

will be a unique value for the complex permittivity and permeability.  

When d > λm, one solution is to make the measurements on two different thicknesses of 

the MUTs. 

If the thickness d < λm, then i=0, however, if d > λm, the value of n varies. Because the 

electrical lengths of the MUT are unknown, developing a new tank design was required 

with a flexible thickness to help overcome this problem. A detailed explanation follows 

below. 

Equation (4-30) is the key to solving for propagation in a dielectric material. However, 

solving the imaginary part presents a challenge, unless the material width, d, happens to be 

smaller than the material wavelength, λm. This is difficult to guarantee, even for low values 

of permittivity, over the range of frequencies tested so far (wavelength in air falls from 

37.5cm down to 5cm). As the future work will also include higher frequencies (wavelength 

in air ranging from 5cm down to 1.5cm), it is then impossible to guarantee this condition. 

For any material thickness, di, the measured phase change, ϕi, and the material wavelength, 

λm, are related by: 

 
        

  

  
  , 0<ϕi<2π (4-31) 
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The material thickness, di, and the phase change, ϕi, can be measured, but neither the 

material wavelength, λm, nor the number of wave periods in the material, ni, are known. 

Both are required in the solution of equation (4-31). 

Therefore, a new flexible tank can be designed based on this free-space technique. 

The next step is to control the variation in the thickness di, when measuring the dielectric 

response of powders and liquids. This controlled increase will also allow the experimenter 

to avoid a situation where the new thickness is an integer multiple of material wavelengths 

more than the previous thickness. Clearly this will then yield two linear equations, where 

the thicknesses and phase changes can be measured; leading to an easy solution for the 

material wavelength, λm, and the number of wave periods in the material, ni is the new tank 

design. 

4.5 ABCD matrix conversion 

Before introducing the ABCD matrix to the calculation, the matrix of the measurement set 

up first of all may be represented as; 

                      (4-32) 

where 

Ag is the matrix of glass 

AMUT is the matrix of testing sample 

A is the matrix of the whole assembly 

When the free space method is used, two sets of results can be obtained. One set is based 

on the calibration, with only glass present; therefore, there is no material sample in the 

structure. 

                      (4-33) 

If it is desired to avoid using a matrix in this calculation, the propagation attenuation 

change between Ag and Aair should be linear. As there are several impedance mismatches 
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between this multilayer structure, the change between Ag and Aair are not linear, which has 

been confirmed in the results captured using the VNA. 

As the permittivity and thickness of the glass pane are known, the ABCD matrix of glass 

plates is as follows [28] 

 

      

      
 
             

 

  
      

 
        

 
  

  (4-34) 

where  

    
     

  
 is the propagation constant in glass 

d and g is the thickness and relative permittivity of glass respectively 

0 is the free space wavelength 

Zg is the impedance of the glass plate 

 

    
    

    
 (4-35) 

As 0 and 0 is the permittivity and permeability of free space respectively. Assuming for a 

non-magnetic medium, g=1, then, 

 

    
  
    

  
  
  

 

   
 (4-36) 

 
     

 

   
 (4-37) 

This is then followed by calculating the MUT S-matrix by re-arranging equation (4-32) 

            
           

   (4-38) 

S-parameters are most widely used in microwave measurements of 2-port networks, as 

they describe the relationship between the reflected and incident power waves at each of 

the ports.  
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  (4-39) 

However, other parameters are also at times convenient, for example, if the system has 

more than one 2-port network, it is convenient to use the transmission line ABCD (or T-) 

parameters. 

In the case of a glass tank holding powder or liquid, this means for free space 

measurements, treating the tank as a cascade of two 2-ports. The two sheets of glass can be 

simply treated as one 2-port and the powder/liquid is the other 2-port. 

The T-parameters are described by: 

 
 
  
  
   

  
  

  
  
   

  (4-40) 

where    is directed away from the port. 

 

Figure 4-3 Two-port transmission network 

Two (or more) 2-ports in series may be combined by simply multiplying the individual 

ABCD matrices [50]. 

 

  
    

                          

           
 (4-41) 

 

  
    

             
                      

           
 

(4-42) 
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(4-43) 

 

  
           

                   

           
 

(4-44) 

where 

Z01 and Z02 are the complex impedances of ports 1 and 2, respectively; 

similarly, Z
*

01 and Z
*

02 are the complex conjugates of the respective 

impedances. 

The values R01 and R02 are the real parts of port impedances Z01 and Z02. 

For the glass pane, it can be assumed, because of symmetry and uniform construction, that 

S11=S22 and S21=S12 and R01=R02, Z01=Z02. 
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(4-48) 

In order to derive the equations used by Ghodgaonkar [37], it is necessary to show that the 

input impedance is Real Z
*
01=Z01=R01 [29]. If permittivity and permeability is real, then 

material is low loss. There are: 

 

  
                  

 

    
 (4-49) 

 

  
           

     
  

    
 

(4-50) 
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(4-51) 

 

  
      

      
 

    
 

(4-52) 

4.6 Conclusion 

Chapter 4 presents the various algorithms that can be used to extract the permittivity and 

permeability values from the measured S-parameters, as well as the S-matrix algorithms 

that can be used in permittivity calculation. The four algorithms listed here are Nicholson-

Ross Weir (NRW), National Institute of Standards and Technology (NIST) iterative, the 

New Non-Iterative (NNI) techniques and the free-space technique. In this thesis, the free- 

space technique is used to measure and calculate the dielectric constant. To conquer the 

unknown electrical length problem, the propagation constant is treated as a complex 

number and when combined with the test platform’s controlled variable material thickness 

possibility, the dielectric constant can be calculated without the traditional estimation 

required when the electrical length is unknown. 
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5 Measurement results and analysis 

This chapter presents antenna characterisation results, propagation results for dielectric 

analysis for various materials under test, from glass windows to concrete blocks, and 

dielectric analysis for glass various powder materials and tap water. 

