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Abstract

The complex permittivity and permeability of materials can be measured by different
techniques, but none of the conventional methods is appropriate for measuring lossy
materials at millimetre wavelengths. In this thesis a new free-wave technique for measuring

the properties of lossy materials at these frequencies is introduced.

Free-wave and conventional measurement techniques are reviewed. The sources of error in
free-wave measurements are explained, and ways to reduce their impact from the
measurement results are discussed. Various methods for calculating the sample properties
from the measured parameters are introduced, and the dependence of the sample properties
on these parameters are studied. The total error in the sample properties is investigated, and

the optimum way of using the measured data is presented.

The use of time gating for removing unwanted reflections from the measurement results is
explained, and the gating error due to discarding higher order terms of multiple reflections
within the slab for an ideal time domain gate is calculated. The gating error for a real gate is
simulated and compared with the calculated values for an ideal gate. Removing multiple
reflections within the sample by the time gating technique is introduced, and the minimum
electrical length of the sample is estimated. It is also shown that ignoring multiple

reflections within the sample improves the total accuracy.

An angular spectrum model considering the measurement in the near-field region is
introduced. The accuracy improvement delivered by this model is demonstrated by
simulation techniques, and the minimum antenna distance to ignore the wavefront curvature
error is estimated. The key parameters in constructing a compact single-pass system for
measuring material properties in the range of 26.5-40 GHz are presented, and examples of
the results obtained from measurements of ferrite and dielectric samples are presented and
discussed. Finally the achievements obtained in this project are summarised, and further

work to improve free-wave measurement techniques is suggested.
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Symbol Definition

r Reflection coefficient of a semi-infinite slab.

I; Reflection coefficient of a slab of finite thickness

I Reflection coefficient from of a semi-infinite at parallel
polarisation.

I, Reflection coefficient of a semi-infinite slab at perpendicular
polarisation.

Iy Reflection coefficient of a slab of finite thickness at

parallel polarisation.

I;, Reflection coefficient of a slab of finite thickness at
perpendicular polarisation.

T, Transmission coefficient of a slab of finite thickness at
perpendicular polarisation.

T, Transmission coefficient of a slab of finite thickness at

parallel polarisation.

P Propagation coefficient.

Ao Wavelength in free space.

A Wavelength within the sample.

CF Correction factor, transmission measurement.
7] Incident angle with respect to the normal to the sample surface.
& Relative complex permittivity (€,=€+j€").

£ Real part of the relative permittivity.

£ Imaginary part of the relative permittivity.
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1 Introduction

1.1 Background

Knowledge of the complex permittivity and permeability of materials is needed for many
purposes, and the required measurement accuracy varies in different applications. The
design of resonators, lenses, radomes, etc., needs precise measurement of dielectric
properties, while in industrial heating applications the loss properties of the materials are of
great importance. The magnetic properties of materials should be precisely known in

designing isolators, circulators, and radiation absorbing layers.

At millimetre wavelengths, conventional measurement techniques (waveguide and cavity
resonator) become inaccurate and difficult to use. The maximum operating frequencies of
these techniques are limited by the size of the waveguide or cavity. Open resonators are
also inherently appropriate for low-loss materials at these frequencies, but they run into

difficulty in measuring lossy materials.

Free-wave measurement techniques use TEM propagation without continuous guiding
constraints, and the specimen can be relatively easily introduced into the measurement
system. In these techniques, the sample should have flat and parallel surfaces with known
thickness, and the sample size in the transverse direction should be large enough to
intercept the incident wave adequately. The capability of measuring lossy materials and
relatively easy sample preparation make free-wave techniques attractive at millimetre wave

frequencies.

Although free-wave techniques are not new, they have not been employed extensively for
measuring material properties. Lower accuracy with respect to resonance methods and
inaccuracy in measuring the fields are the main factors that have restricted their popularity.
The propagation of waves in an unbounded region introduces error in the measured
transmission and reflection coefficients which cannot be removed by conventional error

correction techniques.
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The use of error correction techniques and time domain gating have resulted in improved
accuracy in the new generation of automatic vector network analysers. The ability of
measuring scattering parameters and removing systematic error over a wide range of
frequencies has initiated the idea of using automatic network analysers in free-wave
measurements. Regarding the increasing demand for employing mm-wave frequencies in
military and civil applications, free-wave methods are considered as potential techniques for
measuring the properties of lossy materials at mm-wave frequencies. Since these
techniques are non-destructive and contact-less, they can be used for measuring a wide
range of materials at different physical conditions. Free-wave methods deliver relatively
poor accuracy with respect to resonance methods and are basically appropriate for
measuring the properties of materials with high loss tangents. In spite of these intrinsic
limitations, they provide a unique technique for measuring complex permittivity and

permeability of lossy materials at mm-wave frequencies

1.2 Thesis layout and objectives

The lack of a reliable technique to measure the complex permittivity and permeability of
lossy materials at millimetre wavelengths has been one of the main obstacles in developing
and testing new materials in this frequency band. The use of multi-layered structures to
reduce the radar cross section of ships and aircrafts is one of the main motivations for
devising an appropriate measurement technique for characterising lossy ferrites at mm-
wave frequencies. The aim of this research is therefore to study free-wave techniques in
order to devise a reliable method for measuring the properties of lossy materials at

millimetre wavelengths.

This research was indeed initiated by the idea of measuring the magnetic and electrical
properties of a sample from the measured reflection coefficient at two polarisations
proposed by Cullen [41]. The availability of open resonator as a well established
measurement technique for measuring low-loss materials and the potential interest of the
industry in measuring lossy ferrites at mm-wave frequencies provided the motivation to
devise an appropriate measurement technique for lossy materials and to build a prototype

system as the main objectives of this research.

22



Chapter 1 Introduction

In this research, the development of a practical measurement system and construction of a
prototype measurement system have been a high priority. Therefore a great effort has been
made to implement and examine the suggested techniques, while also tackling the problems
by means of a theoretical approach and simulation techniques have not been put aside

throughout this project.

In free-wave techniques, the total error in the sample properties depends on the accuracy of
the instrument used for measuring the required parameters. At millimetre wavelengths the
measurement instrument and the passive components are extremely expensive, and the
required instrument and measurement environment cannot be provided in some cases.
Therefore, the effectiveness of different techniques are examined by comparing the results

obtained from the measurement of the same sample by different techniques.

The main part of the thesis is devoted to the presentation and discussion of the most
important topics such that the reader does not need to go through cumbersome derivations,
while the simulation results and derivations can be found in the appendices. Chapter 2 is
devoted to reviewing the conventional methods and free-wave measurement techniques,
and the basic theory of free-wave measurement methods is presented in chapter 3. In
chapter 4 the conventional error terms and the new error sources introduced by the free
space paths are studied, and various methods for removing or reducing the impact of the
error terms are discussed. The use of time domain gating technique to remove the effect of
multiple reflections within the sample and the associated error sources are presented in
chapter 5. This chapter continues with a thorough study of this technique and its
limitations. In the gating error analysis, the time domain gating error for an ideal gate is
calculated and compared with the simulation results. The criteria for considering the sample

as thin or thick are presented, and the achieved accuracy improvement is discussed.

In chapter 6, a new mathematical model for calculating transmission and reflection
coefficients in the near-field region is introduced, and the use of this model in calculating
the material properties is discussed. The error due to the measurement in the near-field and
its impact in the calculated material properties are simulated and discussed. Chapter 7 is
devoted to the study of the mechanisms contributing to the total error and the mathematical
relationships between the measured parameters and the error in permittivity and
permeability. In this chapter, the total measurement accuracy for various methods are

examined and compared.
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In chapter 8, a prototype single-pass free-wave measurement system and the considerations
in its design are presented. The measurement procedures are reviewed, and suggestions for
improving this system are made. Chapter 9 is devoted to presentation of the results
obtained from the measurement of some dielectric and ferrite samples. Chapter 10
completes the thesis by summarizing and reviewing the achievements in this research, and
the total accuracy in free-wave methods are discussed and the preferred technique for
measuring different types of slabs are recommended. Finally, suggestions for further

research in the required areas are presented.
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2 Review

2.1 Introduction

Various techniques have been devised for measuring the electric and magnetic properties of
material. Although some can be used directly, or modified for measuring magnetic
properties, most of the them are appropriate for measuring only dielectric properties. The
aim of this chapter is to review different measurement techniques, with an emphasis on

free-wave measurement methods.

The techniques for measuring material properties can be categorised into different classes.
Each of these methods has its own accuracy, frequency range and limitations. Although
there is now complete overlap and coverage from RF to infrared, the description of
experimental methods are divided into microwave methods based on microwave hardware,
and optical methods which are based, almost but not quite exclusively, on free-space
interferometers. As microwave methods are of interest in this project, only these techniques
are reviewed in this chapter. The reviews of different measurement techniques by Afsar et
al [1], Birch and Clarke [2], Clarke and Rosenberg [3] and Lynch [4] cover virtually all the
conventional methods. In the first part of this chapter, conventional techniques are briefly

reviewed, then free-wave methods are discussed.

2.2 Low frequency

At frequencies below a few hundred MHz, lumped circuits are used for determining the
electric properties of materials, and the classical approach is to treat the sample as a lossy
capacitor. The dielectric specimen is placed between two electrodes to form a specimen
capacitor, and the complex permittivity of the sample is calculated by measuring this
capacitor cell in a bridge or a circuit resonated with an inductor. In this technique, the
geometry of the sample is such that its vacuum capacitance can be calculated. The preferred

shape is a flat plate with plane and parallel surfaces, either circular or square.
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The edge capacitance of the electrodes and the capacitance of the upper electrode to ground
introduce error in the measurement. Micrometer electrodes or suitably shielded three-
electrode systems can reduce the effect of both the capacitances. Applying electrodes on the
sample surfaces increases accuracy in the dielectric constant measurement, but the residual
impedances of the electrodes decreases the accuracy in measuring the dissipation factor. At
high frequencies, the resistance of the electrodes becomes more significant. In the
measurement of low permittivity materials, an intentional air gap may be introduced

between the specimen and the electrodes (Lynch [6]).

In the three-electrode technique, one of the measuring electrodes is surrounded by an
additional guard electrode. In order to measure the dielectric constant accurately, some type
of thin film metallic electrodes must be applied to the specimen. This metallic film improves
the contact between the specimen and the electrodes. Air gaps between the sample surface
and the electrodes decrease the dissipation factor and cause error in the dielectric constant
measurement. There are also some techniques devised to reduce air gaps between the

sample surface and electrodes (Von Hippel [5]).

The electrode system can be either fixed or adjustable. In the first case the capacitance
changes after inserting the specimen, but in the latter the capacitance is adjusted to the same
value before inserting the sample. In the capacitance model of the specimen, the edge
capacitance must be taken into account (Lynch [4]). Only in the immersion method, where
the specimen is immersed in a liquid of the same permittivity as the specimen, can the edge

capacitance be ignored.

The micrometer-controlled electrode system designed by Hartshorn and Ward [7] has low
series inductance and resistance, and it yields excellent results whenever two-electrode
measurements are acceptable (accuracy of 5 parts in 1000 in permittivity measurement).
The electrodes themselves would allow the measurement of loss angles down to 20
microradians or better. In the measurement of specimens larger than electrodes, the
correction due to the edge capacitance which is partly in air and partly in the specimen must
be considered (Lynch [8]). At frequencies below 1 MHz, a third electrode is used for
guarding one of the electrodes. In the frequency range of 1 kHz to 1 MHz accuracies of
+5x107 for power factor and uncertainty of 0.1 percent in dielectric measurement can be
delivered by this method (Lynch [6]).
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In the liquid immersion method, the result is almost independent of the specimen
dimensions, provided that the permittivities of the specimen and the liquid are well
matched. The advantages of the liquid immersion method apply only in the measurement of
permittivity, since the loss tangents of the specimen and liquid are not matched. The main
difficulty in measuring the dielectric properties of a liquid is in ensuring their purity. The

difficulty of finding a matched liquid for each material is another disadvantage.

Different techniques have been developed to improve the accuracy in bridge measurements
(Von Hippel [5] and Lynch [4]). For lossy materials, non-resonant methods using RF
bridge are more appropriate. Lynch [9] has described the use of unbalanced bridges for the
measurement of dielectric losses up to 100 MHz. A balanced bridge using two different
sources locked manually has been reported by Pratt and Smith [10]. This system works

from 0.1 Hz to 10 MHz over a temperature range of -200°C to 200°C.

Although bridge methods can be used up to very high frequencies, resonance methods give
better accuracy above 1 MHz. The highest frequency of resonant circuits is limited by the
smallest inductor that can be built with sufficiently small dissipation factor, to about 200
MHz. At very low frequencies, below 10 Hz, the voltmeter-ammeter method can be used to
measure the charging or discharging of a dielectric specimen as a function of time. The
measurement may take as long as days, since the current must be observed over a long time
at very low frequency, e.g. 10"7 Hz. This classical technique needs very sensitive
instruments for measuring the voltages or currents. Time domain spectrometry can also be
used for measuring dielectric properties of a sample at these frequencies. This is a fast

technique but delivers poor accuracy in measuring loss tangents.

At frequencies below 1 MHz electrode systems are usually used, and the capacitance and
dissipation factor of the dielectric specimen is measured by a null method in an ac bridge.
This method is limited at lower frequencies by the following factors: excessive required
time for balancing the bridge, harmonics of the generator and insufficient sensitivity or
selectivity of the detectors. After any adjustment, a certain number of cycles must pass to
establish equilibrium. Therefore, for frequencies below a few Hertz it becomes too difficult
to balance the bridge. The upper frequency of the bridge method is set by the residual
impedances in the leads to the specimen, the standards and the bridge components. The

bridge method is useful in the frequency range of 10 kHz up to 10 MHz.
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In the frequency range of 10 kHz to 200 MHz, the resonant method is usually employed.
The capacitance of the specimen is still measured by a substitution method, but loss
properties are calculated from the resonance curve. Again, in the resonance method, the
upper frequency limit is set by the smallest inductor that can be built with sufficiently low
dissipation factor, up to about 200 MHz. The lower frequency limit (10 kHz), which is
given by the input impedance of the voltmeter, overlaps the usable frequency in the null
methods. The effectiveness of the screening technique decreases rapidly for frequencies
above 1 MHz. The unscreened two terminal approach, above 1 MHz, has always delivered
large uncertainties (0.5 percent or worse) for permittivity. As this method can measure very
low-loss dielectrics (tan & <10 prad) in solids by accurate determination of Q-factor, it is

still in favour.

A source of error in two-terminal cells is fringing fields, and mathematical correction is
usually used to remove it. This technique, as a sensitive method of measuring low-loss
polymers, has been the subject of many investigations. At VHF frequencies this technique
has been improved for accurate measurement of the complex dielectric constant by Ogawa
[11], Kakimoto [12], Kakimoto [13], and Buckingham [14].

At UHF, TEM re-entrant cavities are used for measuring permittivity. In the re-entrant
cavity technique, the sample is assumed to have a diameter equal to the resonator metal
cores and the fundamental mode (lowest resonant frequency) to be excited. These
assumptions introduce some limitations to the measurement method. The maximum value
of permittivity is limited up to 20 for the cases where the sample diameter is equal to core
diameter, since the off-tuning amount of resonant frequency increases with increasing the
permittivity. The second limitation of this method is the maximum loss tangent of the
specimen (z10'2). This limitation arises from the requirement of filling the area of the cavity
where the electric field is high. Kaczkowaski and Milewski [15] reported an uncertainty of
+1 percent in the real part and +(5% + 5x107 ) for loss tangent of a large range of materials
by using their computational technique. In their method, the sample size is smaller than the
cavity core size. Clarke [16] has used positive feedback to increase the Q-factor of the
cavity for measuring of organic liquids. There are also a number of approaches to compute

the fields in the re-entrant cavity accurately, e.g., Ciuffini and Sotgiu [17].
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2.3 Time domain spectroscopy

In TDS, instead of measuring the response of the sample to a periodic function, the
response to a step function is measured. A fast rise voltage is propagated in a coaxial line
and the changes in the characteristics of the pulse after reflection from or transmission
through a dielectric-filled section are measured. Then, the complex permittivity of the
sample is calculated from these measurements in a particular frequency band. The step
function approach for measuring material properties was not a new method, but the
restriction on the instrumentation to pulse widths of longer than 1 pus had been the main
problem in employing this technique. In the late 1960s, the development of fast sampling
oscilloscopes together with tunnel-diode step generators having rise times as fast as 35 ps

allowed time domain spectrometry to be used widely for material properties measurement.

TDS is used from 10 Hz up to 10 GHz, but its accuracy decreases rapidly towards the
higher end. TDS is a powerful method for obtaining a great deal of information in a short
time, but its accuracy in measuring dielectric loss is less than the single frequency
techniques. This technique is also used at frequencies above 100 GHz. In the infrared
region, single frequency measurement is limited because of the lack of an appropriate
source working at a wide range of frequencies. The measurement of liquids in coaxial cells
faces with no major problem, but for solid materials machining requirement introduces

some restrictions to TDS techniques.

The different type of cells used in TDS measurements are reviewed by Afsar [1]. The bulk
of literature on TDS technique is concerned with liquid dielectrics, but techniques for
measuring solids have also been devised . For low-loss materials, multiple reflection TDS
has been developed, and a transmission TDS method has been used by Sugget [18]. A
theoretical view of dielectric behaviour as a purely time domain phenomenon rather than a
Fourier transform of frequency response has been developed by Cole [19] and [20]. At low
frequencies (below 1 kHz), good results can be achieved from a purpose-built automatic

system, and an accuracy of 10 mrad has been reported at 10 kHz by Mopsik [21].
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2.4 Frequency domain measurement

Although TDS techniques offer broad band measurement, this is at the cost of lower
accuracy. When accurate measurements of complex permittivity are required frequency
domain methods are preferred, particularly for low loss materials. At frequencies below 3
GHz, the standard coaxial technique is used. In this method, the locations of maxima and
minima of the reflection from a short circuited sample are measured by a probe. In this
method, the accuracy is limited to about 1 percent in permittivity and about +200 prad in
loss tangent (Lynch [4]). In this method, the losses in the conductors and the air gap
between the specimen and short circuit (for solid specimens) are the sources of error. This
technique is at its best between 200 MHz to 1 GHz. The use of an automatic network
analyser (figure 2.1) can improve the accuracy and automate the measurement procedure

(references [23]).

The increasing error with frequency and the difficulties of inserting the sample in the
coaxial method limit the use of this technique at frequencies above few GHz. The
measurement of the reflection or transmission coefficient from a piece of waveguide
containing the sample provides the required data for calculating the sample properties. The
waveguide methods are not suitable for specimens having dielectric constants of greater
than 4, since over-moding may cause problems. In the waveguide methods, reflection
measurements have been more popular than transmission measurements, and the well-
known Roberts and Von Hippel [22] method is probably one of the most commonly used
techniques at microwave frequencies. In this technique, the location of maxima and minima

from a short circuited waveguide containing the specimen are measured.

A fixed probe and a movable short circuit can also be used instead of a movable probe, if
the mode is such that a slot in the waveguide is not permissible. A liquid specimen can fill
the waveguide completely, but the air gaps between the surfaces of a solid specimen and
the waveguide walls is a source of error in this technique. Failure to fill a circular
waveguide used in a TEo1 mode does not introduce a serious error to the result, but failure
to fill the smaller dimension of a rectangular waveguide is important. If the reflections from
the ends of the sample are not taken into account in the calculations, the multiple reflections
within the sample should be made small. Tapering the specimen such that the thin end of
the taper lies against the narrow wall of the guide can reduce the multiple reflections. The

error due to the air gaps between the sample and the guide surfaces can be reduced by
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filling the gaps with a liquid of the same permittivity, if a low loss liquid matched with the

sample can be found.

Sample Coaxial Transmission Line

Sample Waveguide

S 2l(co)

Port 1 Sii(co) S 22(0)) Port2

S 12(0))

Figure 2.1 Transmission line method (upper), waveguide method (middle)

and the associatedflowgraph (lower).

2.4.1 Closed cavity

In spite of the greater convenience and easier automation in the waveguide method,
resonant methods are more popular. In measuring liquid permittivity, the liquid can be
introduced through a small filling hole to the cavity, but the resonator must be taken apart
for introducing a solid specimen. The division between two parts of the cavity should be so

arranged that no current flows across it, with regard to the chosen mode of resonance. The
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size of specimen must be large enough that inserting the sample changes the Q-factor and
the resonance frequency significantly. After inserting the specimen, the resonant frequency
is restored in adjustable cavities. The mode of resonance can sometimes be chosen so that

close fitting of the specimen against the walls is unnecessary.

There are two rather different approaches in closed cavity measurements. The perturbation
method can be used for all permittivities, for anisotropic and magnetic materials and for
medium and high loss materials. In the perturbation method, the fields in the sample and in
the cavity are approximated and the specimen size is small compared with the cavity size. In
the other approach, the cavity is partially or completely filled and the fields are derived from
Maxwell's equations. In this method, the cavity is filled with a reference material (or
vacuum). Then, the reference material is replaced with the specimen, and the second

measurement is made with the cavity again resonating in the same mode.

Measurements of low-loss materials require a larger sample which fills a significant
proportion of the cavity volume. In order to allow more accurate expressions for the fields
to be used without the mathematics becoming too intractable, simple geometries are
preferred. The most popular geometry is the TMy;( cavity, of cylindrical-shape. A tubular
cell of liquid or a round-shape specimen is placed along the axis of the cavity. Mathematical
approximations and practical difficulties can increase uncertainties in perturbation methods.
Numerical analysis can present a more complete description of the fields in the cavity, ( Li
et al [25]). In fact the exact theory is more commonly applied to the cavities used for
measurements on very low loss materials, 300 prad or less. The requirement of removing
the T,,;; mode has led to cavities being constructed from helical waveguide. Cook [26] has
reported an accuracy of about 1 percent in relative permittivity. He has achieved this

accuracy without too much difficulty in the measurement of PTFE.

2.4.2 Open resonator

It becomes difficult to use conventional cavity or waveguide methods for the measurement
of material properties at the lower millimetric or shorter wavelengths. Metal loss and small
sizes of cavity, which are two sources of error in these techniques, become more serious at

these frequencies. An open resonator with plane reflectors is the microwave form of the
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Fabry-Perot interferometer (Culshaw [27], [28], and [29]). In practice concave open
resonators are preferred, since they can keep the radiation more easily within the system
which leads to a higher Q-factor and smaller diameter for the specimen (Cullen and
Nagenthiram [30], Jones [31]). In open resonators (figure 3.2), the distance between two
reflectors are a few wavelengths, therefore the physical size of the cavity is not a problem.
The Q-factors offered by open resonators are high enough to measure low-loss samples
with high accuracy. The sample is in a sheet form placed between the two reflectors. In the
open resonator only the sample thickness must be known accurately and there is no
requirement of sample machining, hence this technique has a great advantage over closed
cavity methods. Different geometries have been proposed for the reflectors. Bi-concave or

plano-concave are the most sensitive type of open resonators.

Sample

Microwave reflectors

Figure 2.2 Bi-concave open resonator.

Open resonators have been developed to measure homogeneous low-loss materials at
millimetre-wave frequencies. TEM resonance, in which the electromagnetic field takes the
form of a standing-wave Gaussian beam, is used in the open resonator technique. On the
axis, the fields are at a maximum and fall away on a Gaussian curve as one moves from it.
Sample sizes of down to six wavelengths are quite adequate for measurements at the waist
of the resonator. Open resonators are used in the frequency range of 30 to 300 GHz. They

can be used at lower frequencies and are as sensitive as closed cavities, if the larger sample
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diameter does not cause a problem. The Q-factor that can be achieved is quite high, about
150000 at 35 GHz (Jones [31]). The high Q-factor allows high sensitivity in the
measurements of loss tangent, down to 1 prad in 100, in open resonators. The properties

of magnetic materials can also be measured by open resonators.

2.4.3 Free-wave methods

Free-wave methods for measuring material properties have been used for many years. As a
successful measurement of water permittivity, the Saxton and Lane [32] experiment at 1.58
and 1.24 cm is worthy of note. The measured reflection and transmission coefficients are
used to calculate the electrical properties of water. The appropriate distances of the antennas
from the sample surface is experimentally found by measuring the transmission between
the antennas as a function of their distance. In this experiment, the sample size is large
enough to ignore diffraction of the wave from its edges and the water absorption is

sufficiently high that the multiple reflections can be ignored.

Redheffer [33] discussed the use of free-wave methods for measuring the dielectric
properties of solids. He has also suggested possible techniques for reducing the error in the
measurement and developed the required formulae for calculating the sample properties
from the measurement at the Brewster angle. Later, this method was used by Talpey [34]
for determining dielectric properties at 35 GHz from the measured transmission and
reflection coefficients at the Brewster angle. The measurement of transmission coefficients
at parallel and perpendicular polarisations, as well as the measurement of the ratio of
reflection coefficients at the two polarisations at the Brewster angle are used to separate
magnetic and electrical losses. He approximated the multiple reflections within the sample
and reported an accuracy of + 6% in measuring some known dielectrics, (Bakelite, Glass,
Polystyrene, and Paraffin). Breeden [35] has used a rotated sample to avoid multiple
reflections at the two air/dielectric interfaces. For angles the near Brewster angle, he has
carried out an error analysis and checked the results by measuring slip-cast fused silica at
94 GHz.

A method for measuring dielectric properties of liquids is presented by Jeyaraj et al [36]. In
their method, the reflection coefficient of a metal backed liquid sample is measured for

different sample thicknesses. They used a curve fitting algorithm to find the permittivity of
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the liquid, and reported a relatively good accuracy in measuring dielectric constant of the
liquids with tan 8 < 1. In their method, the accuracy is slightly better for the lossy liquids.
In their experiment, the random error in the measurement is reduced by increasing the
number of measurements. The estimated error from the asymptotic standard deviation of
the best fitting parameters in €' is about 0.5% and 1% for medium loss and high loss
liquids respectively. Similarly, the estimated error in €" is 0.8% and 1.5% for medium loss

and low loss liquids respectively.

Campbell [37] has used free-wave transmission methods for measuring permittivity of
low-loss solids at 35 GHz, and his measurement method is a modified version of Talpey's
technique. He has used reflection measurement at oblique incidence to find the the Brewster
angle. In his measurement system, the accuracy in measuring the Brewster angle is about
0.25°, and accuracy of better than +5 percent in measuring permittivity of low-loss
dielectrics is reported. Cook and Rosenberg [38] have used transmission coefficient
measurement for calculating complex permittivity of the medium loss isotropic materials at
35 GHz. They used a microwave bridge for their measurements and reported measured
properties of an anisotropic material. In their calculations, the multiple reflections within the
specimen are taken into account. They also used reflection coefficient measurement to
calculate the properties of composite materials. In their transmission method, an uncertainty
of +0.5% in refractive index and 10 - 15% in absorption index (K, have been reported.
In their reflection method for measuring anisotropic specimens, they report an accuracy of

3% and 5% in the measurements of # and K respectively.

Kadaba [39] has used transmission and reflection coefficient for measuring dielectric and
magnetic properties of Plexiglas, Fibreglass, FGM-40, and Teflon at 18, 56 and 94 GHz.
He reported accuracies of better than 10% in measuring permittivity and permeability, and
suggested the use of a lens antenna for reducing the minimum sample distance from the

antenna.

In free-wave techniques, the required data can be acquired by measuring transmission
and/or reflection coefficients at different incident angles. Shimabukuro et al [40] used this
technique and reported the measurement of complex permittivity at 93.788 GHz. In their
technique the amplitude of transmission coefficients at different incident angles and at

perpendicular polarisation are used to calculate the sample properties. The sample
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properties are calculated by a curve fitting algorithm finding the best matched set of values
for the measured parameters. They also used a simple model for correcting the error due to
the changes in the effective aperture size after inserting the sample and achieved accuracies

of 0.2 and 2.5 percent in calculating of €_and tan d respectively.

Cullen [41] suggested a new method for measuring complex permittivity and permeability
of ferrites. His method is based on measuring reflection coefficients at two orthogonal
polarisations. In his technique, the material under test is assumed to be lossy enough that
the multiple reflections can be ignored. He also suggested an alternative technique in which
a thin sample is backed by a metal if the reflection from the front surface is not sufficiently
high.

Introducing new techniques such as error correction »and time gating has improved the
accuracy in free-wave measurement considerably. The use of an automatic network
analyser enables us to benefit from the measurement over a wide frequency band and to
cancel out unwanted reflections. Ghodgaonkar et al [42] have used an HP-8510B network
analyser to measure the reflection coefficient of solid specimens at normal incidence. In
their experiments, a pair of lens antennas are used to reduce diffraction from edges of the
sample. They also used the TRL calibration method to enhance the accuracy in measuring
transmission and reflection coefficients. The residual error and the unwanted reflections are
also reduced by time domain gating. They measured the properties of Teflon and PVC at
frequencies 14 to 18 GHz, and the results confirm the permittivity of these materials
measured by the waveguide method. Considering the practical error in measuring Sy, they

conclude that their technique is more appropriate for medium and high loss materials.

Simultaneous measurement of transmission and reflection coefficients of a slab specimen
can provide the required data for calculating permittivity and permeability. Ghodgaonkar et
al [43] improved their technique to measure the dielectric and magnetic properties of a slab
at normal incidence. In order to prevent the sagging effect of thin flexible samples, they
used two quartz plates sandwiching the sample. They have reported the measurement of
lossy materials and concluded that a loss tangent of less than 0.1 cannot be measured

accurately in their technique.

Baker-Jarvis et al [44] have used transmission and reflection coefficients for determining
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the material properties of the non-magnetic materials. They also carried out an error
analysis and by measuring extra data managed to remove the phase error in the reflection

coefficient measurement.

The measurement at oblique incident has the advantage of reducing the unwanted
reflections and possibility of acquiring more independent data at different polarisations.
Umari et al [45] have extended free-wave techniques by measuring reflection coefficient of
a metal backed sample at oblique incident angle. They have also developed a correction

factor for removing the effect of the displacement in the reflected wave.

Free-wave techniques and various methods of measuring liquids, gases and solids are
analysed by Musil [46]. In this reference, the analysis of free-wave methods and the
required formulae can be found. Although the practical techniques mentioned in this

reference are based on rather old fashioned equipment, a useful theory is presented.

Improving free-wave techniques and automating the measurement have been carried out by
some researchers. Blackhum [47] reports an automated measurement system based on the
Hewlett Packard automatic network analyser. In this method, the basic theory has not been
changed and the sample properties are calculated from the measured transmission and
reflection coefficients at normal incidece. The use of a separate set of antennas for receiving
and transmitting and also a purpose made calibration kit (TRM) improved total accuracy.
In order to focus the beam in a sample surface and minimise the required sample size, a pair
of lens antennas are employed and the residual mismatches are removed by a time gating
technique. In this experiment, the sample size is 2 inch by 2 inch and the sample is placed
at a distance of 2D*A. Good agreement for measuring the properties in non-magnetic

materials by this method is reported.

Recently, Nitsche et al [48] has reported very good accuracy in measuring glass samples at
94 GHz. Although they have not referenced to another technique for checking the accuracy
in their measurements, the results of the measurement at the different incident angles are
consistent. They calculate the sample properties from the simultaneous measurement of
transmission and reflection coefficients. They also measured the dielectric properties of

acrylic by measuring transmission coefficient at parallel or perpendicular polarisation.
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Part of the achievements in this project are also published as a number of papers.
References [49] and [50] report mainly the progress in measuring lossy samples at
millimetre wavelengths, and the optimum way of using the measured data in calculating the
material properties is discussed in reference [51]. The use of time domain gating for
removing the multiple reflections within the sample as a new method is introduced by
Khosrowbegi, et al [52]. The measurement in the near-field region and its impact on the
total accuracy are discussed in Khosrowbegi et al [53]. In this paper, the angular spectrum
model is introduced, and the implications associated with using this model in free-wave

measurements are presented.
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3 Free-wave measurement techniques

3.1 Introduction

In this chapter, free-wave measurements are reviewed and the procedures for measuring
transmission and reflection coefficients are presented. The total reflection and transmission
coefficients of a slab in the plane wave model are derived. Multiple reflections within the
sample are discussed, and criteria for considering a sample as 'thick' or 'thin' are
defined. Single-pass and double-pass measurement systems are explained, and the general

problems in free-wave measurements are briefly reviewed.

3.2 Free-wave measurements

Free-wave measurement techniques can be considered as an extension of transmission line
or waveguide methods. At millimetre wavelengths, sample preparation becomes more
difficult and conventional techniques run into difficulty. Resonant methods also are not
appropriate for lossy materials, therefore free-wave techniques are considered as potential
methods for measuring lossy materials at these frequencies. These techniques are non-
destructive and can be used for measuring a wide range of materials at different physical
conditions. In free-wave methods, the sample preparation is relatively simple and the only
requirement is the sample should have flat and parallel surfaces. The sample size should
also be large enough to intercept the incident wave adequately. In spite of all these, free-
wave techniques have some limitations. The propagation of the wave in an unbounded area
and the measurement in the near-field region both cause error in the measured transmission
and reflection coefficients. These error terms cannot be removed by conventional error
correction methods, and appropriate techniques should be devised for reducing their

impact.
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3.4 Measurement system

A free-wave measurement system consists of a rigid structure for positioning the sample,
and a set of antennas for illuminating the sample and measuring the transmitted and/or
reflected waves. The sample is placed in a holder which aligns the desired angle of
incidence and the plane of polarisation. Then the magnitude and the phase of transmitted

and reflected waves are measured, and the sample properties are calculated.

Transmitting Horn Receiving Horn
5 i
Sample

Figure 3.1 Free-wave single-path transmission measurement system.

Receiving Horn

Transmitting Horn

Figure 3.2 Free-wave single-path reflection measurement system.

Sample
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Free-wave measurement systems can be classified into two categories: single-pass and
double-pass. In single-pass systems, the sample surface is illuminated by the transmitting
antenna and the reflected or transmitted wave is measured by the receiving antenna (figures
3.1 and 3.2). In a single-pass apparatus a two-port measurement system is required, and
the measured parameter is actually the coupling between two antennas. Modelling single-
pass measurement systems is relatively simple, but to change the plane of polarisation the

geometry of the antennas and the sample position have to be altered.

Transmitting/
Receiving
Horn

Reflector

Sample

Figure 3.3 Free-wave double-path transmission measurement system.

Reflector
Transmitting/
Receiving
Horn
Sample

Figure 3.4 Free-wave double-path reflection measurement system.
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In the double-pass technique (figures 3.3 and 3.4), a one-port measurement system is used
to measure the transmission and reflection coefficients. The transmitted and reflected waves
are reflected towards the sample by a reflector or focused by a lens, and the wave is
measured after a second transition or reflection. In double-pass measurement systems the
plane of polarisation can be changed easily, and the use of a microwave reflector reduces

the error associated with diffraction of the wave from the edges of the sample.

Alternative position for
Axis of spherical mirror
rotation

Sample

Spherical mirror

Transmitting/
Receiving
Horn
ellipsoidal
mirror

Figure 3.5 A compactfree-wave double-pass measurement system.
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In double-pass systems, the square of the transmission or reflection coefficients is
measured, so there is an ambiguity of 180° in determining the measured phase. Double-
pass measurement systems are relatively compact and the sample size can be smaller with
respect to one-path systems, but their modelling is relatively more complicated. Figure 3.5
shows a double-pass measurement system in which the plane of polarisation can be
changed by rotating the sample holder. In this apparatus, the configuration for transmission

and reflection can be set by changing the position of the spherical mirror.

3.4 Measurement techniques

As mentioned, the required data for calculating the material properties can be acquired by
measuring a combination of transmission and/or reflection coefficients at different incident
angles, sample thicknesses or polarisations. If the sample properties do not change with
frequency, measurement at different frequencies can also provide the required data.
Therefore, numerous methods for calculating the sample properties can be devised. The
different methods of measurement and their relative advantages are discussed in chapter 7.
In free-wave techniques, the measurement process includes three stages. In the first step,
the measurement system should be calibrated. Then, the required parameters including
transmission and/or reflection coefficient and the sample specifications are measured. In the

final stage, the complex permittivity and permeability of the sample are calculated.

The relationship between the measured parameters and the sample properties is expressed
by a mathematical model. This model plays an important role in estimating the total
accuracy. In free-wave techniques, two models can be considered: the plane wave and the
angular spectrum models. In the plane wave model, the sample is assumed to be infinitely
large and illuminated by a uniform plane wave. This model is simple, but the effects of
wavefront curvature and wave diffraction from the edges of the sample are not taken into
account. In the angular spectrum model the sample is assumed to be infinitely large, but
measurement in the near-field region is taken into account. This model delivers more
realistic values for transmission and reflection coefficients of a slab measured in the near-
field region. The propagated wave is resolved into an infinite number of uniform plane
waves travelling at different angles. The angular spectrum model and its improvement in

measurement accuracy are discussed in chapter 6.
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3.5 Plane wave model

In the plane wave model, the sample is assumed to be illuminated by a uniform plane wave
and diffraction of the wave from its edges is ignored. The wave within the sample is
reflected from the sample surfaces and constitutes the multiple reflections. Multiple
reflections within the slab play an important role in constituting the total transmitted and
reflected waves. In this part, the total transmission and reflection coefficients associated

with a sample are calculated.

If a semi-infinite sample is illuminated by a uniform plane wave (figure 3.6), the reflected
wave from the front surface can be calculated from the Fresnel equations, (1) and (2). In
practice, the wave is reflected an infinite number of times from the sample surfaces and

constitute the multiple reflections within the sample.

Figure 3.6 Reflectionfrom a semi-infinite sample.
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If the multiple reflections within the sample are not taken into account (figure 3.7), the total
transmission and reflection coefficients of a slab can be found from equations (3) to (6). P

is the propagation coefficient and is given by (7).

Figure 3.7 Transmission and reflection coefficients in a slab offinite thickness in the

absence ofthe multiple reflections.

r, =p{\-n,") (3)

r,\=ri eee(5)

F+=rt ...(6)

P =exp | eriir-sin "6 (7
1

In the general case multiple reflections within the sample cannot be ignored, and the wave
is reflected an infinite number of times from the sample surfaces within the slab. As the
wave travels within the sample its magnitude decreases, and the rate of decay is a function
of the sample properties. The propagation coefficient (P) defines the changes in the
magnitude and the phase of the wave travelling a distance of d within the sample. In the
presence of multiple reflections, the total reflected or transmitted wave can be calculated by
summing all the terms of a geometric series expressing reflected or transmitted waves,

(Collin [54]).
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Throughout this thesis, the plane of polarisation is defined according to the direction of the
main component of the electrical field with respect to the plane of incidence. At parallel
polarisation, the vector representing the main electrical field is in the plane of incidence,
while perpendicular polarisation denotes the case in which the main component of the
electrical field is perpendicular to the plane of incidence. In figure 3.8, each uniform plane
wave is shown by a line and the arrow shows the direction of propagation. The total
transmitted and reflected waves associated with a slab of infinite size illuminated by a plane

wave are given by (8) and (9).
Tootar = TorTsoP + ToxTsoP° Tl + T21T32P5F22F32 +... ..(8)

Loa=11+ I“3T21T1;P2+I‘32T21T12P4I“2 + F:TmlePGFzZ +... )

Summing these geometric series, equations (8) and (9) are simplified to (10) and (11).

Tootar = T T3P 2 LLP" ...(10)
n=0
Loa= I+ BTuTuP? Y, GLP” (1)
n=0

Using the boundary conditions for the reflected and transmitted waves at the air/sample

interfaces, the total transmitted and reflected waves simplify to (17) and (18).

h=-Ii=-T;=T ..(12)
Ty=1+I=1-T ..(13)
To=1+I1 ..(14)
Ti=1+T3 ..(15)
Tyz=Ts ...(16)
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(1-p2
Dotal:¥ (17)
1-p2r2
2
P(1-I
Ttotalz—(——“l ...(18)
1-p212

Substituting the reflection coefficient from a semi-infinite sample, the total reflection

coefficients for a slab illuminated by a plane wave can be given by equations (19) and (20).

I (1-P2
Ell:_"u ...(19)
1-P21;2
_p2
r, =1id=pP9 .(20)
1-p2r2

In the calibration process, the measured transmission coefficient is normalized with respect
to the transmission coefficient of the empty sample holder. In other words, the effect of the
slice of air which is replaced by the sample should be taken into account. In the plane wave
model, the slice of air is represented by a phase shift in the transmission coefficients. The
appropriate factor for correcting the transmission coefficient is given by equation (21).
Therefore, the observed transmission coefficients at parallel and perpendicular polarisations

are given by equations (22) and (23) respectively.

CF = exp (jz—”dcos 9) .21

(7]

2
r=2 U op .(22)

1-P21;%

2
P(A-IY)

1-P212

T, = ..(23)
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Figure 3.8 Transmitted and reflected waves in the presence ofmultiple reflections within

the slab.

3.6 Multiple reflections within the sample

Multiple reflections within the sample play an important role in constituting the total
transmitted and reflected waves. At frequencies such that the sample thickness is a multiple
of X/2 the reflected wave is minimum, and the transmitted wave through the sample is
maximum. For a lossless sample there is no reflection at these frequencies. Therefore, the

required data cannot be acquired by measuring the reflection coefficient.
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In chapter 7, it is shown that total accuracy is also a function of the sample electrical length.
If multiple reflections within the sample can be ignored, the calculation becomes less
complicated and dependence of total accuracy on the sample electrical length decreases
considerably. Thick samples refer to the situation where multiple reflections within the
sample can be ignored. Treating a slab as a thick sample imposes some limitations on the
minimum sample thickness. If multiple reflections within the sample are taken into account,
all higher order terms of the geometric series are considered in the calculation. In this case,
the slab is called a thin sample. The terms thick and thin are used only for distinguishing
between two type of measurement with regard to ignoring or considering multiple
reflections. Since the combination of electrical length and loss tangent define the type of

sample, these terms do not imply physically thin and thick slabs.

3.7 Free-wave calibration

In free-wave techniques, calibration is slightly different from conventional methods used in
coaxial and waveguide measurements. The propagation of waves in free-wave paths
between the antennas and the sample introduces some new error terms. A detailed
discussion of the free-wave calibration procedure is presented in chapter 4. Here, only a

brief account of the calibration process is presented.

In the calibration process, a highly conducting surface and a sheet of radiation absorbing
material (RAM) are used to implement a short circuit and a matched load. The location of
the front surface of the short circuit defines the reference plane in the reflection coefficient
measurement. For implementing the 'thru' standard, the transmission coefficient of the

empty frame is measured.

3.8 Free-wave measurement

In transmission coefficient measurements, the ratio of the transmitted wave to the incident
wave is measured. In the calibration process, the coupling between the antennas and the
frequency response associated with the cables, waveguides and connectors are measured.

These values are saved in the network analyser memories and used for normalising the
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subsequent measurements. The transmission coefficient of the empty sample holder is
measured and saved as the 'thru' standard, and the effect of the slice of air which is
deleted from the free-wave path after introducing the specimen into the apparatus should

also be taken into account.

In the reflection coefficient measurement, the parameter of interest is the reflected wave
from the sample surface. In calibrating the measurement system, a flat sheet of a highly
conducting material is used as a standard short circuit. Then by placing the sample in the
sample holder, the reflected wave from the sample at the desired polarisation is measured.
In the reflection coefficient measurement, the location of the front surface of the sample and
the standard short should be the same, and any variation may result in an error in the
measured phase of the reflection coefficient. The error due to the mechanical repeatability of
the sample holder increases with frequency. This error can be considerable, since
displacement of only 12 microns causes an error of 1° in the measured phase of the

reflection coefficient at 45° incident angle and 100 GHz.

3.9 Calculation

The complex permittivity and permeability of a sample are calculated from four independent
measurements. Regarding the combination of the measured data and considering the
multiple reflections within the sample, various methods for calculating the material
properties are devised. In most of these techniques, the use of iterative numerical methods
for calculating the sample properties from the measured parameters is inevitable (references
[55] and [56]). The multi-valued nature of the transcendental equations and the fact that
phase is measured modulus-27 introduce ambiguity to the calculated values. Therefore, a
certain amount of a priori knowledge of the sample properties in finding the correct values

is required.
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4.1 Introduction

In all measurement systems, whether they are as simple as a power meter or as complicated
as an automatic vector network analyser, the measured parameters are subject to error. In a
measurement technique, a good knowledge of error mechanisms can be used to devise
appropriate methods for improving the accuracy. In free-wave techniques the sample
properties are calculated from the measured transmission and/or reflection coefficients, and
any error in measuring these parameters results in error in the calculated permittivity and
permeability. The aim of this chapter is to present a detailed account of the error
mechanisms taking part in free-wave measurements. Different sources of error in free-wave
measurements are reviewed, and techniques for removing their impact from the
measurement results are presented and discussed. First the error terms associated with the
waveguide and coaxial measurements are presented, then the sources of error due to the

propagation of the wave in free space paths are discussed.

4.2 Error in S-parameter measurement

In this part, the general sources of error in measuring scattering parameters are presented.
Since a Hewlett Packard automatic vector network analyser (HP-8510B) is employed for
the measurement throughout this project, HP terminologies are used for explaining the
error terms and calibration techniques. The detailed definition of the error terms and error
correction techniques can be found in reference [57]. In this part, a brief account of the
error mechanisms in measuring the scattering parameters, and the appropriate techniques

for removing their impact, are briefly reviewed.
The error sources associated with S-parameter measurements can be divided into two
categories. The first class of error (random errors), are non-repeatable variations in the

measured quantities. These variations are due to noise, temperature fluctuations, and the
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non-repeatable physical changes in different parts of the measurement system. The second
type of error sources (systematic), are repeatable variations in the measured parameters. In
contrast with random errors, systematic errors are predictable and can be measured by

appropriated calibration methods.

In free-wave measurements, the propagation of the wave in an unbounded area also
introduces some error terms. These sources of error are complicated and cannot be
modelled easily, therefore they can be treated as random errors in some cases. In most
microwave measurements systematic errors are the most significant error terms, and the
main effort is devoted to removing their impact. In the error analysis each error term is
represented by a vector, and the total error is calculated by summing the error vectors. In
the error correction and calibration procedures, the error vectors are measured and their

effects on the measurement results are cancelled out mathematically.

4.3 Systematic errors

In network analysers, systematic errors are mainly due to leakages between the
measurement ports, mismatches, finite directivity of the couplers, and the frequency
responses of different parts. In estimating the maximum error or the achievable accuracy,
only the magnitudes of error vectors are taken into account, since the phases of these
vectors cannot be well defined. In other words, we assume that the vectors representing the
error terms are either in phase or 180° out of phase with each other. This assumption

simplifies the analysis and gives the error estimation for the worst case.

In the error correction process each source of error is modelled, then the elements of the
model are calculated by measuring a set of standard components. The higher the required
measurement accuracy, the greater the number of error terms that should be considered in
the model. In the HP-8510B, each error model is devised to remove a specific set of error
terms. In order to clarify the error correction process, the sources of error and their
contribution to the total error are now explained. Then the different error models and their

improvements in total accuracy are studied.
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Figure 4.1 Systematic error in reflection coefficient measurements in

an ideal coupler (upper) and in a real directional coupler (lower).

4.3.1 Reflection measurement

In reflection measurement, we are interested in the ratio of the reflected signal from the
device under test to the incident signal. In order to separate the incident and reflected
signals, a directional coupler is used. As directional couplers are not ideal, a part of the
incident signal as well as the reflected signal appear at the measurement test port. Directivity
is a figure of merit for how well a coupler separates the forward and reverse powers. By
definition, directivity is the ratio of the power coupled into the coupled arm in the forward
direction to the power that appears at the coupled arm in the reverse direction when the
coupler is terminated by a matched load. A directivity of 40 dB means that the measured
reflected power is 40 dB less for a matched load than that for a perfect short circuit. In
reflection measurements, the frequency response, load and source mismatches also

introduce some errors to the measured reflection.

The mismatches between the different parts of the measurement system also cause the wave
to be reflected back and forth, and the multiple reflections generated in this way contain an
infinite number of terms. In practice, the magnitudes of the higher order terms are much
lower than the principal one. In modelling the error sources, multiple reflections between
different components of a measurement system are ignored, and only the main term is taken

into account.
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4.3.1.1 Coupler directivity

As mentioned, a real directional coupler does not perfectly separate the forward and reverse
signals and a small percentage of the incident signal appears at the coupled output. This
signal is a combination of the leakage and the unwanted reflections (figure 4.1). The
unwanted reflections are generated due to the imperfect termination in the coupled arm and
the reflection from the coupler output connector. If the device under test needs an adaptor,
the coupler directivity is further degraded because of the adaptor mismatches. The total
directivity is a vector representing the sum of all leakage signals emerging from the system
test input. This includes the signal which is generated due to inability of the coupler to
separate the incident and reflected signals and the residual reflection. The residual reflection
itself consists of the reflection from the test cables and adaptors between the test port and
the signal separation device. The second part of the unwanted reflections is independent of

the device characteristics.

In reflection measurement, the measured vector is the sum of the directivity and the actual
reflection vector. In the worst case, the error in reflection measurement can be as large as
the directivity. The most significant impact of directivity is in measuring small reflection
coefficients. The maximum uncertainty in S11 measurement due to coupler directivity can

be as much as D, where D is the directivity of the coupler.

4.3.1.2 Source mismatch

The second most important source of error is that due to the source mismatch (figure 4.2).
This error is generated due to inability of the source to maintain constant power at the test
device input. If the source or the associated connectors and cables are not well matched,
any reflected signal from the device is reflected back towards the device. The mismatches in
the source means that all the reflected signal is not absorbed by the source and a part of the
reflected signal is re-reflected towards the load. This signal has a magnitude of +Ms S%1,
where Ms and S11 are the reflection coefficient of the source and the device under test
respectively. The error due to the source mismatch can be significant for devices with high

reflection coefficient.
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Figure 4.2 Source mismatch error in reflection coefficient measurements.

4.3.1.3 Frequency response

The system frequency response is a vector representing the variations in the magnitude and
phase of the measurement system with frequency. The frequency response of all the
components in the measurement setup including signal separation devices, test cables,
adaptors and the variations in coupling ratio together constitute the total frequency
response. The frequency response error vector also depends on the reflection coefficient of
the device under test. This error vector has a magnitude +Tr. S11, where S11 is the
reflection coefficient of the device under test and TR is the frequency response or tracking
error. This error term can be measured in the calibration process and cancelled out

mathematically.

4.3.1.4 Load mismatch error

In reflection coefficient measurement of multi-port devices, a load match error is added to
the other systematic errors. Mismatches in test port 2 and other mismatches in the
transmission signal path cause a portion of the transmitted signal to be reflected back
(figure 4.3). The magnitude of the generated error depends on the load reflection coefficient
and the transmission characteristics of the device under test. The maximum uncertainty due
to this error is tML.S12.S21, where S21 and Si2 are the forward and reverse transmission

coefficients of the device under test respectively. The significance of this error is in
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measuring bilateral devices. The effect of this error can be ignored for devices of 6 dB or
greater insertion loss, since 12 dB isolation between two ports is adequate to reduce the

impact of this error.
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Load match error
Port 2

Figure 4.3 The load match error in reflection measurements.

4.3.2 Transmission Measurement

In transmission measurement, the ratio of transmitted power to incident power is measured.
The error terms appearing in transmission measurements are similar to those explained in
reflection measurements. In transmission measurements, the error terms can be categorized
into three different types: transmission mismatch error, isolation or cross talk, and
frequency response or tracking. As mentioned, the frequency response error term
represents the amplitude and phase changes in the frequency responses of all the different

parts of the transmission path.

4.3.2.1 Isolation and crosstalk error

Similar to the reflection measurement, leakage between reference and test channels causes
an error in transmission measurements (figure 4.4). Although the main leakage is in the RF
section of the test setup, leakage in the IF section could be significant as well. This error
(X.), is independent of the characteristics of the device under test and is more significant

for devices of high insertion loss.
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Figure 4.4 The isolation error in transmission measurement.

4.3.2.2 Transmission mismatch error

Transmission mismatch error is due to the mismatches between the measurement system
test ports and the device ports, and can be significant in transmission measurements (figure
4.5). If the load mismatch is represented by ML, the magnitude of the error term due to load
mismatch can be expressed as a function of the device under test scattering parameters and

the load mismatch, S12.S22.ML.

Similarly, mismatch at the source (port 1) generates an error signal at port 2 of the
measurement setup. This error term has an amplitude equal to S21S11Ms, where Ms is the
source reflection coefficient. The contribution of this error heavily depends on the reflection
and transmission coefficients of the device under test. This error becomes more serious

when the insertion loss is less than about 6 dB.

4.3.2.3 Tracking error

The error due to transmission path frequency response has a magnitude equal to Tr.S21,

where Tr is the tracking error term and Sz is the transmission.
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Figure 4.5 Load and source mismatch error in transmission measurements.