5.1 Antenna measurements 

First of all, to qualify the testing infrastructure, an antenna characterisation was performed, 

with bandwidth (VSWR) and radiation pattern measurements, both of which were also 

compared with published manufacturer data. 

5.1.1 Voltage Standing wave ratio (VSWR) 

The roof (non-reflection) VSWR test examined the usable bandwidth of the Schwarzbeck 

antennas to be used for dielectric testing. The published and measured data are quite close 

to each other, shown in Figure 5-1 and Figure 5-2. In general, if the VSWR is under 2 the 

antenna match is considered very good and little would be gained by impedance matching, 

although this can be considered to extend the VSWR range. In the manufacturer’s data, the 

VSWR value does not go over a value of 2, between 800MHz and 6GHz. However, in the 

measured results, the VSWR value slightly exceeds this threshold, once, at a value of 2.03 

at 5GHz.  

At this point it is worth commenting briefly on the meaning of the threshold and also 

therefore the consequences of testing with an antenna, whose VSWR exceeds the 

threshold, albeit once only and by the margin in this case. 

Recall the VSWR definition from Equation (3-1) 

 
     

     

     
  

where Γ is the reflection coefficient and is simply S11 (linear not in dB). 
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It’s clear from this equation that the threshold of 2 refers to one third of power is reflected. 

This in turn implies one third of the power intended for transmission through the antenna is 

in fact being reflected back due to impedance mismatch at the cable antenna interface. 

Implicit in this is that two thirds of the power is transmitted. So a minor VSWR= 2 

threshold overshoot at an individual frequency is not significant. 

It’s also worth considering here how much wider a bandwidth can be considered for 

testing. A quick glance at either the published or measured data shows how quickly the 

impedance mismatch prevents expansion into frequencies lower than the lower working 

frequency. On the other hand there is a real, albeit unfathomed in the measured or 

published data, prospect of working beyond the upper test frequency of 6GHz. However, 

the focus on this work will remain instead on developing the technique and proving it in 

the manufacturer’s published bandwidth of 800-6000MHz. 

 

Figure 5-1 Published SWR data of horn antenna Schwarzbeck BBHA 9120 LF (A) [51] 
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Figure 5-2 Measured SWR of the horn antenna Schwarzbeck BBHA 9120 LF (A) 

A second pair of horn antennas (Schwarzbeck JXTXLB-90-20-C) was also evaluated with 

a view to future work in dielectric analysis outside of the band used in this thesis, at 

frequencies between the manufacturer’s specifications of 8.2 to 12.4GHz. 

 

Figure 5-3 Measured VSWR of the horn antenna Schwarzbeck JXTXLB-90-20-C 

As shown in Figure 5-3, the VSWR of the JXTXLB-90-20-C horn antenna performs better 

than the manufacturer’s specified frequency range of 8.2 to 12.4GHz. The actual testing 

range could be expanded to cover a range from 7.6 to 15GHz.  
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5.1.2 Antenna radiation pattern 

The antenna radiation pattern was measured in the large hall, starting at the normal and 

then up to 90° in steps, to either side. The step width was 2° and was controlled by the 

operator using readings from the Total Station.  

Figure 5-4 Measured E-plane antenna pattern (Schwarzbeck BBHA 9120 LF (A)) 
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The distance between the two antennas was 5m, to ensure the measurement was performed 

in the far field for all frequencies, although this is not strictly required. The results 

presented here are for the E-plane only. H-plane measurements were also made, and are 

broadly similar to the E-plane results. Figure 5-4 was for the first pair of Schwarzbeck 

(800MHz to 6GHz) horn antennas. The comparison of those published results and 

measured data shows that the Half Power Beam Width (HPBW) is almost identical. 

For the second pair of antennas (JXTXLB-90-20-C, 8.2GHz to 12.4GHz) validation, the 

same two antenna gain method was used. The measurements are performed in the E-plane 

and H-plane. The results [41] are shown below; both E and H-plane are selectively 

presented here. 

Figure 5-5 E and H-plane antenna pattern (JXTXLB-90-20-C) 
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5.2 Calibration 

A VNA is different from the other microwave equipment available to do this work, in that 

it achieves highly accurate measurements by correcting the systematic errors in the 

instrument, the characteristics of cables, adapters and even the test structure. The process 

of error correction, commonly called experimental calibration, is an entirely different 

process, compared to manufacturer calibration, and may be performed by an engineer 

several times during testing. 

5.2.1 Standard calibration 

Standard calibration using manufacturer supplied kits is widely used to move the 

measurement reference plane from the VNA front end to position right before or after the 

device or component being tested. 

This was the case when an Open Short Load (OSL) was performed, using the calibration 

kit ZV-Z32. Hence the signal propagation through the cable is calibrated out so that the end 

of the cable is the new reference plane. This means simply that all phase and amplitude 

variations caused by subsequent testing are relative to a notional plane at the end of the 

cables. This standard calibration technique is the most common type of a VNA calibration, 

as it is excellent for individual device or component measurements. However, this method 

offers less accuracy in the case of free-space measurement, so that at other calibration 

techniques have to be also considered [52] 

 

Figure 5-6 VNA reference plane explanation 
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In the early tests on window propagation, a one-port, two-path Open Short Load Thru 

(OSLT) calibration was performed to move the reference plane to the testing window, so 

that the attenuation losses and phase changes are only due to the window itself. 

5.2.2 Self-calibration techniques 

Self-calibration techniques can be used on free space measurements, where of course it is 

not possible to use discrete standards. As this method applies to free space it offers more 

potential to this work than the OSM calibration method [37] [38].  