4.4 Random errors

Random errors are grouped into three different classes. Although these errors are non-
repeatable and difficult to quantify, there are certain techniques for minimizing their effects
on the measurement results. Different sources of random error and the techniques to reduce

their impact are discussed in the next part.

4.4.1 Physical changes

The first type of random error is generated due to physical changes of the measurement
setup. These changes can happen between two successive measurements or over a period
of time. The only way to reduce this kind of error is to keep the physical configuration of
the setup as unchanged as possible. The physical changes also include the pressure used
for connecting the cables and connectors. This type of error can be reduced by periodically
checking the repeatability of the mechanical switches. The changes in phase characteristics
of the flexible cables is another source of error which can be reduced by avoiding extreme

bends and minimizing the number of times the cable is flexed.

58



Chapter 4 Sources of error

4.4.2 Temperature changes

The second type of random error is due to temperature changes. This class of error causes
drift in the measurement results. As the internal temperature of the instrument changes after
turning on, the measurement results can change as well. These changes are quite
unpredictable and the system stabilizes only after its temperature is well stabilized. The drift
can be due to changes in the frequency of the source and in the electrical lengths of the
hardline cables in the test set with frequency. An ambient temperature change of 5 degrees

Celsius can produce error of the order of 0.1 dB and 1 degree in the measurement results.

The impact of system warm up drift can be avoided by allowing the internal temperature of
the instrument to stabilise. Although a full 2 hours warm up and a very stable ambient
temperature are recommended for high accuracy measurements, a 45 minute warm up time
can stabilize the instrument for most purposes. The control of ambient temperature can
minimize the drift in the measurement results and a maximum change of £2°C meets the

required accuracy for most of the measurements.

4.4.3 Noise

Noise is the third type of random error. The HP-8510B has a tuned harmonic receiver with
bandwidth of 10 kHz. At low frequencies, the noise floor of the front end (-100 dBm),
outweighs the other sources of error, but the noise from the local oscillator in the phase-
locked loop becomes the predominant factor at higher frequencies. This magnitude of noise
error increases with frequency, since a higher harmonic mixing number is required to lock
to the wanted signal. The impact of noise in the measurement can be reduced by increasing

the signal to noise ratio at the test port.

For a test signal with 20 dB signal to noise ratio, an error of 1 dB in the magnitude of the
signal is expected. Noise-related errors can be reduced by choosing an appropriate
averaging factor. The use of the trace smoothing facility in the HP-8510 is an effective tool
for averaging out noise in the measurements of broad band and flat response devices. As
trace smoothing will distort the measurement results of devices that have rapid response

variations with frequency, it is not recommended for them.
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4.5 Calibration measurement

In all measurement systems, the isolation and directivity are finite and there is a crosstalk
between different ports. The impedance mismatches and a varying frequency response are
also two other imperfect characteristics of any network analyser. The role of error
correction techniques is to remove the effect of these error terms from the measurement
results. In the error correction process, each of the error terms is quantified by measuring a
set of precision calibration standards, then the measured values are corrected
mathematically. Figure 4.6 shows the flowgraph of a 1-port reflection measurement
system. The contribution of directivity is independent of the test device. The mismatch in
the source re-reflects the reflected power from the device and causes variations in the level
of incident energy upon the device. The tracking error term scales the reflected signal from
the device. The reflection coefficient of the device under test can be calculated as a function
of measured reflection coefficient and the three associated error terms by using the non-

touching loop rule, (references [58] and [59]).
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Figure 4.6 The reflection measurement flowgraph.

The role of the calibration process is to characterize each of the error terms at each
frequency over the entire frequency range. The error vectors are measured as complex
values, and they are used in accuracy enhancement equations to cancel out the systematic
errors. The effectiveness of error correction is largely dependent on the quality of the

standard impedances used in the calibration.
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In reflection measurements, three independent standards are measured for characterizing the
error terms. Although these standard impedances can have any value, the use of a short
circuit, an open circuit and a matched load simplifies the calculations. These standard

impedances can be well defined over a wide range of frequencies.

Residual
error

Actual directivity

Measured directivity

Figure 4.7 The directivity error correction vector diagram.

The directivity of the measurement system can be measured by connecting a perfect
matched load to the test port. A perfect termination reflects no energy, thus the measured
reflection coefficient is equal to the directivity. In practice, a perfect termination over a
broad bandwidth of frequency is not achievable. Therefore, the measured directivity of the
system is the sum of the actual directivity and the reflection coefficient of the load (figure
4.7). A method for cancelling out this error in directivity measurement is to use a moving
load. In this technique, a matched load is connected to the test port. If the load is moved
with respect to the reference plane, the angle of the vector representing the residual
reflection of the load changes by 360° for each half a wavelength change in the location of
load (figure 4.8).

The measurement of the reflection coefficient of the load at different positions of the sliding
element provides the required information for finding the centre of the circle. In this
method, the reflection coefficient must be measured at least at three different positions. The
residual error in using an imperfect matched load for directivity measurement is the sum of
the reflection from the load and the reflection of the connector and air line associated with

the sliding load. The reflection of the air line cannot be cancelled out in this method.
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Figure 4.8 The use of a sliding load to cancel out the load mismatch.

Two remaining error terms can be determined by measuring two independent standards. A
standard short circuit and a standard open circuit are used for these measurements. As we
know, a short circuit has a reflection of I'= -1 and the reflection coefficient of an open
circuit is I'= 1. In practice, an open circuit has a phase characteristic which varies with
frequency. The phase variations in an open circuit standard can be modelled as a set of
reactive elements. This modelling is equivalent to shifting the reference plane with

frequency.

4.6 Accuracy enhancement

In 2-port measurements, there are four S-parameters associated with the device under test.
Forward parameters are measured by exciting the input (a1) and measuring the reflected
signal (b1), and transmitted signal (b2). Similarly, the two reverse parameters are measured

by exciting the output port.

The flowgraph for the error model associated with forward parameter measurements
contains six error terms. The flowgraph for the reverse S-parameters is a mirror image of
the forward S-parameter model. The accuracy enhancement computation requires all 12
error terms. All four S-parameters are characterized before solving the associated equations

and calculating the actual values of the S-parameters (figure 4.9).
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In error correction methods, error models with different degrees of complexity can be used.

The required accuracy in the measurement defines the precision of the standard impedances

and the type of error model. In the HP-8510B, five classes of calibration are available.

Each of them is appropriate for a particular type of measurement and removes a specific set

of error terms.
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Figure 4.9 A two port measurement flowgraph.

Full 2-port calibration

Full 2-port accuracy enhancement removes all twelve error terms. The forward and reverse

terms are measured individually by connecting precise standards to port 1 and port 2. This

calibration needs the device under test automatically to be reversed and multiple

measurements are made in order to measure all four S-parameters. In the HP-8510B

automatic network analyser, this calibration method is not available at frequencies above

26.5 GHz. For measuring the reverse parameters, the device under test should be reversed.

It is worth mentioning that the facility of measuring the reverse parameters is available in

the new generation of network analysers.
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4.6.2 TRL calibration

The TRL calibration procedure is similar to the full 2-port, but uses a different technique
for characterizing the error terms. This calibration method is the most appropriate technique
for free-wave measurements, since it has been devised for non-coaxial transmission lines
(references [60] and [61]).

4.6.3 One-path 2-port calibration

In one-path 2-port calibration, the forward parameters are measured directly and the device
under test is reversed for measuring the reverse parameters. The one-path 2-port calibration
measures forward error coefficients and considers them for the reverse error coefficients.
Although the device under test must be reversed manually to measure its reverse

parameters, the measurement accuracy is nearly the same as for full 2-port calibration.

4.6.4 S11 /S22 one-port calibration

A class of calibration which can be used for one-port devices is S11 one-port or S22 one-
port method. This calibration method considers a model for all three error terms and is the
most accurate calibration for one-port measurements. A short circuit, an open circuit and a

matched load are used for determining three error terms associated with the error model.

4.6.5 Response/Isolation calibration

The last error correction technique, which is more suitable for the devices with low
reflection at the input and output ports, is Response calibration. In Response error
correction, the errors due to tracking and isolation are removed. In forward parameter
measurements a 'thru' connector is used to characterize forward tracking and a short or an
open circuit is used for determining reverse tracking. The isolation error can be quantified
and cancelled out in this technique. The Response/lIsolation correction model is more

suitable for measurement of devices with low reflection coefficient and high insertion loss.
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4.7 Millimetre wave calibration techniques

At frequencies above 26 GHz, four types of calibration method are available. The detailed
calibration process can be found in reference [62]. In this part, a summary of these
methods is presented. At mm-wave frequencies, the present arrangement for the HP-8510B
ANA is such that only the forward parameters can be measured and the reverse parameters
are measured by reversing the device under test. Table 4.1 gives the different error terms

that can be corrected by the available calibration methods.

Response Resp./Isol. Resp./Isol. S11 1-path

Refl. Trans. 1-port 2-port

Frequency Response X X X X X
Directivity X X X
Source Match X X
Load Match X
Crosstalk X X

Table T4.1 The error terms corrected in the different calibration

methods at mm-wave frequencies in the HP-8510B.

Frequency Response corrects the frequency response error. This calibration is appropriate

for devices with a small reflection coefficient.

Response/lsolation calibration removes the error associated with both frequency response
and isolation. In reflection measurements, both tracking and directivity are removed, while
tracking and crosstalk error terms are corrected in transmission measurements.
Response/lIsolation is more suitable for the devices of high insertion loss with well-

matched ports.

S11 I-port calibration provides the best accuracy for one-port devices and removes the
impact of all three error terms. For performing this calibration technique, three standards

are required.
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One path 2-port calibration is a combination of S11 1-port calibration, transmission
isolation, and transmission frequency response. This calibration method provides the best
accuracy for two-port measurements and considers all twelve error terms in the error

model, but the device under test must be reversed for measuring reverse parameters.

The relative accuracies of different calibration techniques are shown in figures 4.10 and
4.11. The uncertainty in S21 measurements for a well-matched device with insertion loss of
-10 dB is better than 0.05 dB, while the accuracy of the measurement of similar device but
poorly matched is about 0.2 dB. In one-pass free-wave measurements, the measured
scattering parameter is S21. At normal incident reflection measurement or double-pass
measurement systems, the required parameters are acquired by measuring S11. As shown
in figure 4.10, the error in measuring the reflection coefficient of low loss devices is about
twice the error in the measurement of a high loss device. It is also shown that the

uncertainty in S21 increases sharply for devices with S21 < -20 dB.
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Figure 4.10 Transmission measurement accuracy for various calibration methods.

(a) Upper, S21 uncertainty for a well-matched device (S;;=S,,=0)

(b) Lower, S21 uncertainty for a poorly matched device (S;;=S,,=0.5)

67



Chapter 4

0.10
0.08
0.06
0.04

0.02

S11 Worst-Case Uncertainty ( Lin)

0.00

0.10

0.08

0.06

0.04

0.02

S11 Worst-Case Uncertainty ( Lin )

0.00

Sources of error

S11 Reflection Coefficient

Responsg A
J \ L /
"1
L —+—T _|2-pott or Si 1-poft
—— =
A _—
0.0 02 04 0.6 0.8 1.0
S11 Reflection Coefficient
A Regponseonly
/ _//
Si1 1-pogt =
2tport t~u.
0.0 0.2 04 0.6 0.8 1.0

Figure 4.11 Reflection measurement accuracy for various calibration methods.

(a) Upper, S11 uncertainty for a high loss device (S;,=S,;=0)

(b) Lower, S11 uncertainty for a low loss device (S;,=S,,=1)
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4.8 Error terms in free-wave measurement

The sources of error described so far are associated with coaxial and waveguide
measurements. The propagation of the wave in an unbounded area introduces some other
sources of error in free-wave techniques. The plane wave model simplifies the calculation
of permittivity and permeability of a slab from the measured transmission and/or reflection
coefficients, but the error due to the wavefront curvature and diffraction of the wave from
the edges of the sample are not considered in this model. In the plane wave model, the
measurement setup and the free-wave paths can be modelled as transmission lines with
different characteristic impedances. Using the transmission line equivalent of a free-wave
system simplifies the error analysis. A detailed analysis for calculating an equivalent

transmission line of a free-wave system can be found in reference [63].

The sources of error associated with free-wave measurements can be divided into two
different categories, systematic and random errors. The systematic errors are repeatable and
can be modelled theoretically, however some of these error terms are quite complicated and
cannot be modelled easily in practice. They are treated as random error, and their impact is
reduced by the method used for random sources of error. The background reflections,
multiple reflections between the sample surfaces and the antenna, time gating error and
multiple reflections within the dielectric lens are the error terms associated with the free-

space paths.

4.8.1 Unwanted reflections

Unwanted reflections denote the combination of unwanted signals generated by different
mechanisms. The main difficulty in modelling unwanted reflections is their dependance on
many parameters, including time. Although the plane wave assumption helps us to model
and cancel out some of these error terms, such as multiple reflection within the sample, the
propagated wave is not TEM in practice. As mentioned, they are treated as random error.
The unwanted reflections themselves are generated by different mechanisms. The main

sources contributing to the unwanted reflection are listed in this part.
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4.8.1.1 Background reflection

The first type of unwanted reflection is generated by reflecting the wave from the metallic
parts of the measurement system. Any changes in the free-space path between the antennas
results in an error in the transmission and reflection coefficients. As the vibrations and
small changes generated by the acoustic waves are random, this error term is considered as
a random term. The quality of the absorbing materials (RAM) is an important parameter in
reducing the impact of this error. If this class of unwanted reflections is treated as a
systematic error term, such as leakage between two measurement ports, it can be reduced to
some extent by using an appropriate calibration method. As explained, for removing any
error term from the measurement result it should be characterized and remain unchanged
during the calibration and the measurement processes. Averaging is the most effective

technique to reduce the effect of this type of error.

4.9.1.2 Multiple reflections

The second class of the unwanted reflections is generated by multiple reflections between
the antennas and sample surfaces. At oblique incidence, the reflected wave can be directed
out of the measurement system and absorbed, but the use of time domain gating is the most
effective technique to reduce the impact of this type of unwanted reflection. The use of
radiation absorbing materials can also be considered as a solution for this problem. The
radiated beam of an antenna can be focused on a sample by employing a dielectric lens.
Multiple reflections within the lens also introduce error in the measurement results and
degrade the focusing performance of the lens. The error due to multiple reflections within
the lenses cannot be removed by time gating, therefore it is considered as random source of
error. In practice, the magnitude of this term should be kept as small as possible by using

matched lenses.

4.8.1.3 Sample holder repeatability

Imperfect repeatability of the sample holder is a source of error in reflection coefficient

measurements. In free-wave techniques, a flat sheet of highly reflecting material is used as
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a standard 'short'. The location of the front surface of this sheet defines the reference
plane. Any misalignment in placing the sample front surface at this plane results in a phase
error in the measured reflection coefficient. This error can be reduced only by improving
the repeatability and mechanical stability of the sample holder. A practical measurement at
R-Band shows a typical error of £0.05 dB and +1.5° in the reflection coefficient
measurement. At 30 GHz and 45° incident angle, this error corresponds to a displacement

of 59 microns in the position of the sample.

4.8.1.4 Near-field measurement

The assumptions of illuminating the sample by a uniform plane wave and a large sample
size are not true. In practical measurement systems, the sample surface is illuminated by a
spectrum of plane waves travelling at different angles. The measurement in the near-field
region introduces new sources of error. The calculation of this error term is extremely
difficult, therefore it is treated as a random error term. In chapter 6, the measurement in the
near-field region and the impact of the wavefront curvature in the measured transmission

and reflection coefficient are discussed.

4.9 Free-wave calibration standards

In free-wave measurements, the matched load used for calibration is a flat sheet of
absorbing material, and a flat sheet of highly conductive material is used as a short circuit.
The offset short is realized by shifting the location of a short circuit in the direction of
propagation. The sizes of the standards should be large enough to intercept the incident

wave adequately.

TRL is the most appropriate calibration technique for free-wave measurements. This
method is mainly devised for non-coaxial devices and corrects all twelve error terms. In
this calibration method, three standards including 'Thru', 'Reflect', and 'Line' are
measured to characterize all the error terms. The 'Thru' standard can be made by
connecting two ports to each other, which is equivalent to direct transmission between
transmitting and receiving antennas, sample out situation. The 'Reflect' standard is made

by placing a highly conductive sheet in the frame, and the 'line' standard can be realized
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by extending the free-wave path by a specific distance. Unfortunately, TRL is not
available in the HP-8510B at frequencies above 26.5 GHz. Therefore we have to use the
Response calibration method, which is the simplest technique of calibrating at frequencies
above 26.5 GHz. It is worth noting that this technique removes only the tracking or

frequency response error term.

4.10 Maximum error

As mentioned, quantifying the phases of the error terms is not practical, therefore the worst
case error analysis is taken into account. In this case, the error vectors are either in phase or
180° out of phase with each other. In coaxial and waveguide measurements, the maximum
expected systematic error is given by equations (1) and (2) for reflection and transmission
measurements respectively. The source and load mismatches are represented by Ms and

My. D, TR, and Xc are directivity, tracking, and crosstalk errors respectively.

S1yax Bror = Max.[+D+(£Tr.S11)+(xMs.S112)] (1)

S21 p o Error = MaX.[EXCHETT.S21)+(EMs.S21.511)+EFML.S21.522)] . (2)

In free-wave measurement, the maximum error in the reflection coefficient measurements is
the sum of the maximum expected error in the coaxial and waveguide components and the
error terms associated with the free-wave paths. The maximum expected errors in the

reflection and transmission coefficient measurement are given by (3) and (4).

(Reflection Method),,, r..., = Max.[XctEFtEwc tENFEUR+(£TT.S21) +
(1Ms.521.811)+(EM1.521.522)] ..(3)

(Transmission Method),, . ..., = Max.[£ XctEwctENTEUR + (#T1.S21) + (#M5s.521.511)
+ (#ML.S21.522)] . (4)

where EF, Ewc, EN, and Eyr are errors due to the frame repeatability, wavefront, noise,
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and unwanted reflections respectively. If the measured reflection coefficient is greater than
-20 dB, the error due to source mismatch and load mismatch can be ignored. 77, the
tracking error, can be measured in Response calibration and Xc, the crosstalk error, can
be ignored for low sidelobe antennas. The error due to noise and vibration in the
measurement setup can be decreased to a great extent by averaging the measured quantities.
Therefore, the maximum expected error associated with the reflection and transmission

coefficient measurements can be simplified to equations (5) and (6).

Maximum Errorg,; = tEFtEyctEURZER ...(5)
Maximum Errory,,,, = tEwc#EUREER ...(6)

In practice, the error terms cannot be completely cancelled out in the calibration process and
an error term representing the residual error must be taken into account. ER in equations
(5) and (6) represents the residual error after calibration which depends on the type of the

calibration method employed.

The sample holder repeatability error (EF) can be reduced by using rigid materials and
taking specific precautions in its mechanical design. The unwanted reflections (Eyr), can
also be reduced by using absorbing materials. The wavefront curvature error (Ewc) has not

been studied yet and its significance is investigated in chapter 6.

In frequency range of 26.5 to 40 GHz and for measuring S-parameters greater than -20 dB,
the error due to the coaxial and waveguide parts of the measurement system is about 0.3
dB and 10.04 dB for high and low reflection coefficients respectively (Response
calibration, figure 4.5). If we ignore errors due to noise and wavefront curvature, and
consider an error of £0.05 dB and £1.5° due to the frame repeatability, the maximum
expected error in the measurement is £0.35 dB, +3.8° and +0.09 dB, +2.1° for a high
reflection and a low reflection coefficient sample respectively. It is worth noting that the use
of other calibration methods like One-path 2-port or TRL can reduce these quantities

considerably.
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4.11 Conclusion

In free-wave methods, the measurement accuracy depends mainly on the calibration method
used. Response is the simplest and most practical calibration technique at oblique
incidence, but it is recommended for low reflection coefficient materials. One-path 2-port
and TRL calibration methods are the most accurate calibration techniques in free-wave
measurements if they are available at the measured frequencies. It is worth mentioning that
these calibration techniques need accurate mechanical positioners for realizing the offset

short or reversing the device under test which is not practical in free-wave measurements.

The sources of error including the unwanted reflections from the frame, diffraction from
the edges of the sample, wavefront curvature, frame repeatability, background reflections
and multiple reflections between the sample surface and the antenna degrade the
measurement accuracy. If the reflection coefficient is geater than -20 dB, the number of
significant sources of error reduces to two and three for transmission and reflection
measurements respectively. There are some techniques that can be used for improving the
measurement accuracy, such as using time domain gating. The maximum expected error in
the measurement is a combination of error generated by the coaxial and waveguides parts

and the error due to the near-field measurement and repeatability.

A full 2 hours warm up and a very stable ambient temperature (2312 °C) are recommended
for high accuracy measurements. A maximum temperature change of +2 degrees
Centigrade can meet the required conditions. The error due to the sample holder
repeatability is important in reflection measurement and can be reduced by designing a rigid

sample holder.
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5.1 Introduction

In free-wave measurements the wave is propagated in an unbounded area, and the
generated unwanted reflections introduce errors in the measured transmission and reflection
coefficients. In compact measurement systems, where the sample is placed at a close
distance from the antennas, the impact of the unwanted reflections become more
significant. There are a number of techniques for reducing the impact of unwanted
reflections, such as covering the reflective parts with radiation absorbing materials,
directing the unwanted reflections to some other direction and employing the appropriate
calibration method. These methods are effective to some extent, but residual error can still

cause a significant error in the values for the sample properties.

The use of time domain gating is an effective technique to locate and remove the unwanted
reflections. In modern network analysers, the time domain response can be computed from
the measured frequency domain response. In the time domain, the unwanted reflections are
identified and gated out, then the frequency domain response associated with the gated time
domain response is calculated. Although time domain gating is a powerful tool for
enhancing the measurement accuracy, it has some limitations and should be used

cautiously.

In this chapter, time domain gating and its limitations are reviewed. The sources of error in
measuring different types of sample are presented, and the gating error in measuring
transmission and reflection coefficients for an ideal gate are calculated. The effect of
imperfect gate characteristics are discussed, and the appropriate guidelines for setting the
gate parameters are given. The minimum thickness for a sample to be treated as a thick
slab and the minimum gate width for measuring thin samples are discussed. Finally, the
error in a real gate for different sample types is simulated and compared with the calculated

values for an ideal gate.
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5.2 Time-domain reflectometry

In time domain reflectometry, the response of a device to a short pulse is measured in the
time domain. If the pulse is adequately short, reflections from different parts of the device
under test can be measured individually. In the response generated by the TDR the wanted
reflections can be identified and measured. In spite of the ability of TDRs in showing the
time domain response of a device, there are a number of intrinsic limitations associated with
this technique. As shown in figure 5.1, the reflection from the discontinuity masks the
reflected wave from the subsequent mismatches, (masking effect). As the number of
discontinuities in the device under test increases, multiple reflections between them make
interpretation of the response more difficult. In the time domain response, the magnitude
and the phase of the reflections cannot be specified at a given frequency which limits the
direct application of TDRs in free-wave techniques. In measuring dispersive devices,

interpreting the time domain response also becomes more difficult
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Figure 5.1 Masking effect in the time domain response.

In conventional time domain reflectometers, the response of the device under test to a short
pulse is measured in the time domain. In synthetic time domain reflectometers the
measurement is carried out in the frequency domain, and the time domain response is
computed from the frequency domain measurement. Since the measurement is carried out
in the frequency domain and in a relatively narrow frequency band, the calculated time

domain benefits from the error correction facility and the high dynamic range of the
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network analyser. In spite of the great flexibility synthetic time domain reflectometers, there

are also some intrinsic limitations associated with them.

5.2.1 Conventional TDR

In conventional TDRs, the response of the device under test to a short pulse is measured in
the time domain. Although the useful information can be deduced from the time domain
response, it cannot be used directly in free-wave measurement. In the time domain, the
ability to distinguish between two adjacent responses is a function of pulse width. For
achieving a high resolution time domain response a short pulse should be applied to the
device under test, and the required bandwidth for measuring the response of a device to a

short pulse reduces the signal-to-noise ratio which results in a poor dynamic range.

5.2.2 Synthetic TDR

In synthetic time domain reflectometers, the time domain response is computed from
frequency domain measurements. In the calculated time domain response, the unwanted
reflections can be identified and cancelled out mathematically. Then, the frequency domain
response can be computed from the gated time domain. Modern network analysers can
carry out the whole process of calculating the time domain response from the measured
frequency response, gating out the unwanted reflections and computing the gated frequency
response in real time. Therefore, the gated frequency response can be measured easily.
Since the measurement is carried out in a limited frequency span, the computed time

domain response is different from those measured by conventional TDRs.

The Fourier transform describes the mathematical relationship between the time domain and
frequency domain responses of a device. Either of these responses can be calculated if the
other one is defined. The measurement in the frequency domain by automatic vector
network analysers benefits from a wide dynamic range and error correction facilities.
Therefore, the time domain response computed from the frequency response also benefits
from the same advantages. Since a Hewlett Packard automatic network analyser (HP-
8510B) is used in this project, HP terminology is used throughout this thesis to define the

gating process.
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The band pass nature of the components used in free-wave measurement forces us to use
the Band Pass Impulse mode of operation which calculates the response of the device
under test to an impulse (very short pulse). As we know, the frequency spectrum
associated with an impulse is spread over an infinite interval in the frequency domain,
(figure 5.2). Therefore the frequency response of the device at all frequencies is required

for reconstructing the impulse response of the device.

Frequency Domain Time Domain
[
IFT Impulse
Inverse Fourier Transform
» Frequency » time

Figure 5.2 Frequency spectrum of an ideal impulse.

In practice, the network analyser measures the response of the device only at a limited
number of frequencies. The measurement at discrete frequencies also causes the calculated
response to be repeated in the time domain. The measurement in a limited frequency span
causes the computed response to be equivalent to the response of the device to a short
pulse, and the shape of this pulse is a function of frequency span over which the
measurement is carried out. In order to clarify the process of calculating time response from
the measurement in the frequency domain, we consider a device with a uniform frequency
response such as a short circuit (figure 5.3). The time domain response of this device can
be calculated by taking the Fourier transform of the response in the frequency domain. The
Fourier transform of a rectangular function is a sinc function whose width is the inverse of

the frequency span.