As powders and liquids, which are contained in the plane of propagation by two glass 

sheets, are the target materials, there are still known challenges such as composition 

variation, due to non-uniform packing or density. By measuring two or three sample 

thicknesses, this should be less of an issue, especially if care is taken to ensure no air 

pockets (powders). As the containing glass sheets are inserted individually and 

independent of each other, calibration at their plane should be possible, even relatively 

easy, as should be the measurement of reflection and propagation characteristics of the 

glass sheet itself. The elimination of errors due to multiple reflections between the glass 

sheets, using the Thru-Reflect-Line (TRL) [37] and the dual separation [53] calibration 

techniques can also be easily achieved with this test platform. 

The TRL calibration is more commonly used than OSLT method in VNA measurements of 

free space propagation. While TRL shares the Thru and Line measurements of OSLT, TRL 

doesn’t rely on precisely known standards, which are required for Open and Short over all 

testing frequencies, but only needs three relatively simple steps to complete the calibration 

process. 

In Figure 5-7, the three steps of the typical TRL calibration are presented. A calibration 

technique developed by this PhD candidate will be detailed in the following. 

 Thru: Antennas facing each other normally. Distance between antennas has to 

match the selected relevant distance, in both far field and near field testing. and the 

material holder must be empty. This establishes a reference for the propagation or 

S21 measurement once the material has been added. 
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 Reflect: Insert a metal reflector the same size as the glass containment sheet and in 

the same position as the MUT. This establishes a maximum for the reflected 

component, S11 and also for the diffracted contribution to the propagation 

measurement, S21from the edges of the test set-up and therefore energy that did not 

pass through the MUT. 

 Line: Antennas moved by up to ±λ/4 longer than Thru, at the centre frequency of 

the swept frequencies, to avoid a singularity. Ratio of start-stop frequencies should 

be less than 8:1. And measuring the response of the empty material holder. The 

antennas are repositioned to their original location as the Thru calibration standard  

By applying the TRL calibration in the measurement, most systematic errors can be 

removed. The metal reflector is the same size as the MUT; therefore this step can remove 

edge diffraction and signal leakage from the test frame (by measuring the propagated 

signal, as well as the reflected signal). However, to perform a TRL calibration, focused 

antennas (horn antennas with additional lens components) are needed, because when 

performing the “Thru” and “Line” standards, ideally all of the signal should be transmitted 

from transmitting antenna to the receiving antenna. In other words, this TRL calibration 

requires that the receiving antenna get the same amount signal for both Thru and Line 

standards. Otherwise because the “Line” standard required a movement over a short 

distance, in practise the small movement will cause some change in the amount of received 

signal. This change would not occur if the received power remained constant in spite of the 

move and is the reason the TRL calibration technique is favoured by systems which 

include a focussing lens in the propagation path. Without the lens, this term cannot be 

easily separated from the VNA results. It would thus cause a new error term within the 

calibration process. In addition, a precise positioning system should also be used for TRL, 

so that the antennas can be repositioned after the “Line” calibration.  

When it is very difficult to achieve the Line part of the TRL calibrations, one of the 

alternate approaches is to use the Thru-Reflect-Match (TRM) calibration, which is 

identical to the TRL calibration except for “Line” being replaced by a “Match” standard. 

The Match standard can be achieved by simply placing absorber foam in the sample 

holder. If one recalls early engineering classes, where Matching loads simply absorb all 
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delivered power then the introduction of high quality absorbent foam achieves the same 

effect (without needing to match to the source impedance). When using the TRM 

calibration, antennas can remain fixed, unlike the Line part of TRL, so that focused 

antennas and precise position system are no longer required. 

In the case of calibration: 

1) Stored calibration values and zeroing the VNA now  

2) Match: This is establishes the S11 = 0 and S21 = 0 condition 

3) Line: This establishes the S11 = 0 and S21 = maximum condition 

 

Figure 5-7 TRL/M free space calibration standard, developed by PhD candidate Yaqiang 

Liu 

5.3 Anechoic chamber validation 
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As the WIT anechoic chamber was to be used for some of the experimental work, it was 

decided that it should be validated as part of this work. The validation of the WIT anechoic 

chamber was performed in two ways. First, the chart in Figure 5-9 shows the signal 

leakage from inside to outside of the chamber. The receiving antenna was placed outside 

the chamber to capture the signal transmitted from within, with the door closed.  Figure 5-8 

shows the leakage from outside to inside, again of course with the door closed. Both tests 

were performed in both the E-plane and H-plane. In order to comply with the far field 

boundary requirements [43], the test setup separation was 4.44m. The reference data was 

created by a bidirectional Thru calibration and the two antennas were facing each other 

through the closed chamber door, which was considered the point of highest signal 

leakage.  

The results shown here are for the E-plane only, although the H-plane results are similar. 

From Figure 5-8, the inside-outside attenuation of the chamber is around -60dB. Given the 

signal levels measured in the course of this work, it was thus assumed that there is no 

external disturbance from outside or signal leakage from inside the anechoic chamber. 