In practice, the measurement is carried out at discrete frequencies. Sampling in the
frequency domain causes the time domain response to repeat itself at intervals of 1/Af

seconds, where Af is the sampling frequency interval. The measurement in a limited
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frequency span and at discrete frequencies introduces some restrictions to the time domain

response which are discussed in the next section.

Frequency Domain Time Domain

0dB IFT

Inverse Fourier Transform
Frequency Span

. '

> f o - t
DC Btop

Figure 5.3 The time response associated with a rectangular function.

5.3 Time domain gating limitations

The time gating technique is based on identifying and cancelling out the unwanted
reflections in the time domain response. Therefore, the frequency response calculated from
the gated time domain response does not include the unwanted reflections. The use of time
domain gating improves the measurement accuracy, if the gate parameters are set properly.
In this part, the intrinsic limitations with the time gating technique and the associated
sources of error are presented. First, the basic terms and definitions in this technique are
explained. Then, the mechanisms involved error generation and the techniques to reduce

their impact on the measurement results are presented.

5.3.1 The alias-free range

As mentioned, the measurement at discrete frequencies causes the calculated time response
to be repeated in the time domain, (figure 5.4). In the time domain, the distance between
two identical responses is defined as the alias-free range. In the time domain response, the
location of each reflection can be measured in the alias-free range without any ambiguity.
The alias-free range is equal to the inverse of the sampling frequency (1/Af). This range is
more important in characterising devices with a long electrical length such as delay lines. In

practice, the alias-free range can be extended by increasing the number of measured
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frequencies per sweep. The alias-free range does not cause any significant problem, since
the free-space path between transmitting and receiving antennas is cancelled out in the

calibration process.
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Figure 5.4 The effect of sampling on the calculated time domain.

5.3.2 Response resolution

The ability to resolve the responses of two closely spread objects in the time domain is
defined as the response resolution. In the time domain response, distinguishing between
the wanted and unwanted components depends on the response resolution and the spacing
between them. As the unwanted reflections must be identified and gated out, the response
resolution is a key parameter in time domain gating. The response resolution is inversely
proportional to the frequency span. The achievable response resolution, which is equal to
the width between two -6dB points in the time response, is 0.45/fspan, 0.6/fspan and
1.2/fspan for Narrow, Normal and Maximum window types respectively. The response
resolution is mainly limited by the frequency span over which the measurement is carried
out. In mm-wave frequencies, the maximum frequency span is mainly limited by the
maximum usable bandwidth of the waveguide. The maximum frequency span, and
consequently the achievable resolution, increases at the upper end of mm-wave

frequencies.
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5.3.3 Windowing

As explained, the time response associated with a uniform frequency response is a sinc
function. The sidelobes associated with a sinc function can mask small responses and
reduce the dynamic range, (figure 5.5). In order to improve the sidelobe level and increase
the measurement dynamic range, the measured quantities are weighted by a mathematical
function before applying the Fourier transform. The weighting improves sidelobe level at
the expense of increasing the main lobe width. In the HP-8510B, three functions with
different weighting factor can be selected. Each of these windows is appropriate for a

specific type of measurement.
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Figure 5.5 The small responses by the side lobes of a strong response.

The width of the main lobe defines the resolution in the time response (response
resolution). In free-wave measurements, a high spatial resolution is required to distinguish
the wanted responses from the unwanted reflections. In the time domain response, the

resolution is limited by the frequency span and the type of window. Figure 5.6 shows the

81



Chapter 5 Time gating

effect of the three available windows in the HP-8510B on a uniform function. Each of

these windows is appropriate for a specific type of device.
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Figure 5.6 Different window types in the HP-8510B.
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5.4 Time gating error

Time domain gating is a mathematical process and four different gate shapes can be selected
in, the HP-8510B. Figure 5.7 shows the specifications associated with each gate shape.
The pass band ripple and the cutoff rate make each of them appropriate for a specific type

of measurement.

Passband
ripple

T1

j—————

Gate Gate

Start Stop
Gate Shape Passband Sidelobe Cutoff Time Minimum

Ripple Level T2=T3 Gate Span T2

Minimum +0.40dB -24dB 0.6 / fspan 1.2/ fspan
Normal +0.04 dB -45 dB 1.4 / fspan 2.8/ fspan
Wide +0.02dB -52dB 4.0 / fspan 8.0 / fspan
Maximum +0.01dB -80 dB 11.2 / fspan 22.4 / fspan

Figure 5.7 Specifications of each gate shape in the HP-8510B.

Although the use of time gating can remove the effect of unwanted reflections, it introduces
some errors in the measured transmission and reflection coefficients. The imperfect
characteristics of the gate and the measurement at discrete frequencies result in some
constraints in the time gating technique. Discarding a part of the wanted data in the time
domain also introduces error in the gated response. As we know, a limited function in the

frequency domain has an unlimited duration in the time domain. Therefore, the time domain
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response calculated from the measurement in a limited band of frequencies is spread over
an infinite interval in the time domain. Regarding the limited width of the gate, a part of the
measured data is discarded in the gating process. This causes error in the measured

parameter which is more serious in devices with long electrical length.

Multiple reflections within a slab can be represented by a geometric series of infinite terms.
If the multiple reflections are taken into account in calculating the complex permittivity and
permeability, all terms of this series should be considered in the measurement. In free-wave
techniques, the gating is mainly used for removing the effect of the unwanted reflections
from the measured parameters. In the time domain response, the multiple reflections
between the sample surfaces and the antennas constitutes the nearest unwanted reflection to
the wanted response. The location of this reflection depends on the geometry of the
measurement system, and the time gate should be narrow enough to exclude it. Therefore,
the higher order terms of the multiple reflections located outside the gate are discarded in

the gating process.

If the higher order terms of the multiple reflections are not taken into account and the
sample treated as a thick slab, the gate width should be narrow enough to exclude all the
higher terms of multiple reflections. As mentioned, the minimum gate span is dictated by
the frequency span over which the measurement is carried out. If the electrical length of the
sample is not sufficiently great, the higher order terms cannot be eliminated by the gating
technique. In thick sample measurements, failure to eliminate the higher order terms of the

multiple reflections is the main source of error.

5.5 Time gating error analysis

The error mechanisms taking part in the time domain gating are quite complicated and
cannot be modelled easily, but the error can be calculated for an ideal gate. In a real time
domain gate, the specifications of the gate and the response of the device should be well
defined. In calculating the error for a real gate, the use of Fourier transform and the other
time consuming computations is inevitable. A practical method for estimating the gating
error is to use the available facilities in the network analyser to simulate different gate

parameters on the measured response.
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In order to simulate the gating error in the HP-8510B, the transmission and reflection
coefficients of a slab with given properties are calculated and saved in the network analyser
memories. The network analyser calculates the time domain response from these data, then
time gates with different parameters are applied. As the original response is well defined
and saved in the computer memories, the changes between two responses can be found by

comparing them.

The systematic error due to the gating can be categorized into two classes. The first type
includes the error caused by discarding the higher order terms of the multiple reflections
within the slab. For an ideal gate, this error can be calculated. This error term is mainly
considered in the thin sample measurements. The inability of the gate to separate two close
reflections in the time domain and imperfect gate characteristics like pass band ripple and
finite sidelobe level constitute the second type of error. This error term cannot be calculated
easily, since it is quite complicated and all the parameters associated with sample and gate
take part in constituting this error term. This type of error is mainly taken into account in
the thick sample measurement, where the higher order terms of the multiple reflections

within the sample should be removed by the time gating technique.

5.6 Time gating error simulation

The available facilities in the HP-8510B can be used for simulating the gating error. In the
time gating process, the measured data in the frequency domain are saved in the network
analyser memories, then they are used to compute the corresponding time domain
response. A computer program modelling scattering parameters of electrical circuits is used
for calculating transmission and reflection coefficients associated with a slab. This
computer program has the capability of transferring data through the HP-IB to the network
analyser. For simulating the gating error, a free-wave measurement system is modelled by
a number of transmission lines. Then, the transmission and reflection coefficients
associated with the sample are calculated by this program (Circuit Modelling Program) and
saved in the allocated memories in the network analyser. The calculated data are considered
as measured data, and all the required mathematical operations associated with applying

different gate parameters are carried out.
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5.7 Transmission line model

Figure 5.8 shows the model associated with a free-wave measurement system. In this
model, the mismatches in the antennas and the diffraction of the wave from the edges of the
sample are ignored. In order to simplify the modelling, the propagated wave is also
assumed to be a uniform plane wave, (plane wave model). For calculating the transmission
and reflection coefficients of a slab by the Circuit Modelling Program, the mathematical
relationship between the transmission line parameters and the slab properties should be
defined. In the Circuit Modelling Program, a transmission line is defined by its length,
characteristic impedance, shunt and series impedances per unit length. The detailed

calculations and the required derivations can be found in appendix 1.

Transmitting Receiving
Antenna Antenna
50Q 50Q
Port 1 Port 2

Figure 5.8 Free-wave measurement system transmission line model.

In the transmission line model, the magnetic loss is simulated by a series resistance and the
dielectric loss is represented by a shunt conductance. The transmission line model gives
precise transmission and reflection coefficients associated with a slab only for lossless
materials. Since this model does not accept variable parameters, modelling the lossy
material is not accurate in this model. Therefore, some differences between the simulated
loss by this model and actual loss associated with a slab are expected. These differences are

not crucial for our purpose and can be ignored (appendix 1).
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5.8 Thin slab time domain gating error

As explained, discarding the higher order terms of the multiple reflections within the
sample introduces errors in the measured transmission and reflection coefficients. In this
calculation, the imperfect characteristic of the gate is ignored and the unwanted reflections
are not taken into account. The maximum gate width is limited by the distance between the

sample surface and antenna (figure 5.9).

Receiving
Antenna
Transmitting > Receiving
Antenna Antenna
Maximum Gale Span Unwanted reflections
>
Time

Figure 5.9 Unwanted reflections in the measurement system.

5.8.1 Thin slab transmission error

If the multiple reflections are taken into account, the total transmitted wave through the slab

can be expressed by a geometric series. In the gating process, higher order terms of this
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series are discarded. If only the first N components of the multiple reflections are included
in the gating process, the discarded components introduce error in the measured
transmission coefficient. Figure 5.10 shows the process of gating higher order components
of the multiple reflection in transmission coefficient measurements. The detailed derivation
of the error in transmission coefficient measurement for an ideal gate can be found in

appendix 2.

N components

Measured components Discarded components

Figure 5.10  The higher order ofmultiple reflection within the sample in a transmission

coefficient measurement.

5.8.2 Thin slab reflection error

As shown in figure 5.11, the total components of the reflected wave from a slab can also be
shown by a geometric series. Discarding a number of higher order terms of the multiple
reflections results in an error in the magnitude and the phase of the measured reflected
wave. If the first N components are included in the gating process, the maximum expected

error for a given sample and an ideal gate can be calculated, (appendix 3).
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N components

[lIJ_>

Measured components Discarded components

Figure 5.11 Discarding the higher order ofmultiple reflection within the sample in a

reflection coefficient measurement.

5.9 Slab thickness

In thin sample measurements, the multiple reflections within the sample should be taken
into account. In this case, the main restriction on the gate parameters is the maximum gate
width, which results in discarding the higher order terms of the multiple reflections. If the
combination of the sample thickness and the material properties is such that only the main
term of the multiple reflections can be measured, {thick slab), the dependence of the

measurement accuracy on the sample electrical length decreases considerably.

Thick sample measurements are based on measuring the main term of the multiple
reflections. In rhick slab measurement, the main limitation is the minimum gate width
which is dictated by the frequency span. Although treating a sample as a rhick slab is
usually preferred, the measurement in a limited frequency band imposes a minimum sample
thickness. In the next part, we define a set of simple criteria for setting the gate parameters

with regard to the the sample thickness.



Chapter 5 Time gating

5.10 Thin slab time gating error simulation

As mentioned, the magnitude of the multiple reflections within the sample decreases as the
wave is reflected from the sample surfaces. The rate of decay depends on the loss
properties of the sample and the sample thickness. In the plane wave model, the total
transmitted or reflected wave is expressed by a geometric series. The elements of these
series are spaced by twice the sample electrical length in the time domain, and the geometry
of the measuring system defines the maximum gate width. In gating process, all the
responses outside the time gate are discarded. In thin sample measurements, the gating

error can be calculated from appendices 2 and 3 for an ideal gate.

If the magnitude of the error term is less than -50 dB with respect to the measured
parameter, an error of 0.03 dB in magnitude and 0.2° in the phase of the measured
parameters are expected. For achieving this accuracy, the gate should be wide enough to
include the required number of the multiple reflections terms. In the prototype measurement
system, transmitting and receiving antennas are located 30 centimetres apart. Therefore, the
main unwanted reflection occurs as close as 1000 picoseconds from the main response.
This reflection is generated by bouncing the wave between the sample surfaces and the

antennas, therefore the gate width should be narrow enough to exclude this reflection.

If only the first 3 terms of the multiple reflections in a loss-less dielectric slab with
permittivity of 9 are included in the gating process, the gating error is -36 dB lower than the
measured parameter. This error vector results in an error of 0.13 dB and 0.9° in the
magnitude and phase of the transmission coefficient. In this case the gate width is as wide

as six times the slab electrical length, but the error is considerable.

If the first 4 terms of the multiple reflections are included in gating process, the expected
error is 0.03 dB and 0.2° in the magnitude and phase of the measured transmission
coefficient. In this case, the gate width should be as wide as eight times the sample
electrical length. Regarding the maximum gate width (30 cm), the sample electrical length
should be less than 125 and 166.6 picoseconds for gating the first four and three terms of

the multiple reflections respectively.

The above calculations are based on an ideal situation. In order to evaluate the validity of
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this calculation for a real gate, the gating error in the HP-8510B can be simulated,

(appendix 5).

In the first example, the gating error in a lossless dielectric slab (¢, = 2.6) with thickness
of 10 mm is simulated. The intrinsic limitations of the time domain gating cause the error to
increase rapidly at the two ends of the measured frequency band. The simulation results
show that a gate width of 500 picoseconds is wide enough for measuring the transmission
and reflection coefficients with acceptable accuracy. It is worth noting that the discrepancies

between the calculated and simulated gating error are due to the finite frequency span.

If the sample electrical length is such that a gate width of wider than 1000 picoseconds is
needed, the unwanted reflections cannot be attenuated sufficiently. In the second example,
the gating error in a lossless dielectric with long electrical length (¢, = 10.4 ), and
thickness of 10 mm is simulated. The detailed simulation results can be found in appendix
5. The comparison of the results obtained from the calculation and simulation show a good
agreement. It can be concluded that the electrical length of this sample is not small enough

to be treated as a thin slab.

If the decay rate of the multiple reflections within the sample is sufficiently high, the
multiple reflections can be ignored. In the third example, the gating error in a lossy ferrite
sample is simulated. Sample 3 is a ferrite (¢, = 7.5 - jO.50, u, = 0.8 - jO.15) with
thickness of 10 millimetres, corresponding to an electrical length of 24.49 mm. The
detailed simulation of the gating error in sample 3 can be found in appendix 5. The results
obtained from the simulation agree with the maximum calculated error for an ideal gate. The
loss properties of this sample causes the multiple reflections to decay rapidly, therefore a
narrower gate can be used. In this sample, a gate with 500 picosecond width is sufficiently

wide to include all the significant terms of multiple reflections.

Simulating the gating error in these samples shows that the gate width should be at least six
times wider than the sample electrical length in measuring low-loss materials. In lossy
materials, multiple reflections can be ignored if the propagation coefficient (P) is less than
-15 dB.
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5.12  Thick slab time gating error simulation

If the propagation coefficient (P) is less than -15 dB, multiple reflections within the sample
can be ignored. In this case (thick sample), the calculation of permittivity and permeability
becomes simpler and the dependence of total accuracy on sample electrical length
decreases. As mentioned, the minimum gate width is dictated by the frequency span and the
gate shape. In thick sample measurement, the gate should be narrow enough to separate
two adjacent terms of the multiple reflections which are separated from each other by twice
the sample electrical length. The maximum available frequency span in R-band is 13.5
GHz, therefore the minimum gate width is 88, 206, 592 and 1658 picoseconds for
Narrow, Normal, Wide or Maximum gate shapes respectively. Simulating the gating
error in thick sample measurement shows that slabs with minimum electrical length of

1.5~2 times the gate width can be treated as thick slabs.

5.13 Conclusion

Time domain gating error is mainly caused by either discarding the higher order terms of
the multiple reflections within the sample or by the intrinsic imperfections of the time
domain gate. The maximum gate span is dictated by the location of the most significant
component of the unwanted reflections in the time domain response. This reflection
generated by bouncing the wave between the sample surface and the antenna, and the
location of this reflection is equal to the antenna distance in the time domain response.
Regarding the geometry of the prototype measurement system, the maximum usable gate

width is 1000 picoseconds corresponding to 30 cm.

The frequency span over which the measurement is carried out and the gate parameters
dictate the minimum gate width. At R-band (26.5 to 40 GHz), the minimum gate width is
about 26 mm. This gate width is calculated for 13.5 GHz frequency span and narrow gate
shape. The edge effect in the time gating technique causes the error at two ends of the gated
response to increase rapidly. For Minimum and Normal gates, the usable area in the gated
response is the centre frequencies of the bandwidth, while this region extends to 60% and

80% of the full range for wide and maximum gate shapes (figure AS.2).
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In measuring thin slabs, multiple reflections within the sample are taken into account in
calculations and the gate width should be wide enough to include the most significant
components of the multiple reflections. The number of terms of multiple reflections which
should be included in the gating process is a function of the material properties and the
acceptable tolerance in the measurements. For low-loss materials, at least the first three
terms of multiple reflection should be included in the gating process to achieve an

acceptable tolerance.

In measuring low-loss materials with high electrical length, a wide gate width is required.
The measurement of lossy material requires a narrower gate width, since the multiple
reflections decay rate is higher. If the required gate width for measuring a thin slab cannot
be implemented, treating the sample as a thick slab is recommended. The maximum gate
width for a thin slab and the maximum thickness for a slab to be considered as a thin

sample can be calculated for an ideal gate.

The gating error increases sharply in measuring reflection coefficients at frequencies where
the sample electrical length is a multiple of 180°, and the measurement should be avoided at
these frequencies. In the reflection coefficient measurement the multiple reflections start
decaying from the second term, therefore a wider gate should be considered for measuring

the reflected wave.

If the combination of sample thickness and material properties is such that only the first
term of the multiple reflections within the sample can be measured, the calculations become
simpler and the measurement accuracy becomes less frequency dependent. If time domain
gating is used for separating the higher order terms of the multiple reflections, the gate
width should be narrow enough to suppress the unwanted reflections adequately. The
minimum thickness for a sample to be considered as a thick slab is a function of the gate
shape and the frequency span over which the slab is measured. For 13.5 GHz frequency
span and Narrow gate, the electrical length of a slab should be greater than 40 mm to be

treated as a thick sample.
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6 Angular spectrum model

6.1 Introduction

In free-wave techniques the relationship between the sample properties and the measured
parameters is expressed by a mathematical model, and the achievable accuracy depends on
how realistically this model relates the transmission and reflection coefficients to the
material properties. In the plane wave model, the sample is assumed to be illuminated by a
uniform plane wave and the diffraction of the wave from its edges is ignored. These
assumptions simplify calculations, but the effect of the measurement in the near-field region
is not taken into account. This error can be ignored if the sample is placed at a distance
adequately far from the antenna. But in compact free-wave systems, where the
measurement is carried out in the near-field region, the wavefront curvature error can be

significant.

In this chapter, a new model for calculating the properties of a slab from the measured
transmission and/or reflection coefficients in the near-field region is introduced. The
improvement of the angular spectrum model in reducing the total error is shown, and the
limitations in using this model are presented. The use of a lens antenna for reducing the
diffraction of the wave from the edges of the sample is studied, and the associated sources

of error in using a focused beam are discussed.

6.2 Antenna coupling

Diffracted waves from an aperture can be approximated by a uniform plane wave only at
very far distances from the aperture plane. At the front of a radiating aperture, three distinct
regions are defined. The first region, which starts from the aperture plane, is the reactive
region in which the evanescent waves as well as propagating waves contribute to
constituting the field. This region is few wavelengths wide. The next region is the Fresnel

region where all the propagating waves in the angular spectrum contribute to constituting
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the field. This region extends to many wavelengths beyond the radiating aperture. The
Fresnel region eventually shades into the far-field region where the field is determined by a
single plane wave. In practice, free-wave measurements are carried out in the Fresnel
region, where all components of the angular spectrum contribute to constitute the

transmitted and reflected waves.

If a slab is illuminated by a spectrum of plane waves the transmitted and reflected waves are
distorted, and the location of transmitted and reflected waves also displaced from what
geometric optics predicts. The lateral shift and deformation of the reflected beam are studied
by many researchers (references [64] to [71]). But none of them gives an explicit formula
for calculating transmission or reflection coefficients of a slab in the near-field region. The
angular spectrum model calculates transmission and reflection coefficients of a slab

illuminated by a spectrum of uniform plane waves.

In free-wave measurement systems the sample surface is illuminated by the transmitting
antenna, and the reflected or transmitted wave is measured by the receiving antenna. For
calibrating the measurement system, the reflection coefficient of a metal sheet or
transmission coefficient of the empty sample holder is used. Then, the sample is placed in
the sample holder and the coupling between receiving and transmitting antennas is
measured. The coupling between two antennas while the wave is reflected from or
transmitted through the sample is given by equation (1). F¥ (a B ) and F¥ (a , B ) are the

Fourier transform of the field distribution at the plane of transmitting and receiving

antennas, de is a complicated function expressing the interaction of the sample. The
detailed derivation of transmission and reflection coefficients of a sample which is indeed

the coupling between two antennas is presented in appendix 7.

C =%j F¥ (o, B)FF (o, B) Beexp ﬂ’ﬂ)dadﬁ (1)
o

a,ﬂ:-oo

The coupling between two antennas while the wave is reflected from or transmitted through
a slab is a generalized form of the case investigated by Clarke and Brown [72]. For very
long antenna distances, the coupling integral can be simplified by using the stationary phase
method. But the use of numerical methods for calculating transmission and reflection

coefficients of a slab in the near-field is inevitable in practice.
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6.3 Angular spectrum model

The transmission and reflection coefficients of a slab in the Fresnel region can be calculated
by determining the coupling integral, equation (1). In the general case, this integral cannot
be expressed by a closed mathematical expression. The phase of the exponential term in the
integrand varies rapidly with the spatial angle, and the rate of phase changes is proportional
to the antenna distance (D,). In order to have a tolerable error in the computation, the
integrand should be calculated at an adequate number of points. In determining this
integral, the Fourier transform of electric field at the plane of transmitting and receiving

antennas should also be calculated, therefore the antenna excitation should be well defined.

For small antenna distances, the coupling integral can be computed accurately with a
moderate number of points by numerical algorithms, but the computation error increases
with increasing antenna distance. Therefore the number of points in computing the coupling
integral should be increased by increasing the antenna distance. Failing to consider
adequately small increments in computing the integral results in instability in the calculated
values. This instability is caused by the oscillatory nature of the exponential term in the
integrand and can be removed only by increasing the number of points. The limitations
associated with determining the coupling integral and the angular spectrum model are

discussed in appendix 9.

In the calibration process, transmission through the empty sample holder or the reflection
from a flat metal sheet are measured. In the angular spectrum model, the contribution of all
elements of the spectrum in constituting the transmitted and reflected waves are taken into
account. A computer program evaluating the coupling integral is used for simulating the

measured transmission and reflection coefficients of a sample in the near-field region.

The diffracted wave from the antenna can be focused on a small area on the sample surface
by using dielectric lenses or microwave reflectors. Therefore, the diffraction from the edges
of the sample can be reduced and a smaller sample can be used. In practice matching a
dielectric lens in a wide frequency band is difficult, and the multiple reflections within the
lens degrade the focusing performance of the antenna. If the multiple reflections within the
lens and the mismatches of the lens are ignored, a lossless dielectric lens can be introduced

to the angular spectrum model easily.
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In order to study the effect of the aperture field distribution on the transmission and
reflection coefficients, three different types of antennas are considered. In the first type
(diverging beam), there is no lens at the front of the aperture and the wave starts
propagating spherically from the antenna phase centre. If the phase of the propagated wave
is compensated by a dielectric lens such that the wavefront is plane at the antenna aperture
(parallel beam), the wave propagates in a more collimated fashion. In the third type
(converging beam), the dielectric lens is such that the wave is focused on a focal point at
the front of antenna. It is worth mentioning that the wave is focused to a point in theory,
but the diffraction of the wave and the multiple reflection within the lens degrade the

focusing quality and the wave is focused to a larger spot.

6.4 Near-field measurement error simulation

In this part, the wavefront curvature error in transmission and reflection coefficient
measurements is studied. In appendix 9, the simulated error in two lossless dielectric slabs
and a ferrite sample are presented. Figure 6.1 shows the wavefront curvature error in a
dielectric sample (£,=2.6). As can be seen, the error approaches zero by increasing the
antenna distance. In the near-field the error in magnitude of the permittivity is rather small,

but the error in loss tangent is considerable.

The simulation results show that the values calculated by the angular spectrum model
approaches the results given by the plane wave models by increasing the antenna distance.
It can also be concluded that the use of focusing the beam increases the deviation between
two models. This difference can be justified by considering that the angular spectrum
corresponding to a focusing beam occupies a wider interval of spatial angles with respect to

the same antenna without a lens.
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Figure 6.1 The simulation ofwavefront curvature error in a lossless dielectric specimen

=g

2.5880

2.5784

2.5752

2.5720

0.020

0.016

0.012

0.008

0.004

0.000

100

100

Angular spectrum model

Diverging beam
Converging beam

Parallel beam
140 180 220 260

Antenna distance (mm)

Diverging beam
Converging beam

Parallel beam

140 180 220 260

Antenna distance (mm)

(e"=2.6, d=10mm).

300

300



Chapter 6 Angular spectrum model

Although transmission and reflection coefficients of a sample in the near-field region can be
calculated by the angular spectrum model, determining the complex permittivity and
permeability associated with a set of measured transmission and/or reflection coefficients
needs a great computation time. In practice, the plane wave model can be used, if the
sample is placed adequately far from the antenna. In order to simulate the error due to the
wavefront curvature in permittivity and permeability, the transmission and reflection
coefficients calculated in the angular spectrum model are used to determine the associated

€ and u_ by the plane wave model (appendix 10).

Results obtained from the simulation show that the error in permittivity and permeability
increases sharply at frequencies where the sample thickness is a multiple of A/2 in thin
samples, while the error is rather independent of frequency for the samples treated as thick
slabs. It is worth mentioning that the computation error in the angular spectrum model also
increases at frequencies where the sample thickness is a multiple of A/2. Therefore, the
error at these frequencies is a combination of the computation error as well as the intrinsic
error of free-wave techniques. There are various methods for calculating permittivity and
permeability of a slab from the measured transmission and/or reflection coefficients. The
total error in the calculated permittivity and permeability are functions of the error in the
measured parameters and the method of calculation. If the material properties are calculated
from the transmission coefficient at two orthogonal polarisations, the product of u,€ can
be calculated more accurately than i, and &, individually. Therefore, the error in the
product of i, can be considered as a criterion for comparing the difference between two

models.

The angular spectrum model improves the measurement accuracy at the expense of a huge
computation time. In most of the cases the wavefront curvature error is not the most
significant error term, therefore the plane wave model can be employed confidently.
Increasing the aperture size or reducing the antenna distance results in increasing the
wavefront curvature error. In this case, the improvements made by the angular spectrum
model outweighs its computation time. The Rayleigh distance can be considered as a key

factor in choosing the best model for the calculations.
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6.5 Sample size

In free-wave measurement, the diffraction of the wave from the edges of the sample causes
error in the measured transmission and reflection coefficients. The attenuation of the fields
at edges of the sample respect to the field strength at centre of the slab is a function of
sample size, antenna distance, aperture excitation, frequency and the incident angle. The
magnitude of the wave at a given distance from the aperture plane at the front of the antenna
can be calculated by its angular spectrum. The contour mapping of the magnitude of the
diffracted wave from a standard rectangular horn with different lenses are given in
appendix 11. Regarding the small size of the aperture (25x35 mm), the propagated beam
cannot be focused on a small area on the sample surface. In the prototype measurement
system, the sample is placed at distance of 15 cm from the aperture plane. At this distance,
-30 dB beam waist is 19, 19.3 and 26 cm for converging, parallel and diverging beams
respectively. At oblique incidence, the footprint of the antenna on the sample increases and
a larger sample surface is required. At 45° incident angle, the footprint of an antenna
corresponding to -30 dB beam width is 26.8, 27.6 and 37.7 cm. The wave should be

attenuated at least -40 dB at the edges of the sample to ignore the diffraction error term.

Multiple reflections within the lens and the lens mismatch are two important factors which
cannot be considered in calculating the antenna radiation pattern. These factors degrade the
focusing quality of the beam. Dielectric lenses should be well matched in a frequency band
and the beam waist should be rather small at focal plane to allow small samples to be
measured. In free-wave techniques the use of parabolic reflectors is preferable, since the
multiple reflections can be kept at a tolerable value. Parabolic reflectors are less flexible

than to lens antennas, and special care should be made in making the reflector surface.

6.6 Conclusion

The angular spectrum model calculates the transmission and reflection coefficient of a slab
in the near-field, but it requires a great computation time. This model considers the
wavefront curvature and the effect of the beam forming elements such as dielectric lenses.
The difference between the angular spectrum and plane wave models decreases by

increasing the antenna distance and approaches zero for measurement in the far-field.

100



Chapter 6 Angular spectrum model

In order to decrease the diffraction of the wave from the edges of the sample, the wave
should be attenuated adequately (-40 dB or less) at the sample edges. The use of dielectric
lenses or parabolic reflectors can reduce this error, but focusing the beam causes the
associated angular spectrum to be spread over a wider interval of spatial angles. Therefore,
the difference between the two models increases if a focused beam antenna is used. As the
multiple reflections within the dielectric lens and the lens mismatch cannot be taken into

account in the angular spectrum model, these error terms should be kept as low as possible.

The presented simulation is based on the actual specifications in the prototype measurement
system which is made on the basis of the available components. The aperture size
employed is quite small, therefore the propagated wave cannot be focused on a small area
on the sample surface. In practice, in order to ignore the diffraction of the wave from the
edges of the sample a larger aperture size is required. The angular spectrum model
improves the accuracy of the measurements with respect to the plane wave model, but a
great computation time is required. For a given aperture size and frequency, the wavefront
curvature error increases as the antenna distance decreases. In most of the cases the
wavefront curvature is not the most significant source of error, therefore the wavefront
curvature error can be ignored and the plane wave model can be used confidently.
However, the use of larger aperture size and/or carrying out the measurement in relatively
close distance from the antenna increase the improvement can be achieved by the angular

spectrum model.

The Rayleigh distance can be considered as a criterion in the design and choice of the
appropriate model. The Rayleigh distance gives the minimum distance from the aperture for
a given error in the wavefront curvature. For a simple case and 22.5° phase error, the
minimum distance can be calculated by 2D’max/A, where A and Dmax are the wavelength
and the maximum size of the aperture. If the ratio of the antenna distance to the Rayleigh
distance is greater than 2, the plane wave model can be used confidently. If this ratio is less
than 1, the use of the angular spectrum model is suggested. The required accuracy and the
properties of the sample are also important in choosing the appropriate model. In the error
analysis, it is shown that the product of permittivity and permeability can be measured more
accurately than y, and €, individually. The wavefront curvature error mainly affects the
measured loss properties of the sample, therefore the degree of improvement in accuracy is

less considerable for lossy materials.
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7.1 Introduction

In principle the complex permittivity and permeability of a slab can be calculated from four
independent measurements, but the multi-valued nature of the equations and inaccuracy in
measuring transmission and reflection coefficients introduce ambiguities and error in the
calculated values. The aim of this chapter is to study free-wave error mechanisms and to
estimate the achievable accuracy in free-wave techniques. It is also shown that the product
of u,€& and the ratio of £/, can be calculated more accurately than &, and y, individually
in certain methods. The error in €4, and €,/u, for given samples are simulated, and the
optimum method for using the measured data is recommended. The effect of the sample
electrical length on total accuracy is discussed, and the improvement that can be achieved

by treating the sample as a thick slab is demonstrated.

7.2 Error sensitivity

In the free-wave technique, sample properties cannot usually be expressed by a closed
mathematical expression. For small errors in the measured parameters (I, I'z, Th, T,
0, Ao and d), the partial differentials of the sample properties (d¢, and 6u,) can be
calculated. If the error in the measured parameters is sufficiently small, the total error in &,
and g, can be approximated by ¢, and u,. This method delivers the required accuracy
for estimating the total error in the material properties for small errors in the measured
parameters. A detailed analysis of this technique can be found in appendix 12. In order to
calculate the total error in €, and y, for large errors in the measured parameters, d¢, and

O, are integrated over the required range. A computer program calculating é¢, and 6y,
for a given set of errors in the measured parameters is employed to simulate the total error
(appendix 13). In the error analysis, we assume that the sample is illuminated by a uniform

plane wave and that diffraction of the wave from the edges of the sample is ignored.

102



Chapter 7 Error analysis

If the multiple reflections within the slab are taken into account, the reflected wave is
minimum and the transmitted wave is maximum at frequencies such that the electrical length
of the sample is a multiple of 180°. At these frequencies and for a lossless slab, regardless
of the material properties and the plane of polarisation, there is no reflection and the whole
incident wave is transmitted through the sample, (IT)|=IT,|=1 and |I}j|1=II";1=0). Therefore,
the measurement of transmission coefficients at two orthogonal polarisations does not
provide the required data for calculating €, and u, individually at these frequencies. A
similar argument is applicable for justifying the increase of error in lossy materials, and the
reflected wave does not give the required information for calculating &, and y,. If multiple
reflections within the sample are ignored, the error analysis becomes simpler and the
dependence of the measurement accuracy on the sample electrical length decreases

considerably.

7.3 Total error in thick slabs

The reflection coefficient associated with a semi-infinite slab at parallel and perpendicular
polarisations are given by (1) and (2). Multiple reflections can be ignored if the propagation
coefficient is sufficiently small (P < -15 dB). At oblique incidence, the transmission and
reflection coefficients of a slab are also functions of the incident angle. In order to simplify

the analysis, normal incidence is considered.

At normal incidence, the reflection coefficient of a semi-infinite sample is only a function of
the wave impedance, (1,/¢,)/2. In this case, the magnitude and phase of the reflection
coefficient mainly depend on u'/e’ and (tan dm-tan de) respectively. Therefore, the ratio
of 1,/ and the difference of the loss tangents can be calculated more accurately than these

parameters individually from the reflection coefficient measurement.

If multiple reflections within the sample can be ignored (thick slab), the reflection
coefficient is a function of 1, /&,. In reflection coefficient measurement, the front surface of
the sample should be placed at the reference plane defined by the location of the metallic
sheet in the calibration process. In practice, this alignment cannot be performed with the
required accuracy and an error in the measured phase of the reflection coefficient is

experienced. The error in the reflection coefficient phase results in an error in the difference
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of loss tangents, (tan Om-tan Oe). In thick sample measurements, the ratio of u,/, is

independent of the incident angle.

At oblique incidence, the transmission coefficient associated with a thick slab is given by
(3) and (4) at parallel and perpendicular polarisation respectively. P is the complex
propagation coefficient given by (5). As can be inferred from equations (4) and (5), the
transmission coefficient mainly depends on the propagation coefficient (P). The
propagation coefficient itself is mainly a function of u, &, therefore the product /i€ can be
calculated from the transmission coefficient more accurately than p, and &, values

individually.

N g4, sin? (6) - £,cos ()

F"Z«/mwcos(e) D

= #,COS(G)-W/m )
cos (6) +m

Ti=(1-I)P .(3)

T, = (1-I2HP . (4)

P=e % by sin*0 (5

Figure 7.1 shows the total error in sample 1 (g,=2.6, d=10 mm) treated as a thick slab for
0.5 dB error in the magnitude of the parallel transmission coefficient. As can be seen, there
is no rapid change in the error at frequencies such that the sample electrical length is a

multiple of 180°.
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Figure 7.1 Simulated total error in sample 1 treated as a thick slab against the

transmission coefficient magnitude (transmission method).
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7.4 Total error in thin slabs

If multiple reflections within the sample cannot be ignored (thin slab), the transmission
and reflection coefficients are given by equations (6) to (9). In this case, both the reflection
and transmission coefficients are functions of the sample electrical length (P). As
mentioned, the reflection coefficient is minimum and the transmission coefficient is
maximum at the frequencies such that the slab electrical length is a multiple of 180°. Figure
7.2 shows the total error in sample 1 (¢,=2.6, d=10 mm) treated as a thin slab for 0.5 dB
error in the magnitude of transmission coefficient. In this figure, the rapid increase of the
total error at frequencies such that the sample thickness is a multiple of A/2 is shown. At
these frequencies, most of the incident wave is transmitted through the slab. In this case,
the transmission coefficient does not provide enough data for determining u, and &,

individually, but it can still be used to calculate the product 1,&,.

2
Ttu=M (6)

(1-P2)

2
,l=ﬂlﬂ% e

(1-P2I9
r,= 2420 ...(8)

(1-P2I)

_p2
tl=M‘}‘ (9)

(1-P2I9)

The dependence of transmission coefficient on (i€, is stronger at frequencies such that the
sample thickness is multiple of A/2, since the transmission coefficient mainly depends on
the propagation coefficient (P). At other frequencies, the transmission coefficient is a
function of P and I'. As mentioned, P is mainly a function of €,.4,, and I" mainly

depends on the ratio 1, /€,.
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Figure 7.2 Simulated total error in sample 1 treated as a thin slab against the

transmission coefficient magnitude (transmission method).
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7.5 Total error simulation

A computer program calculating the total error in a slab for a given set of errors in the
measured parameters is employed for simulating the error in different free-wave
techniques, (appendix 13). The total error in €, and u, for a given set of errors in each of
the measured parameter (I', Iz, Tu, T+, 6, Ao and d) can be simulated by this

program.

Various methods can be devised for calculating the material properties from a combination
of independent measurements. In the error analysis, only four fundamental methods which
are based on calculating the material properties from the measured TuW&7T ., I& I, Tv& I
and T: &I are taken into account. In the error assessment, these four methods are
considered for simulating total error in two samples. Sample 1 is a lossless dielectric
(&.=2.6) of thickness 10 mm, and sample 2 is a 10 mm slab of a lossy ferrite (g,=7.5-j0.5

1,=0.8-j0.15) representing a typical material made from ferrite powder. The simulation is

carried out at 45° incident angle and 30 GHz (appendix 14).

In the simulation, the transmission method (method 1) denotes the case where the material
properties are calculated from the measured transmission coefficients at two orthogonal
polarisations. The material properties of a slab can also be calculated from the measured
reflection coefficients at two polarisations, (reflection method or method 2). The
measurement of transmission and reflection coefficients at one polarisation can also provide
the required data for determining the material properties. Method 3 and method 4 denote
the cases where the transmission and reflection coefficients at parallel polarisation or

perpendicular polarisation respectively, are used to calculate €, and p,.

As the product i, & or the ratio €./, can be calculated more accurately than €, and u,
individually in certain methods, the total error in €/, and €, 4, are considered as a
criterion for comparing the error sensitivity in different methods. Figures 7.3 and 7.4 show
the total error in &/, and €4, in sample 1 treated as a thick and thin slab respectively.
As shown, the total error in €., of sample 1 considerably decreases if it is treated as a
thick slab. In order to simplify the comparison of different techniques, the average error

rates are shown as a number of tables (appendix 14).
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Figure 7.3  Simulated total error in sample 1 treated as a thick slab

(transmission method, f=30 GHz and 6=45°).
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In free-wave techniques, the magnitude and phase of the transmission and/or reflection
coefficients at two orthogonal polarisations are measured in dB and degree. Therefore,
we show the total error in €, and y, for changes in the magnitude per dB and the changes
in the phase per degree. The results obtained from simulating the total error for the thick
slab show that the transmission method delivers a better accuracy in determining €4, than
&/, €, or i,. Error in the magnitude of transmission coefficient affects the imaginary
part of € ., while error in the phase of the transmission coefficient results in an error in

the real part of €,4,.

As discussed, the reflection method is more appropriate for calculating u,/&, than €,4,, €,
or i,. In the reflection method, errors in magnitude and phase of the reflection coefficient
introduce error in the real and imaginary parts of the ratio y,/&, respectively. Decreasing the
incident angle and/or increasing the product of €4, increases this dependency. In other
words, the accuracy in measuring U, £, with respect to measurement of 1, & increases for
materials with high values of &,4t.. The same conclusion can be made by examining the
results obtained from simulating the total error for samples 1 and 2. It is worth noting that
the phase of the reflected wave cannot be measured accurately. Therefore, the error in

difference of the loss tangents (fan 8,,-tan 8,) can be considerable in practice.

If the transmission and reflection coefficients are used to calculate the material properties,
the total error is minimised in most cases. The simulation results show that the product
1€ can be calculated more reliably with respect to determining i, or €, individually in
most of the cases. The simulation results do not show any distinction in using the measured

transmission and reflection coefficients at parallel or perpendicular polarisation.

In the error analysis, only the error in the measured electrical quantities (I'll, I't, T, T1)
are taken into account. But uncertainty in measuring the frequency, thickness and incident
angle can also cause error in €, and K,. In the reflection method, if the sample is treated as
a thick slab, the material properties are independent of the incident angle, thickness and
frequency. Any uncertainty in the phase of the reflected wave causes an error in the
imaginary parts of i, . Since the phase of the reflected wave cannot be measured
accurately, this technique does not deliver high accuracy in practice. If multiple reflections

within the slab are taken into account (thin slab), the total error is a complicated function of
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the electrical length of the sample. At frequencies such that the sample thickness is a
multiple of 180°, the reflected wave from a thin slab is minimum and the total error
increases rapidly. At these frequencies, reflection coefficient measurement does not provide
the required data for calculation of permittivity and permeability. In the general case,
measurement at frequencies such that the sample thickness is an odd multiple of 90° is

recommended.

7.6 Conclusion

In free-wave techniques, treating the sample as a thick slab is preferred. The total error in
U, and €, and their variation with frequency are relatively less in thick samples. If the
combination of the material properties and the sample thickness is such that the sample
cannot be considered as a thick slab, the sample thickness should be an odd multiple of
90°. Transmission coefficient measurement gives the product of i, & more accurately than
W, and €, individually, while the error in the ratio of y,/, is minimised if the reflection
coefficient at two polarisations are used. It is worth noting that the phase of the reflection
coefficient cannot be measured accurately, which leads to an error in £, /.. In the general
case, the use of transmission and reflection coefficients at one polarisation delivers a higher

accuracy and greater reliability with respect to the transmission and reflection methods.

The measurement of eight data, transmission and reflection coefficients at two
polarisations, delivers relatively satisfactory results for lossy materials. This method is
based on calculating p,/ and p,& from reflection and transmission coefficients
respectively (Lynch et al [51]). In this method, the reliability of the measured parameters is
also taken into account. This method is recommended for lossy materials, but fails to
converge in calculating the properties of low-loss samples. This technique (eight data

optimization method) is explained in chapter 8.

In free-wave measurements, the frequency, incident angle and the sample thickness can be
measured relatively accurately. Therefore, inaccuracy in transmission and reflection
coefficients are considered as the main sources of error. The error in 4, and €, is a
complicated function of the error in the measured parameters, the material properties and

the method used for calculations. In the general case, it is difficult to estimate the accuracy
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in free-wave techniques. For an error of 0.1 dB and 1° in transmission and/or reflection
coefficients, an accuracy of 1% and 0.5° in 4, & and 2% and 2° in /1., are expected. As
the phase of /1, £ cannot be measured accurately, free-wave techniques are not appropriate

for measuring the properties of low-loss materials, (tand,,+tand,< 50 milliradians).

Inaccuracy in measuring (tand,,-tand,) has been verified by the simulation results. The
results obtained from simulating the total error also show that the magnitude of y, and &,
and the sum of the losses (tand,,+tand,) can be measured accurately. The uncertainty in
measuring (tand,,-tané,) is more significant in measuring low-loss materials. Therefore,
some information about the material loss properties should be used to separate the magnetic
and dielectric losses. The measurement of the sample at other frequencies and considering
the trend of the changes in the loss properties of the sample with frequencies can be used as

a priori knowledge for this purpose.
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8.1 Introduction

A prototype single-pass free-wave system using a Hewlett Packard automatic vector
network analyser (HP8510B) for measuring the complex permittivity and permeability of
materials was designed and built. This was designed as a multi-function system, and
measures €, and 4, in the frequency range of 26.5 to 40 GHz. In this system, the plane of
polarisation can be changed easily and maximum repeatability in the design of the sample
holder has been considered. In transmission coefficient measurement, the incident angle
can be set accurately to the desired value, but the reflection coefficient measurement can be
carried out only at 45°. The use of rigid waveguide has provided maximum repeatability
and stability in the measurement. The aim of this chapter is to present the single-pass free-
wave prototype system, and discuss the design considerations. The required specifications
for a free-wave measurement systems are discussed, and the measurement procedure is
reviewed. At the end, the weak points of this prototype are discussed and a number of

modifications are recommended.

8.2 Design considerations

A prototype single-pass free-wave system (figure 8.1), is designed and built as a test bed
for studying various techniques and practical difficulties in free-wave measurements. It is
worth mentioning that this system is designed on the basis of the available components. As
the first single-pass prototype this system cannot be claimed to be perfect and the need for
making a number of modifications is quite obvious. In practice, the results obtained from
the measurement of dielectric and ferrite samples show that the reliability and accuracy of
this system are sufficient for our purposes. The design of this system is such that both
circular and rectangular horns can be used. In this part, the design considerations and the

limitations of the system are presented.
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Figure 8.1 Single-path free-wave measurement system.
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8.2.1 Sample size

In free-wave measurement, diffraction of the wave from the edges of the sample causes
error in the measured transmission and reflection coefficients. The sample size should be
large enough to intercept the incident wave adequately. The minimum sample size depends
on the antenna radiation pattern and the distance between the aperture plane and the sample
surface. Although a large sample size is preferred, technical constraints in making ferrite
specimens limit the maximum diameter of the samples to approximately 20 cm. Regarding
the ferrite and dielectric samples provided, two sample holders are designed. The circular
sample holder is made for round slabs of 170 mm diameter, and the rectangular one is
designed for square samples of 230x230 mm. As discussed in appendix 11, the error due
to diffraction of the wave from the edges of the sample is a complicated function of sample
size, antenna radiation pattern and the distance between antenna and the sample surface.

Therefore, these three parameters are considered in designing a free-wave system.

8.2.2 Sample holder repeatability

In reflection coefficient measurement, the reference plane is defined by the front surface of
the metal sheet used for calibration. Any displacement of the sample front surface from the
reference plane causes error in the measured reflection coefficient. In our design, the
sample sits on three small ball bearings which are mounted at the rim of the frame. This
design provides good mechanical repeatability for the sample. It is worth noting that the
rigidity of the sample and the sample holder are two important factors in the repeatability
obtained. One of the main sources of error in reflection coefficient measurement is caused
by physical changes in the sample holder. The sample holder can be bent under the weight
of the sample or the calibrating metal sheet. Therefore, the metallic sheet used for

calibration should have the same weight as the sample to minimize this type of error.

8.2.3 Antenna distance

Although the use of the plane wave model simplifies calculations, it does not consider

measurement in the near-field region. In practice, wavefront curvature and diffraction of the
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wave from the edges of the sample are considered as random error terms, since it is
difficult to model them. The wavefront curvature error decreases with increasing antenna
distance and approaches zero in the far-field region, but the minimum sample size increases
with increasing antenna distance. Therefore, the optimum antenna distance is calculated

with regard to the sample size and the radiation pattern of the antennas.

In the prototype system, the distance between the antennas is 30 cm. At 30 GHz, the

distance between the antenna and the sample surface is only 15A. The Rayleigh criterion
2

(%m—x) can be considered as a measure for estimating the wavefront curvature error. For the

used antenna (square aperture of 25x35 mm), the Rayleigh distance is 24.5 cm. As
discussed before the antenna distance should be twice the Rayleigh distance to ignore the
wavefront curvature error, therefore the required distance is about 50 cm. In practice, the
maximum size of the sample limits the antenna distance to 30 cm which is less than that

required.

8.2.4 Focused beam

In order to minimise the error due to diffraction of the wave from the edges of the sample,
either the sample should be adequately large or the propagated wave should be focused on a
small area of the sample surface. Dielectric lens or microwave reflectors can be employed
for focusing the beam on the sample surface. In practice dielectric lenses are compact, but
multiple reflections within the lens and lens mismatches degrade their focusing
performance. The reflected wave from the lens also degrades the accuracy in measuring
transmission and reflection coefficients, therefore the lens antenna should be well matched.
In practice, matching dielectric lenses over a broad frequency band is difficult. The
implications associated with microwave reflectors are much less, but they are relatively
large and need accurate alignment. The antennas used in the prototype are well matched
over the frequency range of 26.5 to 40 GHz, but using the available dielectric lenses
degrades their return loss considerably. The error terms associated with reflection from the
antenna or the dielectric lens are complicated and their impact cannot be removed easily.
Therefore, the use of a well matched antenna over the whole measured frequency band is a

key parameter in improving the accuracy.
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8.2.5 Aperture Size

The plane wave model calculates the transmission and reflection coefficients of a slab in the
far-field region. In practice, the aperture size should be enough large to generate a narrow
beam, but increasing the aperture size causes the near-field region to be extended as well.
The antenna used in the prototype is a standard pyramidal horn (25x35 mm). As discussed
in appendix 11, in order to focus the beam on the sample surface and ignore the diffraction
error, a larger aperture is required. Therefore, we should not expect a good focusing beam

from the present arrangement.

8.2.6 Plane of polarisation

In free-wave techniques, the sample transmission and reflection coefficients are measured
at two orthogonal polarisations. The plane of polarisation should be altered without causing
any changes in the other parameters of the measurement system, such as the lengths of the
free-wave paths. For changing the plane of polarisation, only the position of the sample
holder is changed in the transmission coefficient measurement. In reflection coefficient
measurements, the position of the sample and the location of the receiving antenna should
also be changed. In the prototype system, the appropriate antenna configuration with
respect to the measured parameters can be selected by a set of waveguide switches. It is
worth mentioning that only one waveguide switch is used in our prototype, and changing
the plane of the polarisation needs a small alteration in the waveguide configuration. This
problem can be removed if two waveguide switches are used. In this case, changing the
plane of polarisation is as simple as setting the switches and the position of the sample
holder.

8.2.7 Waveguide connections

In a free-wave measurement system, reflections in the waveguide and coaxial components
cause error in the measurement. In practice, the physical length and consequently the
electrical length of a piece of waveguide changes with temperature. The magnitude of these

changes are proportional to the length of the waveguide, therefore the waveguide
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connections should be designed for the shortest possible length. The ambient temperature
should also be controlled to minimize this type of error. The number of waveguide
junctions used in the measurement system should also be minimized, since each waveguide

twist or bend contribute to the total unwanted reflection.

8.2.8 Single-pass free-wave calibration

The use of improved calibration techniques such as Full Two Port, TRL or TRM can
remove the most significant error terms from the measurement results, but performing these
calibration techniques requires accurate mechanical instruments in free-wave
measurements. At mm-wave frequencies, these calibration methods are not available in the
HP-8510B. The use of the available calibration technique (Response) can deliver the
required accuracy, if the total reflections are small. This calibration method normalises the
measured responses with respect to the measured standards, but the residual error can still
be large for the samples of high reflection coefficient. The mismatches in the waveguide
and coaxial junctions degrade the total measurement accuracy, therefore reflection from the

waveguide junctions, specifically from the antenna, should be kept small.

8.3 Measurement procedure

The measurement procedure is divided into three stages. In the first step, the measurement
system is warmed up and calibrated. Then the transmission and reflection coefficients of
the sample are measured and stored in the computer memories. In the final stage, the
complex permittivity and permeability of the sample are calculated from the measured
values. These stages are carried out in a semi-automated fashion, but can be fully
automated. A computer program written in HP-BASIC automates the measurement in the
double-pass apparatus. This program can be adapted for the single-pass measurement
system. In this part, the different stages of the measurement procedure in single-pass

measurement system are presented.
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8.3.1 Warming up

Although a 2 hour warming up time is recommended for the HP-8510B, the network
analyser can be ready for measurement after 30 minutes in most cases. The ambient
temperature should also be stable during the calibration and measurement processes,
(23+1°C). Failing to control the ambient temperature can result in an error in the phase
measurement. Since the measurement system is made from a metallic structure, its
temperature should be stabilized as well. Changes in the waveguide lengths and the free-
wave paths should be minimized by controlling the ambient temperature. Observing the
changes in the phase of transmission coefficient can be used as a measure for checking the
temperature stability. It is also recommended to leave the sample and the metallic sheet used
for calibration in the measurement environment, to avoid any temperature gradients during

the calibration or measurement procedure.