The chamber walls were also validated as a reflection test inside the chamber was also 

performed, with the results displayed in Figure 5-9. This chart compares the chamber 

reflection results to the rooftop VSWR test results and it can be seen that there is 

practically no difference (Figure 5-9). This indicates that over the test range the reflected 

power is dominated by the antenna cable impedance mismatch and that the chamber wall 

has no significant impact even for normal incidence. In fact when the chamber is used the 

transmitting antenna is very close to the receiver antenna and both are facing each other, so 

the amount of power going to the chamber wall will be very small. 
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Figure 5-8 E-plane anechoic chamber validation, Green is reference line and red/blue are 

signal attenuation 

 

Figure 5-9 S11 validation for WIT anechoic chamber, the reference line is taken from the 

S11 data from the roof (blue). The red trace is where the antenna pointing to the wall inside 

chamber 

5.4 Coated window measurement 

The initial propagation measurements were carried out on glass windows and building 

materials. The results are presented in this and the following section. The test infrastructure 

developed and calibration procedures for these initial measurements were later successfully 
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modified for the permittivity measurements of powders and liquids. The results provided 

were made using the Schwarzbeck (800MHz to 6GHz) horn antenna only. This work was 

published in European Wireless Conference, presented [54] by in Lucca by the PhD 

candidate.  

The windows being tested were two different brands of double glazed energy efficient (low 

emissivity- i.e. with one side of one of the two panes also coated with a selectively 

reflective surface, with the intention of retaining Infrared radiation within a building, 

thereby reducing heat loss) glass (Glass A: 2m x 1m, Glass B: 1m x 0.3m). The calibration 

procedure is a “line-through-line calibration”, a one-path two-port procedure for the VNA. 

In addition to comparing the attenuation from those coated glass windows, a normal plain 

single layer glass (4mm) was also measured, in the same test structure, simply for 

comparison purposes. The measurements were repeated at separations of 7m and 1.65m 

(test range reduced to 1 to 2GHz) and similar results were obtained. 

 

Figure 5-10 Different glass attenuation compare at 5m from large hall 

The same glass was then tested in the WIT anechoic chamber. In order to observe the far 

field criteria mentioned earlier, the test range was limited to 1-2GHz. In this range, the 

antenna separation can be 1.65m, for the chosen antennas. The results are presented in 

Figure 5-11 
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Figure 5-11 Propagation results from anechoic chamber at 1.65m 

The RF propagation results for the 4mm thick plain glass are always better than -3dB and 

correspond well with other published results [46]. There is a gradual increase in 

propagation losses, as reported by, for example, NIST [46]. For coated glass, the 

propagation can fall as low as -30dB and these results correspond well with previous work 

carried out by the research group, associated with this thesis [55]. 

 

Figure 5-12 Glass propagation measurements 

due to the different thickness of plain glass, 

from [52] 

 

Figure 5-13 TiO2/Ag/TiO2 coating transmittance 

and reflectance [53] 

Although neither the actual coating material nor the coating thickness nor even the 

uniformity of deposition is known for the coated glasses under test, certain conclusions 
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coated glass, which, from the perspective of RF propagation, may be assumed to be fairly 

indicative of the coating influence. (The graph may not be representative entirely of the 

glass measured here, in that the amount of transmittance/reflectance depends on material, 

thickness, anti-reflection material and nature of deposition). 

Those energy efficient windows are coated with transparent conductors (TCs) to access the 

controlling of the energy entering or leaving buildings. The heat transfer can be reduced 

from about 3-1.5 Wm
-2

K
-1

 to as low as 0.4 Wm
-2

K
-1

 for double glazing, principally by 

reducing the radiative energy loss for frequencies beyond (wave length lower than) the 

visible part of the spectrum. By using TCs, it could ensure the light transmittance in the 

visible part of the electromagnetic spectrum, as shown in Figure 5-12. Although published 

TC data measurements typically stop at about wavelengths of 3μm and the work here 

covers RF wavelengths from 5 to 37.5cm, it may be expected from the published graphs 

that the RF propagation would be quite low, which is indeed confirmed by the glass test 

result. The plasma frequency for TCs lies in the infra-red region. Below the TC plasma 

frequency, it acts as a conductor and reflects incident light [56]. Above the TC plasma 

frequency, it passes or absorbs light, acting like a dielectric. This conductor-like reflection 

behaviour is observed also at RF frequencies, which are much lower than those normally 

measured by those interested in TC development or those interested in window 

manufacture. 

Both coated windows offer significantly poorer RF propagation paths compared to 

standard glass. The results from the anechoic chamber, in Figure 5-11, are consistent with 

the large hall measurements, in Figure 5-10, albeit showing even poorer propagation. The 

higher propagation results for the hall may be due to some small signal leakage, in spite of 

the protective, RF absorbent foam shroud created for the receiver. 

5.5 Standing wave analysis 

The early test platform development also produced an interesting side analysis into the 

interpretation of the VNA output. As mentioned the initial VNA calibration technique 

calibrated to the cable ends, using the manufacturer supplied standard. A baseline antenna 

to antenna propagation measurement without MUT in the transmission path was then 
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recorded. When the material was then introduced, subsequent measurements were 

compared to the baseline and variations assumed to be due to the material’s introduction. 

While this technique is simple, it has flaws, some of which are addressed in the improved 

calibration technique. One flaw is that there will be some fluctuations in the measurements, 

caused by unavoidable standing waves. These standing waves are due to the introduction 

of the MUT and are inevitable with this technique, whether carried out in the large hall or 

the anechoic chamber. As the MUT is placed perpendicular to the antenna radiation path 

due to the impedance mismatches some of the wave will be reflected. It should be clear 

that due to the introduction of the material the impedance mismatches are no longer the 

same as when no material was present. This also means that at various frequencies, 

standing waves will be created between each component of the test set-up including 

antennas and the MUT.  

An interesting aspect of this new impedance mismatch appears as a standing wave 

superimposed on the S21 measurement, an example of which is shown for 4mm thick plain 

glass in Figure 5-14. The standing wave issue will affect both the attenuation and phase 

patterns. The wave is influenced by the position of the impedance mismatch in the 

propagation path for the S21 measurement. 