8.3.2 Calibration

A specific calibration kit has been devised for the single-pass free-wave measurement
system. This calibration kit is based on the Response calibration method, and the
calibration procedure is carried out by measuring the reflection coefficient of a short circuit
and the transmission coefficient of the empty sample holder. In transmission coefficient
measurements, the coupling between the transmitting and receiving antennas is measured
and normalised with respect to the measured antenna coupling for the empty sample holder.
Although changing the plane of polarisation should not affect the free-space paths of the
measurement system, it is recommended to perform a separate calibration measurement at
each polarisation. This technique minimizes the error due to possible physical displacement
of the measurement system after changing the plane of polarisation. The calibrations at
parallel and perpendicular polarisations are saved in two sets of computer memories

considered for this purpose.

In the reflection coefficient measurement, the reflected wave from a metallic sheet is
measured and saved as a reference for normalising the successive measurements. Similarly,
the calibration measurement should be repeated at each polarisation. In order to minimize

the error due to temperature and physical changes of the system, it is recommended to
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perform the calibration measurement just before carrying out the sample measurement. It is
worth noting that the sample or the metallic sheet used as short circuit in the calibration
process should be placed carefully in the frame to minimize the phase error in the reflection

coefficient measurement.

8.3.3 Measurement

In the measurement procedure the sample is placed in the sample holder, then the
transmission and reflection coefficients at two orthogonal polarisations (four complex
numbers) are measured. In order to minimize the error due to the temperature and
mechanical changes, each of these parameters are measured just after carrying out the
associated calibration measurement. The measured values are saved in the network analyser
memories as a set of Raw Data. It is worth mentioning that raw data denotes the
measured scattering parameters before applying error correction and time domain gating.
Having completed the measurement process, the stored data can be used for calculating the
sample properties. At this stage, time gating and calibration are applied to the stored raw
data data. The corrected and gated transmission and reflection coefficients can be saved on

a floppy disk or transferred to a desktop computer for further processing.

8.3.5 Gate parameter setting

The gate centre and gate width should be set correctly for different samples. In thick
sample measurement, the gate width is set at twice the sample electrical length. In the
reflection coefficient measurement the gate centre is set at zero, but it should be set at the
effective sample electrical length in the transmission coefficient measurement. The effective
sample electrical length is defined as the difference between the sample electrical length and
the slice of air which is deleted from the free-space path because of placing the sample in

the frame.

As mentioned, the minimum gate is limited by the frequency span over which the
measurement is carried out. The measurement over a finite frequency span limits the
minimum thickness for thick slabs. In practice, the gate width is set at its minimum for

measuring thick samples. In thin samples, the gate should be wide enough to include the
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most significant terms of the multiple reflections within the sample. The maximum gate
width is dictated by the geometry of the measurement system and the location of the
unwanted reflection in the time domain. The gate width can be as wide as the antenna
distance in thin sample measurements. The gate centre should also be set with regard to the
effective electrical length of the sample. If the sample electrical length is not defined, the
gate width can set by observing the time domain response. Once the material properties are

calculated, the measurement can be repeated for the corrected gate parameters.

8.3.6 Transferring data

The gated transmission and reflection coefficients saved in the network analyser memories
or in a floppy disk are transferred to a desk top computer to calculate the complex
permittivity and permeability. The data are transferred through the HP-IB port in the
network analyser. In practice, any desk top computer with the capability of sending and
receiving data via the GP-IB port can be used for this purpose. In the prototype system, a

Macintosh computer is employed.

8.3.7 Calculation

In principle, complex permittivity and permeability of a slab can be calculated from any
four independent measurements of transmission and/or reflection coefficients at different
polarisations, thickness or incident angles. As shown, the total error in the calculated
permittivity and permeability is a complicated function of the error in the measured data and
the method used for determining the sample properties. In the general case, a priori
knowledge of the material properties is required and the use of iterative numerical methods

is inevitable.
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9.1 Introduction

In previous chapters, different free-wave techniques and methods of calculating the sample
properties from the measured transmission and/or reflection coefficients have been
discussed. It has also been shown that the calculation becomes less complicated and the
dependence of the measurement accuracy on sample thickness decreases if multiple
reflections within the sample can be ignored. In this chapter, some results obtained from

the measurement of ferrite and dielectric samples are presented and discussed.

The major difficulty for evaluating the accuracy in free-wave methods is the lack of any
other reliable technique for measuring lossy materials at mm-wave frequencies. Although
the properties of low-loss materials can be measured by other techniques at millimetre
wavelengths, free-wave techniques are not suitable for measuring low-loss materials.
Regarding the difficulties in providing large size ferrite slabs, the properties of the available

samples are considered for comparison.

In order to estimate the accuracy of free-wave techniques, the properties of a polystyrene
slab as a known dielectric are measured. The ferrite samples are made by mixing ferrite
powder and a resin, so the sample properties can be controlled by varying the percentage of
loading. The ferrite samples were made by DRA(Holton Heath) and their properties are

measured by the waveguide technique.

9.2 Magnetic materials

In the general case, the sample is assumed to be magnetic (u,#1), therefore four
independent measured data are required for calculating the complex permittivity and
permeability. In this part the specimens are considered as magnetic materials, and three

samples treated as both thick and thin slabs are measured. In practice, free-wave methods
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are appropriate for measuring the product £,4, and the sum of loss tangents
(tang,+tand,). The difference of loss tangents (tand,,-tand,) cannot be measured
accurately. Therefore, the accuracy in measuring &4, is used as a measure of comparing

different techniques.

9.2.1 Thick magnetic samples

If multiple reflections within the sample can be ignored, the complexity of the calculation
decreases and the total measurement accuracy increases. For ignoring the multiple
reflections, either the propagation coefficient (P) should be sufficiently small or the sample
should be sufficiently thick such that the multiple reflections can be removed by the time
gating technique. In this part, the measured properties of samples considered as thick slabs
are presented. It is worth noting that the material properties are calculated from the

measured transmission and reflection coefficient at perpendicular polarisation.

Table T9.1 shows the properties of a low-loss ferrite sample (B2, d=13.03 mm) measured

by the waveguide method at 40 GHz. The measurement was repeated three times.

Sample £ £ u u

B2 5.67 -0.14 0.97 +0.05
B2 5.82 -0.01 0.99 +0.02
B2 6.03 -0.27 1.00 +0.02
Average 5.84 +0.14 0.986 -0.03

Table T9.1 The properties of sample B2 (d=13.03 mm) measured by the waveguide
method at 40 GHz.

The complex permittivity and permeability of sample B2 measured by the new free-wave
method are shown in figure 9.1. The properties of this sample are rather constant over the
measured frequency band, and the rapid changes at two ends of the band are due to the
intrinsic time gating error. In this measurement a Narrow gate shape is used, therefore

measurements at centre frequencies which are less subject to the gating error should be
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considered (centre frequencies). At these frequencies, the complex permittivity and
permeability of sample B2 are £,=5.95-j0.04 and u,=0.96-j0.01. Comparing these
values with the results obtained from the waveguide method (g,=5.84+0.14 and
1.=0.986-j0.03), the free-wave technique gives more accurate values for the imaginary
parts of the permittivity and permeability. In the waveguide method, the error in the
imaginary part of the permittivity is quite considerable (" >0). The difference between the

real parts of €, and K, is also less than 2%.

Figure 9.2 shows the electric and magnetic properties of a lossy ferrite slab (D3, d=10.47
mmy). The properties of this sample varies with frequency and its average permittivity and
permeability measured by waveguide method are given in table T9.2. The measurement is
carried out between 26.5 and 40 GHz and the linear variation of the values between two
limits is shown by '~'. In this sample, the results obtained by the free-wave measurement
are in a very good agreement with the values measured by the other technique. It is worth
noting that the results obtained from the waveguide method are also subject to error, and
the repeatability of the technique is poor at these frequencies. Considering the repeatability
and accuracy of the results obtained from the waveguide technique, it can be concluded that

free-wave method delivers more reliable and more accurate values.

Sample £ € u u

D3 6.91~7.02  0.55~0.6 0.8510.02  0.29~0.07
D3 6.82+0.03  0.45+0.03  0.80+0.02 0.36~0.12
D3 7.09~7.32  0.66~1.10 0.87~0.81 0.32~0.07

Table T9.2 The properties of sample D3 (d=10.47mm) measured by the waveguide
method in the frequency range of 26.5 to 40 GHz.

The measured properties of a polystyrene slab (d=21.4 mm) are shown in figure 9.3.
Polystyrene is a low-loss dielectric and its complex permittivity can be measured accurately
by an open resonator (€,=2.545-j0.001 and u,=1, Yu [24]). If the measurement at two

ends of the band (which is subject to gating error) are excluded, the average properties of
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polystyrene measured by our technique are (¢,=2.545+j0.15 and p,=1.017-j0.052). It can
be concluded that the accuracy in the real parts of the permittivity and permeability are better
than 1%. As free-wave techniques are appropriate for materials with high loss tangents, the
error in imaginary parts of the permittivity and permeability is considerable. However, the

error in the sum of the losses is small, (better than 50 milliradians).
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Figure 9.1 Complex permittivity and permeability of a low-loss ferrite sample

(sample B2, thickness=13.03 mm) measured as a thick slab.
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Figure 9.2 Complex permittivity and permeability of a lossy ferrite sample

(sample D3, thickness=10.47 mm) measured as a thick slab.
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Figure 9.3 Complex permittivity and permeability of a polystyrene sample
(€,=2.545-j0.001, thickness=21.4 mm) measured as a thick slab.
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9.2.2 Thin magnetic samples

In thin slab measurements, the time domain gate is wide enough to include the most
significant terms of the multiple reflections within the sample. As explained in previous
chapters, the total accuracy decreases at frequencies such that the electrical length of the
sample is a multiple of 180°, and measurement at these frequencies should be avoided.

Therefore samples with thickness of less than A/2 or an odd multiple of A/4 are preferred.

Figure 9.4 shows the measured properties of the low-loss ferrite sample (B2) treated as a
thin slab. The sample properties are calculated from the measured transmission and
reflection coefficients at perpendicular polarisation. The complex permittivity and
permeability of this sample are £,=6+j0.2 and 1, =0.92-j0.06. As can be seen, the multiple
reflections cause the total error to vary with frequency. The error in the real parts of €, and

U, are about 2.5% and 6% respectively, but the error in the electric and magnetic losses are

more considerable. Although the total error increases at frequencies such that the sample

electrical length is a multiple of 180°, the error in €., is relatively low.

The properties of the lossy ferrite (sample D3) treated as a thin slab are shown in figure
9.5. As the propagation coefficient (P) is sufficiently small in this sample, multiple
reflections can be ignored. Therefore the use of time domain gating does not improve the

results.

The electric and magnetic properties of the polystyrene slab (d=21.4 mm) treated as a thin
sample are shown in figure 9.6. As we expect, the measurement error increases rapidly at
frequencies such that the sample thickness is a multiple of A/2. At optimum frequencies,
the properties of this sample are €,=2.4+0.j0.25 and u,=1.1-j0.11. It can also be seen that
the error in &4, (€.4,=2.57-j0.004) is much less than the error in €, and y,.
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Figure 9.4 Complex permittivity and permeability of a low-loss ferrite

(sample B2, thickness=13.03 mm) measured as a thin slab.
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Figure 9.5 Complex permittivity and permeability of a lossy ferrite
(sample D3, thickness=10.47 mm) measured as a thin slab.
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Figure 9.6 Complex permittivity and permeability of a polystyrene slab
(§,=2.545-j0.001, thickness=21.4 mm) measured as a thin slab.
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9.3 Minimum thickness

To remove the effect of multiple reflections by time domain gating, the electrical length of
sample should be longer than twice the gate width. For lossy materials the sample can be
thinner, since the multiple reflections decay relatively faster. In free-wave techniques thick
slab measurement is preferred, but the condition for minimum sample thickness cannot be
met in some cases. Failing to remove the effect of higher order terms of the multiple
reflections causes error in the measured parameter. In this part, the gating error due to
leakage of the higher order terms of the multiple reflections in the thick slab measurement

is demonstrated.

Figure 9.7 shows the properties of a low-loss sample similar to sample B2, but thinner
(d=7.5 mm). The properties of this sample measured by the waveguide method are shown
in table T9.3.

Sample g' g" p' p"

B3 5.58 -0.01 0.95 +0.00
B3 5.58 -0.09 0.96 +0.01
B3 5.62 -0.10 0.98 +0.02
Average 5.593 -0.063 0.963 +0.01

Table T9.3 The properties of sample B3 (d=6.371mm) measured by the waveguide
method at 40 GHz.

For 13.5 GHz frequency span, the minimum gate width in the HP-8510B is 88
nanoseconds which corresponds to 29.6 mm. Therefore the minimum sample thickness to
qualify as a thick slab is about 40 mm. The electrical length of sample B3 is 15.6 mm,
therefore leakage of the higher order terms of the multiple reflections results in error in the

sample properties.
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Figure 9.7 Complex permittivity and permeability of a low-loss ferrite

(Sample B3, thickness=14.8 millimetres) measured as a thin slab.
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The measured properties of a lossy ferrite (D2) similar to sample D3, but thinner (d=
48.7 mm) are shown in figure 9.8. The electrical length of sample D2 is 11.6 mm and its
properties measured by the waveguide method are given in table T9.4. As can be seen, the
gating error is increased. The propagation coefficient (P) is relatively small in this sample,

therefore multiple reflections decay faster and the gating error is relatively lower.

Sample £ £ u u
D2 6.8910.01 0.35%+0.02 0.78%0.02 0.38~0.15
D2 6.95~7.21 0.65~0.95 0.87~0.80  0.3410.08

Table T9.4 The properties of sample D2 (d=4.78 mm) measured by the waveguide
method in frequency range of 26.5 to 40 GHz.

Figure 8.9 show the measured permittivity and permeability of a polythene sample with
thickness of 14.8 mm. Regarding the dielectric constant of polythene (g,=2.3), the
electrical length of this sample is 19.8 mm. Therefore this sample cannot be measured as a

thick slab, and a considerable gating error is examined.

The results of the measurement on the above samples show that samples with electrical
length down to the gate span can be measured as a thick slab. If a sample with electrical
length less than the gate width is considered as a thick slab, the gating error increases
considerably. It should be noted that the above discussion is applicable to cases in which
time gating is used to remove the multiple reflections within the sample. Samples with

small propagation coefficient (P<-15 dB) can be measured as thick slabs confidently.
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Figure 9.8 Complex permittivity and permeability of a lossy ferrite

(sample, D2 thickness=4.87 millimetres) measured as a thin slab.
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Figure 9.9 Complex permittivity and permeability of a polythene

(€,=2.3, thickness=14.8 millimetres) measured as a thin slab.
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9.4 Non-magnetic materials

In non-magnetic materials (1, =1), the dielectric properties can be calculated from two
independent measurements. In the error analysis, it is shown that the error in the product of
W& is much less than the error in €, and 4,. In non-magnetic materials the assumption
of i, =1 can improve the accuracy, if four data are used in the calculation. In this case, the
total error is a function of the method used for calculating the material properties. The idea
of measuring the product of i€ is based on the conclusion obtained in the error analysis
and can be considered as a more generalized form of the method suggested by Baker-Jarvis
et al [44]. In our approach, the sample properties can be calculated from any combination
of transmission and/or reflection coefficients. The measurement can also be carried out at
oblique or normal incidence. In free-wave techniques, the transmission coefficient is
measured relatively accurately, but the error in measuring the phase of the reflected wave is
considerable. The accuracy in calculating i, and €, of a slab from the measured
transmission coefficient at two orthogonal polarisations is not reasonable, but the product
of u,& can be calculated relatively accurately. For non-magnetic materials, the complex

permittivity can be found from the product of 4, &,.

The properties of polystyrene calculated from the measured transmission coefficient at two
polarisations are shown in figure 9.10. The accuracy in measuring the properties of a
sample increases if it is treated as a non-magnetic material (€,=2.54-j0.01). If this sample

is measured as a thick slab, the measured properties are more accurate (€,=2.544-j0.008).
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Figure 9.10 Complex permittivity polystyrene sample (thickness=21.84 millimetres)

measured as a thin (upper) and thick (lower) slabs.
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9.5 Eight data optimisation method

As mentioned, the properties of a slab can be calculated from eight measured data,
(transmission and reflection coefficients at two polarisations). This method is appropriate
for lossy ferrites, but fails to converge in measuring low-loss materials. In this method, the
product and ratio of permittivity and permeability are calculated from the transmission and

reflection coefficients respectively.

Figure 9.11 shows the results obtained from the measurement of sample D1 treated as a
thick slab. The properties of this sample measured by the waveguide method are given by
table T9.5. Although the properties of this sample are similar to those of sample D2, the
lower thickness of this sample means that multiple reflections cannot be ignored. In
measuring sample D1, this method fails to converge for frequencies above 34 GHz.
Therefore the sample properties are shown up to this frequency. Figure 9.12 shows the
measurement of sample D1 treated as a thin slab. As can be seen, the magnitude of
variation increases. It is shown that the degree of dependence of transmission and reflection
coefficients of a slab on &,4, and U,/ increases, if the multiple reflections within the

sample are ignored.

Sample £ e uw u
D1 6.60~6.47 0.09~0.10 0.70%£0.02 0.43~0.21
Dl 7.091£0.04  0.4210.03 0.82~0.79 0.37~0.14

Table T9.5 The properties of sample D1(d=6.98mm) measured by the waveguide method
in the frequency range of 26.5 to 40 GHz.
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Figure 9.11 Complex permittivity sample DI measured as a thick slab by
the eight data optimisation method.

142



Chapter 9 Measurement results

840 0.820
8.16 - 0.814
= [ 3
T 192 0808 =
= 2
z S 3
S <
.a Q
E 7.68 - 0.802 E
3 | o
744 Pemmittivity (real) [~ 0.7%
Permeability (real)
7.20 — 77 0.790
26.0 27.6 29.2 30.8 324 34.0
Frequency (GHz)
0.10 0.160
024 b -0.192
g 038 |- -0.224 g
B E
£ <
e 2
£ 052 - - 0.256 E
: :
] A
A 066 Permittivity (imaginary) | -0.288
P bility (imaginary)
-0.80 . — r r 0320
26.0 27.6 29.2 308 324 34.0
frequency (GHz)
6.8 -14
66 - -1.6
ﬁ 64 - - -1.8 g
] [ E
w S
62 - - 2.0 =1
N
6.0 - - -2.2
] —— Product(real)
=~ Product (imaginary)
58 T T T T -24
26.0 27.6 29.2 30.8 324 34.0
Frequency (GHz)

Figure 9.12 Complex permittivity sample D1 measured as a thin slab by
the eight data optimisation method.
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9.6 Optimum measurement technique

In this part, the optimum method for measuring the electric and magnetic properties of a
sample is recommended. It is worth noting that free-wave techniques are at their best for
measuring the properties of lossy materials. In free-wave measurements, a thick slab is
basically preferred if the combination of the propagation coefficient (P) and the minimum
gate width allows us to ignore multiple reflections. In the general case, simultaneous use of
transmission and reflection coefficients at one polarisation delivers the most reliable results,
and there are no significant differences for measuring either polarisation. The use of eight
data and employing optimization techniques for calculating €, and u, delivers reliable

values only for lossy materials. This method fails to converge for low-loss materials.

In free-wave measurements, choosing the appropriate thickness is one of the key
parameters in minimizing the total error. In thick sample measurements the sample should
be thick enough that the effect of the multiple reflections can be removed by time domain
gating, but the error due to the wavefront curvature and the ambiguity increase by
increasing the thickness. In practice, samples with electrical length longer than the gate
width can be treated as thick slabs. Although increasing the thickness above this value
decreases the time gating error, the total accuracy may not be improved due to increasing
the magnitude of the other error terms. It is also worth noting that the sample properties are
assumed to be somewhat constant over the measured frequency band in thick slabs. If the
material properties change rapidly with frequency, the slab should not be treated as thick.
If multiple reflections cannot be ignored, the sample should be considered as a thin slab.
In this case, measurement at frequencies such that the sample thickness is a multiple of A/2

should be avoided.
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10 Summary and discussion

10.1 Introduction

This chapter is devoted to a review of the associated difficulties with free-wave methods
and the achievements in devising a reliable technique for measuring complex permittivity
and permeability of materials at millimetre wavelengths. In this chapter, the sources of error
and the various techniques for removing their impact on the measurement results are briefly
recalled, and the achievable accuracy in free-wave techniques is discussed. The use of time
domain gating as a new method for removing the effect of multiple reflections is evaluated.
The angular spectrum model and its improvement in removing the wavefront curvature
error are reviewed, and the optimum technique for using the measured data is
recommended. At the end of this chapter, the achievable accuracy is discussed and further

research for improving free-wave techniques is suggested.

10.2 Sources of error in free-wave measurements

In free-wave measurements, the sources of error can be divided into two different classes.
The first category includes the error terms generated in the coaxial and waveguide parts of
the measurement system, and the second category consists of error sources associated with
free-wave paths. The conventional calibration and error correction techniques can be used
for reducing or removing the impact of the first type, but the error mechanisms associated
with free space paths cannot be modelled and cancelled out by conventional techniques.
Although some of the error sources in free-wave paths can be modelled and their effects
removed from the measurement in theory, they are complicated and treated as random error
terms in practice. Diffraction of the wave from the edges of the sample, unwanted
reflections and the measurement in the near-field region are three major sources of error
associated with the propagation of the wave in free space paths. The systematic and random
error terms in the network analyser also contribute to the total the error in the free-wave

measurement. Although the error terms associated with the waveguide and coaxial paths
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can be removed by conventional error correction techniques, measurement at mm-wave
frequencies introduces new sources of error and degrades the total accuracy. The dynamic
range of the network analyser also decreases at mm-wave frequencies. This reduction in
dynamic range, which is due to the frequency multiplier, degrades the accuracy in
measuring small transmission and reflection coefficients (less than -20 dB). The use of
special calibration techniques (e.g. TRL or TRM) which are devised for dispersive

transmission lines or free-space improves the accuracy.

10.2.1 Total error

In free-wave techniques, inaccuracy in measuring transmission and reflection coefficients
are considered as the main error terms. Inaccuracy in specifying the frequency, sample
thickness and the incident angle are not taken into account, though the error in each of these
parameter causes error in the sample properties. The total error in €, and u, is a
complicated function of the error in the transmission and/or reflection coefficients and the
sample properties. If multiple reflections within the sample are taken into account, the
reflected wave is minimum and the transmission coefficient is maximum at frequencies
such that the sample electrical length is a multiple of A/2. At these frequencies, the
reflection coefficient has the minimum interaction with the material properties and the total
error in U, and &, increases rapidly. Measurement at these frequencies should be avoided,
though the product . &, can still be calculated rather accurately. If measurement at these
frequencies is excluded, the product of u, & can be calculated more accurately than 4, and
& individually from the transmission coefficient. In most cases, the ratio 1,/ is less
subject to error than g, and €,, if the measured reflection coefficients at two orthogonal
polarisations are used for calculations. The dependence of u,& and u,/% on the
transmission and reflection coefficients is a function of the sample electrical length, and the

degree of this dependence changes with frequency in thin samples.

If multiple reflections within the sample are ignored (thick slabs), the ratio u,/, can be
calculated more accurately than 4, and €, from the reflection coefficient measurements. In
this case, the material properties are not dependent on the incident angle, thickness and
frequency. The use of the transmission coefficient at two orthogonal polarisations is the

most reliable technique for calculating the product f4,&,.

146



Chapter 10 Summary and discussion

10.2.2 Angular spectrum model

The angular spectrum model gives a complete solution for transmission and reflection
coefficients of a slab in the near-field region. In this model, the computation time is the
main difficulty. This model improves the accuracy, but the degree of improvement is a
function of the antenna distance and the aperture excitation. In the general case, the antenna
coupling integral can be determined only by numerical methods. Regarding the implications
of using the angular spectrum model, it is preferable to use an adequate antenna distance
such that the wavefront curvature can be ignored. The angular spectrum model becomes
more significant whenever the wavefront curvature error outweighs other error terms in the
measurement system. This occurs in compact measurement systems where the sample is
placed in the near-field region. In order to ignore wavefront curvature, the antennas should

be separated by at least twice the Rayleigh distance.

10.2.3 Time gating error

In free-wave techniques, the unwanted reflections constitute one of the main error term.
The unwanted reflections become more significant in compact measurement systems where
different parts of the apparatus are placed close to each other. Time gating technique can be
used to remove the effect of the unwanted reflections from the results. In the time domain
response, the multiple reflections within the sample are represented as a set of reflections
separated by twice the sample electrical length. If the multiple reflections are taken into
account (thin slab), the time gate should be wide enough to include the most significant
terms of this series. In practice, the main unwanted reflection is generated by bouncing the
waves between the antennas and the sample surface which appears as distant as the antenna
distance from the origin in the time domain response. In order to remove this unwanted
reflection, the gate should be narrower than the antenna distance. As the multiple reflections
within the sample are spread over a very wide interval in the time domain, the higher order
terms of the multiple reflections within the sample are discarded in the gating process which
cause error in the measured parameter. The gating error becomes more significant in
measuring samples with long electrical length. In thin sample measurement, the gating
error is a function of the sample electrical length, propagation coefficient (P) and the gate

width. In practice, the maximum thickness of a low-loss sample treated as a thin slab
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should be less than 1/8 the antenna distance. For lossy materials, the multiple reflections

within the sample decay faster and the sample can be as thick as 1/6 the antenna distance.

If the sample is treated as a thick slab, the minimum gate width is the limiting factor. The
minimum gate width is inversely proportional to the frequency span. In the time domain
response, different terms of the multiple reflections are separated by twice the electrical
length of the sample. In order to remove the higher order terms of the multiple reflections
by time gating, the gate width should be adequately narrow. In practice, samples as thick as
the minimum gate width can be treated as thick slabs. The minimum sample thickness is
also a function of the propagation coefficient (P). For lossy samples (P<-15 dB), the

multiple reflections can be ignored without the use of time gating.

10.3 Measurement accuracy and optimum method

In free-wave techniques, the total accuracy is a complicated function of the error in the
measured parameters, the material properties and the method used for the calculation,
therefore it is very difficult to specify the total accuracy. These techniques are basically
appropriate for measuring lossy material, since they deliver poor accuracies in measuring
loss properties. The lack of any other technique for measuring lossy materials makes free-

wave methods attractive at mm-wave frequencies, but it makes the comparison difficult.

If the multiple reflections within the sample are taken into account, the accuracy decreases
at frequencies such that the sample thickness is a multiple of A/2, and measurement at
these frequencies should be avoided. In practice, the phase of the reflected wave cannot be
measured accurately, and this inaccuracy mainly affects the imaginary parts of the
permittivity and permeability. In the general case, I, gl and the sum of loss tangents
(tang,+tand,) are calculated more accurately with respect to the difference of loss

tangents (tand,-tand,) and I, /€,l.

If multiple reflections within the sample can be ignored, the total error and the dependence
of the measurement accuracy on the sample thickness decrease considerably. In thick
sample measurements, the minimum thickness decreases with increasing frequency span

over which the measurement is carried out. Since the maximum available bandwidth
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increases at the higher end of millimetre wavelengths, the minimum sample thickness
decreases. The gating error can be considerable, if a thin sample is treated as a thick slab.
In measuring thin slabs the gating error can dominate the other sources of error, if the

sample electrical length is higher than the maximum values.

In each measurement technique, the achievable accuracy is one of the main factors. The
accuracy in thick slab measurements is relatively higher, and calculating the sample
properties from the measured transmission and reflection coefficients usually delivers more
reliable results. In measuring the properties of polystyrene (thin slab), the accuracy in
measuring |y, gl is better than 2%, and the error in the sum of loss tangents
(tand,,+anéd,) is less than 10 milliradians. The accuracy in measuring the ratio u,/,
mainly depends on the error in measuring the phase of the reflection coefficient. The total
accuracy in measuring material properties increases considerably if the multiple reflections
are ignored. In measuring the complex permittivity of non-magnetic materials, either
transmission and reflection coefficients at one polarisation or transmission coefficient at
two polarisations can be employed. The accuracy of better than 0.1% in the real part and 10
milliradians in tang, of polystyrene are achieved by this technique. In measuring the
properties of lossy materials, an accuracy of better than 5% in I, and 50 milliradians in
the sum of loss tangents (tand,,+tand,) are expected. It is worth noting that the
instrumentation is an important factor in defining total accuracy in free-wave techniques. As
a good example, the accuracy improvement obtained in the similar measurements carried

out at DRA(Holton Heath) can be referenced.

10.4 Discussion

Design of the prototype measurement system is based on the available components, and
better results are expected after making some modifications to this system. The restrictions
in providing the required components and samples also forced us to use the comparison
method to show the effectiveness of some of the devised techniques. Although the accuracy
can be improved by providing better instrumentation, the presented accuracy is better or
comparable with the available techniques. Time domain gating improves the total accuracy
and removes one of the limitations in free-wave techniques. The effectiveness of this
method is shown by comparing the results obtained from treating the same samples as thin
and thick slabs.
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In all results reported by other researchers, the error due to wavefront curvature is ignored.
The angular spectrum model introduced in this thesis increases the accuracy in compact
measurement systems. The degree of improvement is shown by simulating the wavefront
curvature error, and using this model in the measurement of glass samples has shown
improvement in the overall accuracy. It is worth explaining that the measured properties of
glass are not presented in the thesis, since there is no other reference with which to
compare them. The other researchers have also used matched lens antennas and considered
sufficient space between the antennas to reduce the impact of the error terms associated
with free-space paths. The effect of focusing the wave on the sample surface by a dielectric
lens is also studied, and it has been shown that the wavefront curvature error increases for

a focused beam.

In some reported work by other researchers, special calibration methods are used. In this
project we have not used any specific technique, except time domain gating. Therefore,
better accuracy is expected if we can perform more sophisticated calibration technique.
Regarding the achieved accuracy in measuring lossy samples, devising time domain gating,
and the angular spectrum model, this research has made significant progress in free-wave

techniques.

10.5 Further work

In spite of the improvements achieved in this research, free-wave methods are not fully
exploited and further work is recommended to be carried out in the following areas. This
work can be divided into two categories. The first area includes further developments in the
available techniques for improving the accuracy and removing some of the associated
implications. The second proposed field of research consists of devising new measurement

techniques.

10.5.1 Automation computer program

The network analyser can be controlled remotely via its HP-IB port. A computer program

written in HP-BASIC language automates different stages of the measurement in the
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double-pass apparatus. This program is used by an HP-300 personal computer which
performs the required computation for the double-pass system. In the single-pass
apparatus, the computer programs calculating the sample properties from the measured
parameters are mainly written in FORTRAN. Performing the required mathematical
operations requires a fast CPU, although a Macintosh desktop computer was employed.
Unfortunately, this computer is not fast enough, but the availability of the other
programming languages and libraries forced us to use it. In the process of transferring data
from the network analyser, calculating the sample properties and plotting the results a

combination of different software are used.

A fast personal computer with the capability of communicating with the network analyser
via HP-IB can automate the single-pass apparatus. The possibility of combining computer
programs written in different languages and the use of Windows based software (e.g.
MathLab or LabView) can create a powerful interface for performing the measurement,
transferring data, calculating and plotting the results. Integrating all the measurement
processes in an interactive computer program reduces the total measurement time and offers
the required flexibility. This program can also be run on a notebook computer which brings

more versatility to the measurement system.

10.5.2 Adaptive computer program

For calculating the sample properties from the measured transmission and reflection
coefficients, the use of iterative numerical methods is inevitable. In the calculation, a
priori knowledge of the material properties and/or the correct number of the wavelength in
the sample are required. As the measurement is usually carried out over a frequency band,
the correct number of wavelengths in the sample may change several times. A computer
program with the capability of showing the rate of convergence and finding the correct
wavelength number in the sample can help the operator to find the correct set of answers.
The facility of switching from one calculation method to another is also a valuable tool in

converging to the correct set of permittivity and permeability in the minimum time.
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10.5.3 Calibrating and time gating facility

The time domain gating and error correction facilities are carried out in the HP-8510B, but
they are not available in all network analysers. These techniques are based on a
mathematical process which can be performed in a desktop computer. Although the HP-
8510B is capable of performing these tasks in real time, the flexibility in free-wave
measurement techniques can be improved by a custom designed computer program doing
all the required operations. This computer program can transfer the measured data from the
network analyser and carry out error correction and time domain gating in a personal
computer. Such a computer program allows us to use a wider range of network analysers
for free-wave measurements and to implement appropriate calibration methods such as
TRL and TRM.

10.5.4 Automatic gate setting

The gate parameters should be set properly, otherwise there will be considerable error in
the measured parameters. Although the operator can set the gate parameters by observing
the time domain response, this method is not accurate. In general, the low resolution in the
time domain response causes difficulty in setting the gate parameters properly. This error is
more serious in measuring thick samples. A computer program calculating the gate
parameters from the sample properties is a useful tool for speeding up the measurement

time and increasing the accuracy.

10.5.5 Full implementation of the angular spectrum model

The angular spectrum model improves total accuracy, if the computation error is
sufficiently small. The main difficulty in using this model is its great computation time, and
the following suggestions improve the accuracy and reduce the computation time. In
computing the coupling integral, a number of mathematical operations should be carried out
at each frequency. One of the time consuming parts of this process is taking the FFT of the
aperture excitation. For a given measurement setup, the FFT of the aperture can be
calculated and saved in the computer memories at the required frequencies. The use of this

data can reduce total computation time to a good extent.
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In the angular spectrum model, the accuracy in computing the coupling integral should be
more than the required accuracy in the numerical algorithms used for finding the zeros of
the transcendental equations. Therefore, the coupling integral should be computed at
sufficiently small intervals. In order to achieve the required accuracy in computing the
coupling integral, the number of samples should be increased. If the coupling integral is
computed by samples with non-uniform intervals, the computation time can be decreased.

In this method, the samples should be more dense at the angles close to antenna axis.

10.5.6 Improving reflection coefficient measurement

In reflection coefficient measurement, the phase of the reflected wave cannot be measured
accurately. It is possible to correct the phase error in the reflection measurement by
performing extra measurements. The extra data can be acquired by measuring transmission

and/or reflection coefficients at different incident angles.

10.5.7 Focused beam

An antenna with a focused beam reduces diffraction from the edges of the sample, and
allows us to measure samples of small size. As we showed, focusing the beam causes
angular spectrum spreads over a wider interval and an increase in the wavefront curvature
error increases. Therefore, the improvement delivered by the angular spectrum model
becomes more significant. Since this model is based on calculating the angular spectrum of
the diffracted wave, the field in the aperture plane should be well defined. Therefore, the

use of matched lens antennas with a well defined field distribution is recommended.

10.5.8 Fully automated measurement system

At mm-wave frequencies, waveguide and coaxial measurement techniques are well
established and appropriate error correction methods for enhancing the accuracy are
available. In free-wave measurements, the mechanical repeatability of the apparatus is one

of the main sources of error. Therefore, we should try to avoid making any non-repeatable
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changes in the system. If a number of antennas for measuring transmitted and reflected
waves at two orthogonal polarisations are arranged, the required parameters can be
measured by setting the associated waveguide switches connecting the antennas to the
network analyser ports. In this design, the position of the sample and six antennas are
fixed, and only two antennas are connected to the network analyser at a time. Waveguide
switches are relatively repeatable and can be controlled electronically by the computer,
therefore the measurement and calibration can be carried out in an automated fashion. Since
non-repeatable changes are avoided in this technique, the total accuracy is likely to be

increased.
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Appendix 1

Transmission line model

The aim of this appendix is to devise a transmission line model for the free-wave
measurement system. A transmission line can be represented by its characteristic
impedance, propagation velocity, shunt and series resistive elements. The complex
amplitude of the electric field corresponding to a plane wave propagating through a

homogeneous medium is given by (1). E, is the magnitude of the electric field at some

reference position (z=0), and 'y is the complex propagation constant.

E=Ep X% (1)

It is convenient to express the propagation constant in terms of the real and imaginary parts.
Therefore the attenuation constant (¢r) expresses the rate of decay in the magnitude, and

the rate of change in the phase is defined by .

y=o+jp (2)

The propagation constant in a medium with given permittivity and permeability can be

found from (3), where A,, is the wavelength in free space.

Y=%«/(er'-jer")(ur'—jur") 3)

0

If the propagation constant () is expanded, the attenuation constant and phase velocity can

be found from equations (4) and (5).

v w2 "2
a=—21\/§&.\/ 1+('L—l'—,) . 1+—€’—, +
A V2 V w) Vo g
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Appendix 1 Transmission line model

s E AT

If the magnetic and dielectric losses are small, equation (6) can be simplified by using the

u2

..(5)

& Erﬂ_l)
s,

binomial theorem.

y==""L ey .\/(1-18%)(1 G .(6)
A & 1
2 ) "

y=25 ey . 1-1%). I-Ji.) (7
Ao 2g 2,
27

ELY DY P - —“',+—8',i.) ..(8)
Ao 2 2u &4,

The last term in equation (8) is relatively small and can be ignored. The attenuation constant

and phase velocity for a slab can found from (9) and (10).

a=2%gy | &+ B ..(9)
Ao 26 2pu
B za—”«/e;u; (10)
0
2n (er Z, W )
(Attenuation)punit lengn = - 20 log1o € A 2Z, (11
(Attenuation) g tenghe = - 212878 (s: zos b ) .(12)

Ao

Z, is the wave impedance in the sample and defines the ratio of the electric field to the

magnetic field associated with a wave travelling in the material, (13).

Zs=q/§ ..(13)
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Appendix 1 Transmission line model

The total attenuation constant of a plane wave travelling in a slab can be calculated from
equation (14). As can be seen, the total attenuation is frequency dependent and changes
linearly in a logarithmic scale, with frequency. The total loss can be divided into magnetic
and dielectric parts. These losses are represented by the first and the second terms of

equation (14) respectively.

(Attenuation) st tengin = - 21-2818 'z, . 21.2818 .(14)

Ao Ao

In a transmission line, the propagation constant is defined by equation (15). The equivalent
circuit of a transmission line is shown in figure Al.1. The series resistance and shunt
conductance are denoted by R and G respectively. The inductance and the capacitance per
unit length are denoted by L and C. For small losses, the attenuation constant in a

transmission line can be approximated by the same method used in the previous part.

Figure Al.1 Transmission line equivalent circuit.

Y=V(R+j oL)(G +j oC) .(15)
y=j VLT q/(1-j K |(1-j & ..(16)

For small losses, equation (16) can be approximated.

_{IC(R .G
o =15 (Z+E) .(17)
B=wVIC ...(18)
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Appendix 1 Transmission line model

(Atteruation) it tengen = - 4.343 02+ ..(19)

Z is the characteristic impedance and is given by equation (20).

ZF\/% ...(20)

In the simple theory of the transmission line used in the HP model, the total loss in a
length of transmission line is not a function of frequency. If the whole dielectric loss is
represented by an equivalent conductivity, this equivalent conductivity should be a function
of frequency. Since there is not such a possibility in the simulation program provided by
HP, free-wave measurement systems can be approximated by transmission lines in this

program.

The first term in (19) represents the effect of the shunt resistance, and the second term
shows the contribution of the series resistance to the total loss. In the transmission line
model, the magnetic and electrical losses are represented by series and shunt impedances.
Therefore, the values of these impedances can be calculated from the specimen magnetic
and electrical properties. It is worth noting that this model simulates a lossless transmission
line accurately, but there is a frequency dependant difference between transmission and
reflection coefficient associated with this model and a real slab. The equivalent transmission
line of a slab is calculated at the centre frequency to minimize these differences. For a given
wavelength, characteristic impedance, velocity factor, shunt and series resistance can be
calculated from the electric and magnetic properties of the sample at a given frequency,

equations (21) to (24).

a:ﬁ .(21)

Velocity Factor = 1 . ...(22)
U &
R=- 2/1”_2“_ ..(23)
0 Zs
G=- 2—/7{02—8- ..(24)
Z
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Appendix 2

Transmission gating error

The aim of this appendix is to calculate the gating error in measuring the transmission
coefficient of a thin sample for an ideal gate. In this analysis, the magnetic and dielectric

properties of the sample are assumed to be constant over the measured frequencies band.

In the time gating process, only a limited number of terms associated with the multiple
reflections are included in the measurement, and the rest are discarded. The transmitted
wave through a slab is represented by equation (1). Using the boundary conditions
(equations 2 and 3), the total transmitted wave can be expressed as a geometric series,
(equation 4). If only the first N components of the multiple reflection are included in the
gating process, the discarded components can also be expressed by a geometric series,
(equation 5). Equation (6) give the fractional error in transmission coefficient measurement.
P is the propagation coefficient, and I'is the reflection coefficient from the front surface of
the slab.

2.2
Tiota1 = To1T3oP + Toy Taol o3P+ Ty Tl I3 PP (1)
N=-T Gi=-T (2)
T51=(1+T) Ty=(1-T) ...(3)

Tow=P(1-T)Y (Pr)"
n=0

(4)

Tiscarded=P (1-T2) Y. (PLf" (5
n=N
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Appendix 2 Transmission gating error
% - ( P I—)ZN ...(6)

The maximum expected error in the magnitude and phase of the transmitted wave can be
calculated from (7) and (8). Figure A2.1 shows the vector representation of the error in the
measured transmission coefficient. As can be seen, the error in the phase and magnitude of
the transmission coefficient are in quadrature. The error in the phase is maximum when the
error in the magnitude is minimum. The number of the terms of the multiple reflections
which are included in the gating process () is proportional to the gate width and given by
equation (4).

Maximum Magnitude Error = :|:|PF |2N ~.(7)
Maximum Phase Error = * tan’! (|PF |2N) ...(8)
= Gate width ..(9)

N=3 (Slab Electrical Length)
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Measured Vector

Actual Transmission Coefficient Vector

Phase Error =0
oN

Measured Vector =1+ |PT|

-
- -
. , 2N
Actual Transmission Coefficient Vector = 1 Error Vector = | P I'|
Phase Error =0
2N
Measured Vector =1- |PI'| Error Vector = |PI| N
-
P
Actual Transmission Coefficient Vector = 1
Magnitude Error =
; 2N
Maximum Phase Error = tan" ( |Pr| )
2N
|P I

Actual Transmission Coefficient Vector = 1

Figure A2.1 Vector representation of the gating error in transmission coefficient

measurement.
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Reflection gating error

In thin sample measurements, the multiple reflections within the sample are taken into
account. Since the unwanted reflections should be gated out, a number of the higher order
terms of the multiple reflections are discarded in the gating process. Discarding these terms
causes error in the measured reflection coefficient. The aim of this appendix is to calculate
the time gating error in reflection coefficient measurement for an ideal gate. In this
appendix, the gating error for a real gate is simulated and compared with the calculated
values for an ideal gate. In this analysis, the sample properties are assumed to be constant

over the measured frequency band.

The total reflected wave from a slab is represented by equation (1). Substituting the
boundary conditions (equations 3 and 4), the total reflected wave is expressed by a
geometric series (4). In the gating process, the discarded terms of the multiple reflections
also constitute a geometric series, (5). If only the first N terms of the multiple reflections

are included in the gating process, the fractional error in the reflection coefficient is given
by (6).

2
Totar = T+ I3 T T1oP%+ I3 1 Ty TipP* + .. (1)
h=-T Gi=-T . (2)
Tn=(1+T1") Tio=(1-I') ..(3)
2 on
Low=T-TP*(1-T*)Y, (PT) o (4)
n=0
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Tiscardea=-TP2(1-T*) Y (prf" .(5)
6_F= _ P2( 1- 1"2) (PF)Z(N-I) ...(6)

r 1-pP2

In reflection coefficient measurement the magnitude of the first and second terms are
comparable, and the multiple reflections start to decay from the third term. Therefore, a
relatively wider gate is expected to be employed for a given error in the gating process. The
gating error in reflection coefficient measurement (equation 5) is a function of (PT )*V-1)
while the error in transmission coefficient measurement decreases by a factor of (PT )2®),
The propagation coefficient (P) is a function of the material properties and the sample
thickness. In lossless materials the wave is not attenuated by travelling within the sample
(IP1=1), and reflection coefficient defines the decay rate of the multiple reflections.
Therefore, the gating error is expected to be more with respect to the error in the lossy
material with similar properties. In low-loss materials (|Pl=1), the same argument is
applicable. In order to simplify the analysis, we consider a lossless sample which gives the

extreme case.

In the vector representation, the propagation coefficient (P) is shown by a vector. This
vector rotates 360° as the sample electrical length changes by A,. The denominator of
equation (6) is minimum at frequencies such that the sample electrical length is a multiple of
180°. For a lossless sample the denominator becomes zero, and the error approaches
infinity. In practice, the gating error increases rapidly at frequencies such that the sample
thickness is a multiple of A/2, and measurement at these frequencies should be avoided. It
is worth noting that rapid increases of the error in the measured reflection coefficient
discussed in this chapter is due to time gating which is quite distinct from the intrinsic error
of free-wave techniques at these frequencies. As shown in figure A3.1, the magnitude and
the phase of the propagation coefficient (P) vary with frequency, therefore the error
analysis is difficult in the general case. For small error and thicknesses close to odd
multiples of A/4, the changes of error in the magnitude and the phase of the reflection

coefficient can be assumed to be in quadrature.
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Appendix 3 Reflection gating error

Measured Reflection CoefficientVector = A
Magnitude Error=M =1 - |A| A
Phase Error = @

Actual Reflection Coefficient Vector = 1

P2(1-1'2)

)2(N-1)
P2

E= PI

Figure A3.1 Vector representation of time gating error in reflection coefficient

measurement of a slab.

If only the first term of the multiple reflections is included in the gating process (N=1), the
changes in the magnitude and phase of the measured reflection coefficient can be estimated,
(figure A.3.2). At frequencies such that the sample thickness is an odd multiple of A/4 the
error in the magnitude of the reflection coefficient is minimum, and the error vector is 180°
out of phase with respect to the actual reflection coefficient, (figure A3.2a). By increasing
the frequency the error in the magnitude approaches zero, then increases in the positive
direction until it reaches its maximum, (figures A5.3.2b to A5.3.2e). The maximum
magnitude error corresponds to a frequency such that the sample thickness is a multiple of
A/2. At frequencies such that the sample thickness is an odd multiple of A/4, the phase
error is zero and the magnitude error is maximum, (figure A3.2.a). By increasing the
frequency, the magnitude error decreases while the phase error increases until the the
magnitude error becomes zero, (figure A3.2.b). At higher frequencies, the error in the

magnitude and phase increase.

Figures A3.3 and A3.4 show the error in the magnitude and phase against frequency,
(N=1, 2 and 3). In this simulation, the sample thickness is such that its electrical length
increases by A/2 by changing the frequency from 10 to 15 GHz. As can be seen, the
number of minima in the magnitude error or the phase error is equal to N. By increasing
the number of the multiple reflection terms which are included in the gating process, the

rate of rotation in the error vector increases, and the error in the useable frequency band
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decreases. 61, and @,  are defined as the maximum error in the magnitude and the
phase of the measured reflection coefficient. The useable frequency band is defined by
these parameters. As the gating error is a function of the propagation constant (P) and the
reflection coefficient from the front surface (I"), total error is calculated as a function of
these parameters. For a lossless material, P is defined as a vector with magnitude of unity
and angle of . In this case, the angle of reflected wave from the front surface is
independent of frequency, ZI'= 0°. The fractional gating error can be calculated from

equation (8), where K is a constant given by (9).

P=1/a ()

sr=-P* g .(8)
1-p2

K=(1-r* b .(9)

In order to calculate the magnitude and phase of the error vector as a function of
transmission constant, the denominator of equation (8) can be expanded, (10). Referring to

figure A3.5 and for a lossless material, the numerator and denominator of equation (7) can

be expressed as functions of ¢, (equations 11 to 13).

_ P2N

=5 aamy K ..(10)
(1+P)=V2V(+cosa) £ % ..(11)
(1-P)=ﬁm4(%-9o) .(12)
PN=1/ 2Na ..(13)
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Magnitude Error =|1 - Al | Thickness = (2n+1) A4
Phase Error = @1=0
AI E.Z ) OtI = 1800
Pt
7 -
Error=E1, ol
a
Magnitude Error = 0 (2n+2) A4 > Thickness > (2n+1) A4
Phase Error = @2
A2
E2, o2
b2
1
Error=E2, 02 b

Magnitude Error = |1-A3 |

Phase Error = @3
E3, o3

Error = E3, 03 I (2n+2) A4 > Thickness >(2n+1) A4 Cc

Magnitude Error = |1 - A4 |

Phase Error = ¢4

L

Error = E4, o4 I (2n+2) A4 > Thickness >(2n+1) A4 d
Magnitude Error = |1 - A5 | Thickness = (2n+2) A4
Phase Error = @5 =0
oa=0 A5
-------- >
1 —_— b
Error = E5, 06 E5, o5 e

Figure A3.2 Vector diagram of the gating error in reflection coefficient measurement for

the different thicknesses.
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Reflection mgnitude error (dB) Reflection mgnitude error (dB)
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Figure A3.3 Changes of error in the magnitude of reflection coefficient

with frequency for different values of N.

175



Appendix 3

Reflection phase error (degree) Reflection phase error (degree)
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P=1_~/

Figure A3.5 Vector diagram of the denominator in reflection coefficient measurement.

Figure A3.6 shows the vector diagram for zero error in the magnitude of reflection
coefficient. For this case, the magnitude of the error vector can be expressed as a function
of maximum phase error, (15). The maximum phase error which is associated with zero

magnitude error (@, ), can be calculated.

__K -Da-
5r_2sina4 (2N - )ex-90) ...(14)
l6r| = 2 sin 2N - Do ..(15)

Using equations (11) and (12), the angle of o corresponding to the frequencies where the
amplitude error is zero can be found from (13). The maximum phase error associated with

these angles can be calculated from equation (14)
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| 6" | =1/ (2sin(®)

y=(N-1)a—90

®maz =2 (2N-1)at

Figure A3.6 The vector diagram for zero magnitude error.

% = sin (@) . sin 2N - Dot . ..(16)

Dax=22N- 1o ~.(17)

For N=1, equation (16) can be solved analytically, otherwise the maximum phase error
should be found by numerical iterative methods. If N> 1, equation (16) has more than one

solution for each correct multiple of A4 in the slab.

Do =2 (2N - 1) sin"! VKT%) ...(18)

The maximum error in the magnitude of the reflection coefficient occurs at frequencies such
that the error vector has 180° phase shift with the actual reflection coefficient. At these
frequencies, the phase error is zero and the magnitude error (I,,,,) can be calculated from

equation (19).

Tax = K12 ...(19)
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Circuit modelling program

Circuit Modelling Program is a Hewlett-Packard computer program written in HP-
PASCAL for simulating the scattering parameters of an electrical circuit. This program has
the facility of sending the simulated values to the network analyser memories. Therefore,
the calculated transmission and reflection coefficients can be treated in the same way as
measured S-parameters, and the effect of gating can be simulated. As mentioned, a free-
wave measurement system can be modelled by a number of transmission lines and the

transmission line equivalent of a slab can be calculated, (appendix 1).

In CMP, a transmission line is defined by its characteristic impedance, length, phase
velocity, series resistance, shunt resistance and the corner frequency. In order to simulate
the changes in total loss of a slab by its equivalent transmission line model, the values of
series and shunt resistances should be varied with frequency. Since CMP does not have
such a capability, the equivalent transmission line of a slab is calculated at a single
frequency. The calculated phase by CMP is as accurate as 0.1°, and this error is due to the
small loss assumption that is made in the model used in the simulation. Since CMP is used
for evaluating the gating error, the delivered degree of accuracy by CMP in modelling the

slab specimens is quite acceptable.

In CMP, the input and output ports are assumed terminated by a matched load, therefore
the equivalent transmission line of the sample should be calculated in a 50 Q system. In
order to simplify the modelling, normal incidence is considered and the material properties
are assumed to be unchanged over the measured frequency band. In simulating the error in
the measurement of thin samples, the ungated response calculated by CMP is saved in the
network analysers memories and used as a reference for comparison with the gated
response. The validity of calculating error in thick samples is also verified by comparing

the simulated response with the calculated values. The simulation of lossless materials
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shows good agreement with the calculated values, but there are small deviations from
theory in simulating the lossy samples. These discrepancies are due to imperfect

characteristics of the gate.