 

Figure 5-14 Normal 4mm glass transmission attenuation result with trend line 
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In dielectric material measurements, this standing wave will sometimes cause the S21 

measurement to be over 0dB, which may not at first seem possible as it is even bigger than 

the reference (no MUT) value (see Figure 5-14). Standing wave was caused by the 

insertion of MUT that cannot be removed. So these error values will mislead the test 

results in calculation. Therefore, a data smoothing technique is required, which before 

putting VNA data into calculation.  

The smoothing technique chosen here is from EXCEL Trend line function. By using the 

polynomial trend line and the equation it shown, we are able to provide the data of a trend 

line. For example in Figure 5-14, the equation shows the 3
rd

 order of a polynomial trend 

line of the standing wave. The R
2
 values for 3

rd
, 4

th
 and 5

th
 order polynomial fitting are 

0.53, 0.54 and 0.55, which are quite close to each other. Therefore, 3
rd

 order was chosen 

for smoothing the selected data. Same techniques are applied to VNA phase results as well, 

after unwrapping the phase (degree) data. 

 

Figure 5-15 Normal 4mm glass transmission phase change result (with angle wrapping at 

180°) 
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transmitting site receiving site

distance=d1 distance=d2

 

Figure 5-16 Multiple standing wave 

Clearly the MUT will introduce standing waves, which cannot be easily removed by 

conventional calibration. It is proposed that these standing wave can be analysed, by, for 

example, applying Fourier analysis to the VNA output. The basis for this analysis is 

outlined below. It can be shown that the VNA repeat patterns are each defined by a 

fundamental standing wave. For instance, Figure 5-17 shows a close-up of the VNA output 

for a single 7.65m cable. This pattern is usually calibrated out before MUT measurements. 

 

Figure 5-17 Standing wave chart from cable calibration 
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        (5-1) 

If this does indeed correspond to a standing wave then the fundamental wavelength should 

be double the distance travelled in the cable (one half of wavelength to the impedance 

mismatch at the cable end and the other half in the length back. In which case the 

calculated cable length is λ'/2 =7.645m, which closely matches the actual length of 7.65m 

[40].  

This concept could be taken further by examining the Fourier transform of the same VNA 

cable results, shown in Figure 5-18. The strong low frequency value may be ignored; as it 

is due to the VNA results being all positive (absolute values were taken, so there is a strong 

DC or average component).  

 

Figure 5-18 DFT result of cable validation 

The original swept frequency range was 800-2000 MHz, with 1000 sampling points, so the 

resolution of the VNA output is  

 
   

              

              
                  (5-2) 

As considering the ten periods from the peak at 817MHz to the peak at 968MHz, (range of 

151MHz). The number of samples between point 817MHz and 968MHz is (151MHz/1.2 

MHz/point)=125.8. There are ten periods in this range. The number of samples per period 

is equivalent to the ratio of frequency to sampling frequency in a conventional DFT. In a 

conventional DFT representation, the horizontal axis is from Zero Hertz to half the 
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sampling frequency in Hertz (assuming only half of the spectrum is displayed). The ratio 

described above defines the actual position of any individual frequency on the DFT 

spectrum. For convenience, the 1000-point VNA output was zero padded up to 1024 

points, so a radix-2 FFT could be performed. The ratio can be calculated and then used to 

predict where the peak should appear on the 1024-point DFT of the VNA output: 

 
   

                         

                
 
     

  
 

       
               

          
 

(5-3) 

 

          
 

  
 
    

     
    (5-4) 

Referring to Figure 5-18, the relevant point on the Fourier transform is also 82.  

Of course, to have real value the DFT output needs to be translated into distance, so that 

the interface causing the standing wave may be determined. In this case there is only one 

interface (the end of the cable), but in a real system, more than one standing wave may 

appear in the VNA output, due to the presence of multiple interfaces. In this case, the 

number of samples is 1024.  

The fundamental standing wavelength ’ is  

 

     
 

 
 

                

                           
 

(5-5) 

   

  
 
                        

                    
 

 
      

              
 

 
   

       
 

        

(5-6) 

Therefore, 
                        

                    
 is a constant, which will be called k here. So then, 
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(5-7) 

where 

f  is the number of points in the DFT (1, 2, 3,…… f) 

N is the total number of sample points (usually 1024) 

If there is only one period in this range, number of samples per period equals to 1024. The 

number of sample per period in this range is defined as 1024/DFT points.  As two points 

from the VNA outputs were picked, the number of samples between these two points is 

127. So the relevant period can be defined as 127/ns. The difference between the select two 

points is 15.1MHz. 

Consider the results in Figure 5-19. There is a reflection response at x = 7.645m, which as 

mentioned earlier corresponds to the cable length.  

Analysing the more detailed output from a full MUT measurement would equally supply 

distance confirmation, as in the example above, but also, more importantly, a relative 

comparison of the impedance mismatches from various surfaces, by examining the 

amplitudes. If care is taken in choosing the VNA frequency range and the number of 

sampled points, it should be possible to even distinguish between the two different 

reflection coefficients in the energy efficient double glazed windows. As this technique is 

not core to the present PhD research, merely an interesting and possibly promising related 

topic, it can be easily pursued in some future work. 

 

Figure 5-19 DFT chart converted to distance response chart 
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5.6 Building material measurement 

The RF propagation measurements on energy efficient glass proved useful in developing 

both a test platform and appropriate calibration techniques for future dielectric analysis. On 

completion of the energy efficient glass tests, it was decided to confirm the techniques and 

to examine the requirements for various material thicknesses and consistencies to try to 

refine the requirements for variable thickness powder and liquid measurements. Several 

other building materials were therefore tested, such as concrete blocks, natural and 

synthetic slate and four different popular types of thermal building insulations. These 

fulfilled the requirements for variable thicknesses, consistencies and shapes and also 

completed the analysis of RF penetration into energy efficient buildings, relevant papers 

were published in the Royal Irish Academy URSI [57] and IET Colloquium [58]. In order 

to guarantee the antenna far field boundary (800MHz - 6GHz range), the distance between 

the two antennas for all tests was maintained at 5m. All measurements are presented 

relative to no MUT and consequently phase and attenuation measurements represent 

changes due to the MUT. 

 

Figure 5-20 100mm concrete blocks S21 results at 5m separation, frequency range: 

800MHz to 6GHz 

-30 

-25 

-20 

-15 

-10 

-5 

0 

5 

800 2800 4800 

L
o
ss

es
  
in

 d
B

 Frequency in MHz 

Free space calibration 

Concrete Block 



103 

 

Figure 5-21 Natural Slate (1m by 1m) on 8mm plywood board S21 Results at 5m separation 

 

Figure 5-22 Synthetic Slate (1m by 1m) on 8mm plywood board S21  

For the four types of insulation tested, their size was initially relatively small compared to 

the antenna separation (5m) required to guarantee far field measurement over the range of 

frequencies 600MHz to 6GHz, with the chosen horn antennas. In order to reduce the 

ground effect and signal scattering, as well as increasing the proportion of signal passing 

through the target, the distance was reduced to 1.65m, at which the far field frequency 

range reduces down to 1 - 2GHz (Figure 5-23).  
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Figure 5-23 Foil backed insulation, graphite-impregnated polystyrene insulation, rockwool 

and plain polystyrene sheet sample results. (The results of graphite-impregnated 

polystyrene insulation, rockwool and plain polystyrene are similar and all close to 0 dB, 

therefore, only two lines are shown in the chart) 

It is clear that the foil backed insulation allows the least amount of signal to propagate. 

Given that this type of insulation is now the norm in cavity walled constructions, coupled 

with the results for the energy efficient windows and the cavity blocks, one wonders how 

wireless communication will function in the future, particularly for mobile handheld 

devices (other devices, such as the television may have wires passing from the outside to 

the inside, thereby penetrating through this energy-efficient RF screen). 

5.7 Vehicle window & tints measurement  

In addition to the building materials tests, car windows and window tint films were also 

measured as these are unusual shapes and sizes and required a lot of thought in relation to 

the test set-up. 

The result is that for a range of automotive glass (front heating glass, rear heating glass and 

side window glass) propagation results are quite similar, in that they all have nearly -5dB 

attenuation.  

Three different car window tint films were also tested, which are limo black, light smoke 

and silver reflector. These films were also the thinnest materials tested in the course of this 

work. The attenuation of the silver reflector tint is significant, as much as -20dB, where the 
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other two films was lower than -5dB. Therefore, most RF propagation can pass through 

those two films, including mobile phone, and GPS wireless signals. Cars using the silver 

tint on the other hand suffer considerable attenuation to their RF signals, including GPS 

and mobile phones.  

 

Figure 5-24 Three different car window tint film S21 results at 1.65m measurement distance 

(the losses of light smoke and limo black tints are very close to zero, therefore, only two 

lines are shown in chart ) 

5.8 Dielectric material measurement and analysis 

The wireless propagation measurements initially carried out focussed on attenuation and 

ignored phase variations caused by the materials. This research then moved on to include 

phase measurements for dielectric analysis using RF propagation. Solid glass was the first 

material to be tested for its dielectric properties. When powders and liquids were later 

considered, then various thicknesses of standard glass were used for the container walls, 

even though its permittivity presented an inversion challenge in the dielectric calculations. 

It offered the advantage, however, of visible examination of material distribution (in the 

case of powders) and also a fairly good rigidity of containment of the MUTs. Glass was 

later replaced with an opaque plastic whose permittivity constant was approximately one 
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Dielectric analysis work on model design and some results has been published in 
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successful results are also accepted by EUCAP (8th European Conference on Antennas and 

Propagation) in The Hague, Netherlands, in April 2014. 

5.8.1 Solid glass dielectric constant 

In the early testing stage of the system, the first results presented are for solid glass at 

thicknesses of 4mm, 6mm, 8mm, 12mm and 15mm. Glass was chosen due to its 

availability and previously published data. Due to confidentiality reasons, the ingredients 

of each glass could not be obtained from the manufacturers. 

Also the glass panes were possible candidates as walls for containment purposes in the 

final horizontal propagation path system, offering rigidity and ease of material inspection 

at the early stages of development. Furthermore, the permittivity of glass can be calibrated 

out in the vertical (proposed) propagation path system, as only a single containment (i.e. 

not a sandwich) layer is required in such a system. 

 

Figure 5-25 Dielectric constant of glass pane with different thickness glass raw data 
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Figure 5-26 Dielectric constant of glass pane with different thickness glass (smooth) 

 

Figure 5-27 Dielectric loss of glass pane with different thickness glass raw data 
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The results show reasonable agreement with each other and with the published values of 

permittivity constant for glass (from 2 to 15 dielectric constant figures), taking into account 

that the glass is from different manufacturers.  

Several measurements are performed in different days for certain glass, with the aim to 

confirm testing results. The variation in results may be attributed to different glass 

compositions, although the existence of such composition differences in the glass used has 

not been possible to confirm. The five panes of glass used in testing, were ordered directly 

from the distributer, but it was not possible to purchase the various required thicknesses 

from the same manufacturers. Silica (SiO2), sodium oxide (Na2O), boric oxide (B2O3), 

alumina (Al2O3) and magnesia (MgO) are the main constituents of different types of glass 

(especially silica) and each have different dielectric properties [60]. The percentage 

compositions may vary depending on the intended glass usage. The overall glass dielectric 

properties will be different, depending on the different percentages of each of these 

ingredients. The permittivity of the mixtures fell between the predictions of two classical 

mixing rules: the Maxwell Garnett formula and the Bruggeman formula. [61] [62] [63], 

according, for example to the Landau-Lifschitz formula or the several modifications 

introduced thereafter. For example,  

 Fused quartz is primarily composed of SiO2, although this is not a very common 

glass, due to its high glass transition temperature of over 1200 °C 

 Sodium carbonate (Na2CO3, "soda"), can be used to lower the glass transition 

temperature. However, soda glass alone is water soluble.  

Calcium oxide (CaO), Magnesium oxide (MgO) and aluminium oxide (Al2O3) are added 

for better chemical durability. The resulting glass contains about 70 to 74% silica by 

weight and is called a soda-lime glass. Soda-lime glass accounts for about 90% of 

manufactured glass. For different glass usage purposes, the chemical composition of each 

glass pane would be expected to vary. For instance, thin 4mm glass is very brittle and 

needs extra reinforcement and thus would typically contain more aluminium. For use in 

windows different thicknesses need different thermal expansion capability and, 

importantly, good optical transparency.  
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Although the components and their percentage volumes of certain glass is usually 

confidential information , the assumption is the higher dielectric constant of the 4mm glass 

pane compared to other thickness glass is due to the different composition of each glass 

pane, as outlined in this section. 

5.8.2 Dielectric powder and liquid measurements 

As mentioned in Chapters 3 and 4, a test platform was developed that was initially used to 

qualify wireless propagation through energy efficient windows, and building materials. 

Subsequently, the setup was modified, through the addition of a bespoke tank to facilitate 

the dielectric analysis of powders and liquids. The tank fitted into the original structure and 

had a fixed, inflexible thickness design. This tank was later replaced with a second more 

elaborate and also more flexible tank, also capable of use in measurements of powders and 

liquids. 

1) Plain Flour 

Published dielectric constant results of plain flours are between 2.5 to 3 at room 

temperature.  In one measurement, standard household plain flour was tested. Four 

thicknesses of flour were tested, 3mm, 8mm, 30mm and 36mm.  

When the thickness is very small (3mm and 8mm), the wavelength in flour is bigger than 

the thickness of the flour sample, therefore less than one probing wavelength is present in 

the flour, so n in equation (4-31) is equal to zero. However, when the thickness is up to 

30mm or 36mm, n is then considered greater than zero. 
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Figure 5-28 Plain flour dielectric constant raw data 

 

Figure 5-29 Plain flour dielectric constant (smooth) 
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Figure 5-30 Plain flour dielectric loss raw data 
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2) Water 

The water tested here was normal tap water. Thickness was controlled using the flexible 

tank. Measurement was performed in room temperature (25 to 30C).  

 

Figure 5-31 Tap water dielectric constant raw data 

 

Figure 5-32 Tap water dielectric constant (smooth) 
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Figure 5-33 Tap water dielectric loss raw data 
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containment system is considered as a heterogeneous material that can experience 

interfacial polarisation as predicted by Maxwell and Wagner [19] [20]. Their work 

explains that for the lower microwave frequency region used in tests described here, that 

the movement of charge carriers trapped in the interfacial region is caused by 
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low-frequency region (of the test range used here), and usually exhibit higher losses at high 
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Dielectric material properties that at a molecular scale, several mechanisms contribute to 

define dielectric behaviour. With increasing the frequency, the dominant mechanism 

contributing to the dielectric constant is the polarisations that still have time to reach their 

steady peak value. The slower mechanisms drop out in turn as frequencies rise, the faster 

ones, however, continue to contribute to r. Recall that the loss factor (r’’) will peak at 

each critical frequency. The magnitude and “cut-off frequency” of each mechanism is 

unique for different materials. Water, for example, has a strong dipolar effect at low 

frequencies, but its dielectric constant rolls off dramatically around 20GHz (beyond the 

testing range of this research). 

5.8.3 Horizontal setup disadvantages 

It became obvious early on in the development of the horizontal test structure that the 

combined rigidity and flexible depth requirements were very difficult to meet, especially 

when glass is considered for the containment. Perfect rigidity was difficult, even with 

12mm thick glass. Values lower than this thickness exhibited a lens effect, shown in block 

diagram form in Figure 5-34 and in a measurement of table salt (Figure 5-35). One 

consequence of this is surprisingly large values of S21 at some frequencies, even when the 

lens effect is not so obvious to the human eye. 

 

Figure 5-34 Lens effect caused by insufficient container rigidity 
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Figure 5-35 Lens effect in salt test (deliberate misalignment reconstructions) 

The requirements to measure materials at several thicknesses also presented challenges of 

misalignment of container walls. These produced apparently anomalous results until 

deliberate misalignment reconstructions were measured to confirm misalignment as the 

source of the anomalies. 

  

Figure 5-36 Misalignment reconstruction tests 

5.8.4 Vertical measurement proposal 

Although a vertically aligned test infrastructure presents particular structural challenges in 

particular in stability, normal incidence and alignment; some benefits are immediately 

apparent compared with the horizontal structure. Immediately, the containment 
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requirement is simpler and the flexible depth to allow variable MUT thickness is also much 

more straightforward.  

 

Figure 5-37 Candidate vertical measurement system, in WIT anechoic chamber 

 

Figure 5-38 Vertical measurement system, photo shoot in WIT anechoic chamber 
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Figure 5-37 Figure 5-38 illustrates a proposed structure to implement a vertically aligned 

measurement in an anechoic chamber. This structure consists of one layer of glass beneath 

the material instead of the two layers required in the horizontal structure, which also allows 

an easier inversion (no ABCD matrix requirements) in the permittivity calculations. Once 

fixed in place, it also permits normal incidence of the waves with more accuracy. It is 

excellent for high permittivity values (short electrical length, as the MUT can easily be a 

depth of 5mm or less, with one limitation now being accurate of depth measurement. It 

also provides simple and easy measurements of MUT thickness variation (powders) and is 

particularly easy to test liquids [65]. 

5.8.5 Uncertainty terms analysis 

Expressions of constitutive parameters of liquid / powder samples were derived using an 

asymmetric cell from reference-plane invariant S-parameters. However, the effect of 

sample holder properties on the measurement accuracy and on the performance of the 

proposed method was not considered. Toward this end, in this section, an uncertainty 

analysis was performed to consider the effect of some parameters on the accuracy level of 

measurements. Several factors contribute to the uncertainty in permittivity and 

permeability determination in free-space measurements namely:  

1) The uncertainty in measured S-parameters 

2) Errors in the sample and holder lengths 

3) The uncertainty in reference-plane positions 

4) Mismatches 

5) Air gaps between the internal surface of the sample (holder) and inner walls of 

container 

Care can be given to limit the uncertainties due to calibration, misalignments, and 

mismatches by using appropriate free-space calibration techniques and machining the 

sample holder with no scratches, nicks, or cracks [24].  

Because part of MUT in our problem is the liquids, and because liquid samples occupy the 

container where they are poured, there will not, in essence, be any air gap between 

container walls and the sample. About the powder MUT, if well taken care when added in 
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to container, air gap can also be eliminated. On the other hand, utilizing low-loss sample 

holders as for holding the liquid sample (i.e., glass pane), small air gaps (if any) between 

the MUT and container walls will not much change the measurement results. 

5.9 Conclusion 

This chapter presented all the measurement results and data analysis, from the early 

propagation test results to the subsequent complete dielectric measurement results and 

analysis. For the early propagation tests, energy efficiency glass, building materials, 

insulation materials and vehicle windows were examined. From these results it can be seen 

that some of those type of materials have a very strong attenuation to RF signals. For 

dielectric materials, glass, water and plain flour were tested. The permittivity results are 

close to the published values. The horizontal test structure was used for most test setups, 

but some final results presented were taken from a new vertical set-up.  
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6 Conclusion & Future Research 

This work set out to develop a novel free-space dielectric analysis technique. In dielectric 

analysis, materials which exhibit dielectric properties will interact with incident 

electromagnetic fields and the manner and scale of the interaction can be measured and 

analysed to determine those very dielectric properties. 

The previous research work is based on wireless signal propagation through different 

materials, and, to use the same technology to carry out dielectric material characterisation. 

Non-destructive testing (NDT) for material characterisation can be performed by 

measuring complex permittivity and permeability using this technique. Dielectric analysis 

has advanced considerably and now includes several frequency and time domain 

techniques, in free space and also confined space, for individual frequencies and also for 

broadband, for both high and also low loss materials. Developments have included a 

reduction of the effects of multiple reflections, of diffraction from boundary edges, of 

initial guesses for εr, of precise sample thickness knowledge, and of phase uncertainty in 

reflection measurements. Many of the free space propagation measurement techniques are 

used or could be used on similar platforms and this concept forms the basis of the test 

platform design described in this work. 

Although non-resonant waveguide techniques are popular and require less material, free 

space broadband techniques can yield useful results due to the bulk of material and a large 

frequency range for measurements. Reflection only free-space measurement techniques 

obtain the dielectric properties from the reflection coefficients, and consists of an antenna 

illuminating a flat-surface MUT. Although simple, such techniques can suffer if the surface 

is not smooth, or if the surface is in any way not a good representation of the bulk of the 

material (e.g. moisture content) and standard calibration techniques can be applied. 

Therefore, techniques that include propagation measurements offer the advantages of 

reduced impact of surface roughness (especially at higher frequencies), local variations in 

material composition can be averaged out and standard calibration techniques can also be 
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applied. The proposed test platform will accommodate reflection only, as well as 

transmission/reflection techniques. It will also be flexible in accommodating various 

sample thicknesses, required by some measurement techniques. 

It is proposed to examine several of these techniques, in the same environment, for the 

same materials, by using the new vertical transmission design in the WIT anechoic 

chamber. 

From Chapter 5, at least two or in some cases three or more different thickness of MUTs 

are measured for the new technique [66].  The new vertical platform design will consist of 

a flexible container made of one piece of glass pane. A block diagram representation, 

where spacing can vary from a minimum value of d1=3mm to a maximum value of 

d2=36mm, the latter figure having been chosen simply to the size of the vertical container. 

This means there is also a lot of more flexibility in MUT thickness, compare to the 

horizontal measurements. So it is not only reduce the systematic error of the horizontal 

setups but also remain the MUT can either be liquids or powders. In addition, the shape of 

MUT is not uniform. 

From the three tested material results (glass, plain flour, tap water), both dielectric constant 

and loss are presented in this thesis, however, in some parts of the charted results, the 

dielectric values are not as good as expected, in particular that some dielectric constant 

values are lower than 1 (impossible) and dielectric loss are close, but plain flour dielectric 

loss has an error of roughly ten times of published data (around 0.005 from 800MHz to 

6GHz); dielectric loss value of glass is very close to published data (normal glass is around 

0.2); dielectric loss of water from 800MHz to 6GHz is around 10 to 15, therefore, the 

calculated result from this technique is close to this value. This focus of this thesis is to 

develop and establish a novel testing technique for measuring dielectric constant and loss. 

While this has been achieved, there are nonetheless a few areas that need some 

improvement. These further works will be carried out in future research in the Waterford 

institute of Technology. 
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