Figures A4.1 and A4.2 show the difference between the calculated and simulated
transmission and reflection coefficients associated with a lossless dielectric sample. The
accuracy in simulating a lossy ferrite slab (€,=7.5-j0.5, 1, =0.8-j0.15) are shown in figures
A4.3 and A4.4. It can also be concluded that the simulation of transmission and reflection
coefficients of a slab by CMP is accurate enough for studying the gating error. The
discrepancies between the calculated and simulated values can be justified by considering
the approximation made in modelling the slab. It should be mentioned that the simulated

error in figure A3.4 shows | 1-6I7I"| in dB.
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Circuit Modelling Program
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Gating error in thin samples

In appendices 2 and 3, the gating error for an ideal gate has been calculated. In that
analysis, the effect of imperfect specifications of the gate such as pass band ripple and finite
sidelobe level were ignored. In practice, the measurement over a limited frequency band
introduces some restrictions in the measured parameters. The aim of this appendix is to
investigate the validity of the formulae derived in appendix 4 in a practical case. The
simulation method is explained in appendix 4, and the results of the simulation are

presented and discussed.

In measuring thin samples, the main sources of error are the higher order terms of the
multiple reflections discarded in the gating process. In this appendix, the error in
transmission and reflection coefficients for different gate widths are simulated, and the
results are compared with the calculated values. In order to show the effect of electrical
length and the loss properties of the sample in the gating error, three samples are
considered. Samples 1 and 2 are lossless dielectric slabs representing two classes of
dielectric materials, and sample 3 is a lossy ferrite with a properties similar to the material

can be made by mixing ferrite powder and a bonding resin.

AS5.1 Sample 1

Sample 1 is a lossless dielectric (¢,=2.6), with thickness of 10 mm. Regarding this
dielectric constant, the electrical length of this slab is equal to 16.12 mm. Figures AS.1 to
AS5.4 show the simulated gating error in transmission and reflection coefficients for
different gate widths. The calculated error for an ideal gate is shown by dashed lines. It is
worth noting that the deviations between the simulated and calculated values show the

effect of the imperfect gate specifications. The deviations decrease by increasing the
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frequency span. The program listing used for simulating this sample in CMP is as follows:

Z.=50V172.6=31Q
V,= V1726 = 0.62

R=00Q
G=0Q"

10 PORT 1

20 TL 123101CM062000

30 PORT 2

40 FREQ 26.5 GHZ 40 GHZ 401 POINTS
30 OUTPUT S11/S21

The gating error corresponding to transmission and reflection coefficients of sample 1 can
be calculated for the different gate widths. The widths of the time gate are a function of the
number of the terms of the multiple reflections which are included in the gating process
(N). For gating the first N terms of the multiple reflections, the gate width should be set
to (2N+3) times the sample electrical length. The gate centre should be set at zero for
reflection measurement, while the gate centre is at a distance equal to the sample electrical

length in transmission measurement.

N=1
IP 2I"21=0.0549
|1-T"21=0.9450

My, . = +0.46dB, -0.49 dB
&, =1315°

My, .. =-555dB

D = 158.16°
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N=2

I'=-0.2344
|P4I"41=0.00302
|(1-T"2)(P °T"?)| =0.051939
&, = 10.026 dB
&, =+0.173°
D, = +0.22dB

max
D =t+1.74°

Rmax

N=3

|P 6I°61=0.000166

|(1-T"2)(P “I"#)1=0.00285

M, = +0.46dB, -0.49 dB
= +0.0095°

= -0.00124 dB

= 0.085°

¢Tma.x
M Rmax

D

Rmax
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AS5.2  Sample 2

Sample 2 is also a lossless dielectric, £,=10.4 with thickness of 10 mm. The electrical
length of this slab at normal incidence is twice the electrical length of sample 1, therefore a
higher gating error is expected for this sample. Figures A5.6 to A5.9 show the error in
transmission and reflection coefficients for different gate widths. The dashed lines show
the calculated gating error for an ideal gate. The following calculations give the required

program listing and the parameters for simulating sample 2 by CMP.

Z.=50Y17104=155Q
V.= V17104 =0.31

R=0Q
G=0Q"

10 PORT 1

20 TL 121651CM031000

30 PORT 2

40 FREQ 26.5 GHZ 40 GHZ 401 POINTS
50 QUTPUT S11/S21

The gating error for different gate widths can be calculated. The gate centre and gate width

are set on the basis of the number of required terms of the multiple reflection in the gating

process.

N=I

IP2121=0.2773
|1-T"%1=0.7226

My, . = +2.13dB, -2.82 dB
&, =1155°

Mg . =-3.89dB
Dy, = 150.3°
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N=2

I[P 4I"41=0.00302
|(1-I"2)(P 2T"?)| =0.0200
My, .. = 10.69dB
&, =144°
Mg, . =-0.92dB

max
D =16.72 °

Rmax

N=3
|P 6I"01=0.02133
|(1-I"2)(P 4I"%)|=0.0556
My, . =10.183
&, =+122°

R

Tmax

Mg, = -0.24dB

max

@y, = 12.73°
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AS.2  Sample 3

Sample 3 is a lossy ferrite representing the materials made by mixing resin with ferrite
powder (g,=7.5 -jO.5 u, =0.8 -j0.15). The thickness of this sample is 10 mm, which
corresponds to an electrical length of 24.49 mm at normal incidence. The lossy properties
of this sample cause the higher order terms of the multiple reflections to decay very fast.
Figures A5.5.10 to A5.5.13 show the simulated gating error in transmission and reflection
coefficients for different gate widths. The dashed lines show the calculated error for an
ideal gate. In order to simulate the gating error in this sample, the following parameters and

computer program are used.

Z.=50V0.87/75=163Q
Ve=V1/(7.5x0.8) =0.408

R=47.123 Q

G =0.06283 Q'

10 PORT 1

20 TL 1216.31CM0.408 47.123 0 0.06283
30 PORT 2

40 FREQ 26.5 GHZ 40 GHZ 401 POINTS

50 OUTPUT S11/821

The gating error for different gate widths can be calculated. N is the number of components
which are included in gating.

N=1

\P2r? =6.1x103

\P%(1-T?)IN(1-P )l = 1.94 x 10°?

M, =%0.053dB
@, =1035°
My, = *0.16 dB
Dy, =+11°
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N=2
|IP4r4=3.7x 10
IP2(1-T2)(P2I3)IN(I-P )l = 1.19 x 10°#
My, =+32x10%dB

— -3o
@, =+21x10

Mg, . =*1x107dB
Dp =+68x103°
N=3

IP°r61=2.3x 107
IP21-T)P4T*)INI-P) =73x107
My, =12x109dB

& =113x10°°
M, =-63x10%dB

Rmax
@ =+42x10°°

Rmax
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Gating error in thick Samples

If the electrical length of a sample is sufficiently high {thick slab), multiple reflections
within the sample can be removed by time gating. In thick sample measurements, the gate
should be narrow enough to exclude the higher order terms of the multiple reflections. In
the time domain response, different terms of the multiple reflections are separated by twice
the sample electrical length. In time gating, the minimum gate width is a function of the gate
shape and the frequency span over which the measurement is carried out. In thick
samples, leakages of the higher order terms of the multiple reflections and the gate pass

band ripple introduce error in the measured transmission and reflection coefficients.

The aim of this appendix is to simulate the gating error in thick slabs in a real gate, and to
estimate the minimum thickness of a sample slab for being treated as a thick slab. The
gating error in thick samples cannot be modelled easily, since this analysis requires the
detailed specifications of the gate and the sample properties. In our simulation, the Hewlett
Packard computer modelling program {CMP) is used to estimate the minimum thickness

of the sample.

Gate Shape Passband Sidelobe Cutoff Time Minimum
Ripple Level Gate Span
Minimum +0.40dB -24dB 0.6/fepan 1.2 / "pan
Normal +0.04dB -45dB 1.4 / fpen 2.8/ 6pan
Wide +0.02dB -52dB 4.0/ 8.0 / “pan
Maximum +0.01 dB -80dB 11.2 /fpan 22.4/f Sm

Table TA6.1 Characteristic ofdifferent gate shapes in the HP8510B.
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Table TA6.1 shows the specifications of the different gates shape in the HP-8510B. The
use of the Narrow gate shape provides the maximum ability to separate two adjacent
components, but high sidelobe level and pass band ripple degrade the measurement
accuracy. In the gated frequency response, the accuracy of the measurement decreases
rapidly at the two ends of the band. This phenomenon (edge effect), is due to the intrinsic
limitations associated with the time gating. For different gate shapes, the useful parts of the

trace are shown in A6.1.

The pass band ripple superimposes fluctuations on the gated frequency response, and the
limited sidelobe level results in leakage of the unwanted reflections. If the electrical length
of the slab is long enough, a wide gate width and Maximum gate shape is preferred. But
maximum frequency span of 13.5 GHz (R-band), dictates the use of Narrow gate shape in

most practical cases.

Maximum

A

A

< > Minimum

Figure A6.1 Edge effect for different gate shapes in HP-8510B.

In order to show the effect of gating in measuring thick slabs, the error in three different
samples has been simulated. Figures A5.6.2 to A6.5 show the simulated error in a lossless
dielectric (¢,=2.6), for different thicknesses. Regarding the low dielectric constant of this

sample, its electrical length is 1.61 times the slab thickness.

In the HP-8510B, the minimum gate width associated with 13.5 GHz frequency span is

26.4 mm. As can be seen, a thickness of 10 mm is not high enough to measure the
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transmission and reflection coefficients with an acceptable accuracy. As mentioned, the
error at the two ends of the measured frequency band increases rapidly because of edge

effects, but the measurement at the centre frequencies is less subject to error.

By increasing the sample thickness, the error in the measured transmission and reflection
coefficients decrease. If the electrical length of the sample is high enough, the error is
mainly limited by the passband ripple in the gate. The simulation results show that this

sample slab should be thicker than 20 millimetres in order to be considered as a thick slab.
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In R-band, the minimum thickness for treating a sample as a thick slab for materials with a
high product of €4, is quite practical. As an example, the simulation of the gating error in
a lossless dielectric (¢,=10.4) is shown in figures A6.6 and A6.7. This sample has
electrical length twice sample 1, therefore the main component of the transmitted or
reflected waves can be measured with less error for a given gate width. The higher
electrical length of this sample allows us to use a gate width of 0.1 nanoseconds, 30 mm,

to exclude multiple reflections with only a small error in the measured parameters.
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Figure A6.6 Transmission error in thick sample measurement slab 2 (¢,=10.4, y, =1).
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Figure A6.7 Reflection error in thick sample measurement slab 2 (¢, =10.4, u_=1).
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Appendix 6 Gating error in thick samples

If the sample is lossy, the multiple reflections within the slab decay rapidly. The simulated
gating error for a lossy ferrite (g,=7.5 -j0.5, pt,=0.8 -j0.15) is shown in figures A6.8 and
A6.9. In this sample, propagation coefficient is sufficiently small (P=-16.99 dB).
Therefore, the multiple reflections within the slab do not contribute effectively in

constituting total transmitted or reflected waves.

The simulation of these three samples shows that the reflection coefficient is more subject
to error than the transmission coefficient for a given gate width. In reflection coefficient
measurements, the second component of the multiple reflections is relatively strong and
only attenuated by a factor of P?(1-I'%) with respect to the main component. For low-loss
materials |P2(1-I'?)l=1, while the second component in transmission coefficient is
attenuated by factor of P2I?. Since (P2I2)/P?(1-I'2)~I?, the leakage of the second
component which results in error in the measured parameter is less in transmission

measurements.

It can also be concluded that the maximum gate width is a function of loss properties and
the electrical length of the slab. In practice, a sample can be considered as a thick slab if it
is 1.5 to 2 times thicker than the gate width. For frequency span of 26.5 to 40 GHz, the
minimum gate width is 26.4 millimetres. Therefore, the sample electrical length should be
greater than 5.3 mm for low-loss and 4 mm for lossy materials. In the cases that the sample
electrical length is sufficiently high, the use of a gate shape with lower sidelobes is

preferred.
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Appendix 7

Near-field antenna coupling

A7.1 Introduction

The aim of this appendix is to calculate the transmission and reflection coefficients of a slab
in the near-field region. In free-wave techniques the coupling between two antennas while
the wave is transmitted through or reflected from the sample is measured, and the sample
properties are calculated from these measurements. In this analysis, we assume that the
sample surfaces are flat, parallel and sufficiently large to intercept the wave adequately. The
antenna mismatches and unwanted reflections are ignored, and the antennas are assumed to

be aligned in the same plane of polarisation.

Although the arrangements of the measurement system for transmission and reflection
coefficient measurements are different, the same analysis can be applied for both. First
transmission measurement is considered, then the reflection coefficient of a slab in the
near-field region is calculated. Regarding the practical size for a sample and the antenna,
free-wave measurements are carried out in the Fresnel region. Therefore, contributions
from all elements of the angular spectrum should be taken into account in calculating the

transmission and reflection coefficients of a slab in this region.

A7.2 Transmission coefficient measurement

Figures A7.1 shows the configuration of a free-wave system for transmission coefficient
measurement. In general cases, the diffracted wave can be resolved into components
parallel with and perpendicular to the plane of polarisation. Since the reflection or
transmission coefficient associated with each of these elements is a function of the incident

angle and the plane of polarisation, the elemental plane wave vector is resolved into
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components in the planes of parallel and perpendicular polarisation. The interaction of the

sample with each component of the angular spectrum is calculated individually at each plane

of polarisation.
Receiving
Antenna
Transmitting
Antenna

Figure A7.1 Transmission coefficient measurement arrangement.

The reflection coefficient corresponding to a semi-infinite slab illuminated by a uniform
plane wave at parallel and perpendicular polarisations are given by equations (1) and (2). If
multiple reflections within the sample are taken into account, equations (3) to (6) give the

total transmission and reflection coefficients.

V £fPr~ 1' OCs-"s

VSrIIr-ci-P; +ed ahps

Fl = MV 1- ct}-"s aV £ fir (2)

A4'V 1' Ct}-"s + V ErFr-

Tiii = ..(3)
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n;m (4
(1-PTY)
— n(l'Pz) (5)
(1-P2IP)
_nL(1-pP?Y 6)
T prh
J2nd 2.2
p=e( P ()

P is the propagation coefficient expressing the changes in the magnitude and phase of a
uniform plane wave travelling within the slab for a distance of d, (equation 7). ¢, and f3;
are the components of a unit vector defining the direction of propagation in the sample
system of coordinates (Xs-Yg). The elemental vector representing the angular spectrum at a
given angle can also be resolved into parallel and perpendicular polarisation components,
(equations 8 and 9). In practice, the antennas are fixed and the direction of the sample
surface defines the plane of polarisation. The unit vector normal to the sample surface (n),

is given by (11) and (12) for parallel and perpendicular polarisations respectively.

U=U,xk ..(8)
0_L= fl\xf (9)
‘nXk'

k, 7 and 7, are unit vectors defining the direction of propagation and the position of the
sample surface at parallel and perpendicular polarisations, equations (10) to (12).

k=oUx+ BUy+ 68Uz ..(10)
7, = -sin(0).U +cos(0).Uz (11)
7. = -sin(6).Uy+cos(8).Uz .(12)

219



Appendix 7 Near-field antenna coupling

o, B, and 7y are the X, Y, and Z components of an elemental plane wave travelling in

the direction of k. The incident angle (), and the unit polarisation vectors are also defined
with respect to the normal to the sample surface and the direction of the main component of
the electric field in the antenna aperture. It is worth mentioning that the plane of parallel and
perpendicular polarisations are defined according to the direction of the electric field and the
sample surface. At a given polarisation, each uniform plane wave in the angular spectrum

has components in parallel and perpendicular planes.

Substituting (10) to (12) in (8) and (9), the elemental parallel and perpendicular vectors at

two orthogonal polarisations for a uniform plane wave travelling in the direction of k can be

found, (13) to (16).

17u I= 1 X
V B2+(a.cos(O)+ysin(6))’
U(ory.cos(B)+sin(6)-osin(6))+ Uy(ﬂ'y.cos(ﬂ)-aﬁ.sin(e))-Uz(cos(B)-72cos(6)+ay.sin(9))]

...(13)

bim _Uy(B.cos(8)+Uy(at.cos(O)+sin(8))-U(B.sin(6)) (14

Vﬁl—(oz.cos(6)+7/.sin(6))2
aa 1= 1 X
y a2+(ﬂ.c0s(9)+}’.sin(9))2

[ U(ary.cos(B)+af.sin(6))+ Uy(sin(g)-ﬁz.sin( 0)+By.cos(6))-Uy(cos(0)-Y*cos(O)+By.sin( H))]
...(15)

5, = -UBcos(By+ysin(@))+ Uy orcos( @)+ U tsin(8) (16)

y oz2+(B.co.s‘(9)+)/.sin(9))2

The diffracted wave from an aperture can be expressed as a spectrum of uniform plane
waves travelling at different angles, Clarke and Brown [72]. The parallel and perpendicular

components associated with each element of the angular spectrum are given by (13) to (16).

According to the antenna reciprocity theorem, the induced complex voltage in an antenna
illuminated by a plane wave whose electric field has the vector magnitude of e:i is
proportional to ei.e(Ui), where e(Ui) is the vector pattern function of the field in the

direction of Ui when the antenna is used as a transmitter. The constant of proportionality is
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/102/j4pZP, where P is the power and Ao is the free-space wavelength. Therefore, the

coupling between transmitting and receiving antennas can be found by integrating the

induced voltage over all angles of the spectrum.

In the aperture plane (Z=0), the field is assumed to be wholly X-polarized. The Y-
component of the field is zero over the entire aperture plane, therefore it is zero anywhere at
the front of the aperture (Z = 0). If unit power delivered to the transmitting antenna the
angular spectrum of the transmitted wave is F7 (c,f8). The vector representing the electric
field at a given angle can be be expressed by (17).

?e:FxT(a,ﬁ)[Ux- ﬁz%] (17)

In the general case, the electric field can be resolved into two orthogonal components in
parallel with and perpendicular to the plane normal to the slab surface, (18). These two
components of the electric field in the paralle] polarisation measurement can be found from
(19) and (20). Similarly, the components of the field at perpendicular polarisation

measurement are given by (21) and (22).

e=e+e) ...(18)
e=le.Onl . Uiy ..(19)
eu=p.Ou. Oy ..(20)
ei=f.0 . Ot .21)
eli=k.0.]. 0., .(22)

Substituting the elemental vector electric field in (19) to (22), the components of the fields

at each plane of polarisation can be found from (23) to (26).

P Y.sin(0)+ocos(6) x F! (a,B) x
v B +acos(@)+ysin(©)’] R (23)
[ Uxtorrcos(0y+sin(@)-Psin(@)+ Uy Brcos(8)-af.sin(@)-Ucos(6)- Yeos(@yrarsin(@)]
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2y OBsin@-Breos®) . pr
vl B +(@cos(@)+sin(6))]
[-Ui(B.cos(&)+ Dy(avcos(B)+ysin(6))- U Bsin(6)))

..(24)

~  ocos(6). Fl (0,
al=
y.[a2+([3.cos(6)+}'.sin(9))2]
[/l}x(a'y.cos(6)+a[3.sin(6))+6y(sin(9)-ﬂ2sin(9)+ﬂ7.cos(9))—/l}y(cos(0)-fcos(0)+ﬁy.sin(6)]
...(25)

X

o= By.cos(8)+sin(6)-Bsin(6) x FT (o,p) X
[a +(B. cos(6)+yszn(9)) ] ...(26)
[ Ux(B.cos(0)+7.sin(6))+ Uy(a cos(6))+Uz(a sm(H))]

If the sample is placed between the transmitting and receiving antennas, the field changes
due to the interaction of the sample can be calculated by their effect on the transmission
coefficient associated with each components of the angular spectrum, (equations 2 and 3).
The transmitting and receiving antennas have the same plane of polarisation, and the vector

pattern function of the field in the Fresnel region is given by (27).
&Ui) =J 2n FF (a0 B 70y - 2T .(27)

The induced voltage at the receiving antenna due to the elemental spatial angle after
transmission through the sample is expressed by (28). The total coupling between the
transmitting and receiving antennas while the sample is placed between them can be found

by integrating equation (28) for all angles of the spectrum.

Seind. = - ﬁma BNV, - ¢'T) .é(a,B) (28)

If the system of coordinates is converted from the sample to the transmitting antennas, the

coupling between two antennas can be expressed by (29).

+00

C =§% F,Ig(-(x,ﬂ)F;(a,ﬁ)& exp -] ZﬁDa(aZz*'ﬁﬁO'*"J%) da dp

a,ﬁz - 00

...(29)
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In the Fresnel region, the transmission and reflection coefficients of a slab with known
properties can be calculated by (28). It should be noted that in deriving the general coupling
formula, diffraction from the edges of the sample and mismatches in the antennas are
ignored. Regarding the geometry of the measuring setup, the exponential term of the
integrand can be simplified. Referring to the system of coordinates (figure A7.1), the value

of o, ﬂo, and 7, for the measurement setup can be found, (30) to (32).

%=0 ...(30)
ﬂ()=0 ...(31)
%=1 ..(32)

e(a,B) is the vector function representing the interaction of the sample for different

components of the angular spectrum at two orthogonal polarisations, (33) and (34).

oe(o,f) = > 1 77 %

7»[!3 +(ysin (6)-arcos (6))] ...(33)
(¢asin (8)-crcos (8))%]. T +|(Byeos (6)-apsin (6))?] . T.)
5e(a’ﬁ)tl= 1 2 X

v.[a2+(Beos (@)-in (6))°] (34

((owcos ()] T+ (sin (8)-Bsin ()-yBcos (6))). To)

For converting the angles from the sample to the antenna coordinate system, (35) to (37)

and (38) to (40) can be used for the measurement at parallel and perpendicular polarisations

respectively.

o, = ocos (0) - ysin (0) ...(35
Bs=B ...(36)
¥ = Yeos () + asin (6) ...(37)
o=a ...(38)
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Bs = win (6) - Peos (6) ...(39)
% = ycos (6) + Psin (6) ...(40)
3.2 Reflection coefficient measurement

Figure A7.2 shows the configuration of the system for measuring reflection coefficient. In
this arrangement, the measured parameter is the reflected wave from the sample surface.
The same method employed in calculating transmission coefficient can be used to calculate
the coupling between two antennas. The induced voltage at the receiving antennas at

parallel and perpendicular polarisations are given by (41) and (42).

Ge(a,P)ri = 5 I 7%
Y. [ﬂ +(psin (0)-ocos (6)) ] ..(41)

((xsin (©-ccos (8)7]. I +[(Byeos (0)-afsin 8)7]. 1)

&(a’ﬁ)rl = 1 5 X
Y. [a2+(ﬁcos (6)-15in (6)) ] ...(42)

(ocos (0))| . Ty +|(sin (6)-B sin (0)-yfcos (6))| . I'.
( | | ’ »). 1)
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Receiving
Antenna
Transmitting
Antenna
Da2
\ o Xs,

Figure A7.2 Reflection coefficient measurement arrangement.

r,ii, and r,i are the reflection coefficients of a slab illuminated by a uniform plane wave, (5)

and (6). For transferring the coordinate system, equations 35 to 40 are employed. In the
general case, multiple reflections within the slab are taken into account. If the multiple
reflection within the slab can be ignored, the calculations should be modified. In this case,
equations 3 to 6 are replaced by (43) to (46) to consider the multiple reflections, {thin

slabs).

r,, = P(i-i7, ) ..(43)
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T,.=P (- ..(44)
=T | .(45)
IL.=TI. ...(46)
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Angular spectrum model

In the near-field region, the transmission and reflection coefficients of a slab can be
calculated from the general coupling integral, (appendix 7). In the free-wave technique, the
complex permittivity and permeability of a slab are calculated from the measured
transmission and/or reflection. The plane wave model describes the mathematical
relationship between the material properties and the measured parameters in the far-field.
Although this model can be used in most of cases, the accuracy is degraded if the
measurement is carried out in the near-field region. In the general case, a closed
mathematical expression for the coupling integral cannot be found, and the use of numerical
methods for determining this integral is inevitable. The aim of this appendix is to study the
wavefront curvature error and to discuss limitations in implementing the angular spectrum

model.

In free-wave techniques, we measure the transmitted wave through and reflected wave
from the sample surface, then these values are normalised with respect to the measured
standard impedances. In simulating the transmission and reflection coefficients of a slab in
the near-field region, different stages of the measurement process should be simulated by
the angular spectrum model. Therefore, the reflected wave from a metal sheet and the
transmitted wave associated with the empty sample holder should be calculated by the
angular spectrum model. Then, the simulated transmitted and reflected waves associated

with the sample are normalised with respect to the simulated calibrated measurement.

The coupling integral is determined only for the visible angles, (-1<a and f<I). The
Fourier transform of the aperture excitation is usually calculated by the Fast Fourier
Transform technique. The FFT calculates the Fourier transform of a function at a number
of discrete points. As we determine the coupling integral for the visible angles, only a

fraction of the samples delivered by the FFT are used. In FFT algorithms, the sampling rate
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is a function of the aperture excitation, and increasing the number of samples in one domain
does not change the intervals between the samples in the other domain. In order to increase
the number of useful samples in the Fourier transform of the aperture excitation, we have to
extend the aperture size by the padding technique. In this technique, a number of samples
with zero magnitude are added to each side of the aperture. The error associated with FFT
algorithms is a function of the number of samples, aperture excitation and aperture size.
For the required accuracy in the FFT algorithms, a sufficient number of samples should be
considered in the calculation. Regarding the fact that only a fraction of this number of
samples are used, taking two dimensional Fourier transform requires a great computation
time which increases very rapidly by increasing the number of samples. The coupling
integral determined by numerical methods, and the numerous complex mathematical
operations performed at each step causes computation of transmission and reflection

coefficient by the angular spectrum model to become a time consuming process.

The integrand in the coupling integral includes an exponential term. The magnitude of this
terms is unity, but its phase is a function of antenna distance and spatial angle. The rate of
change in the phase of this term with changing & and 3 is proportional to the antenna
distance. The coupling integral can be simplified by using a stationary phase technique for
long antenna distances, but the use of a numerical method for determining transmission and
reflection coefficients is inevitable in the near-field. In practice, the rate of variation of this
term defines the required number of points in computing the coupling integral. For a given
degree of accuracy in computing the coupling integral, the number of sampling points
should be increased by increasing the antenna distance, otherwise the computation error
increases considerably for large antenna distances. The computation error, which is mainly
due to sampling the integrand function lower than the required rate, causes oscillation in the

calculated values.

In the free-wave measurement technique, the complex permittivity or permeability of the
sample cannot be expressed by a closed mathematical expression. The multi-valued nature
of the transcendental equations linking the sample properties to the measured parameters
causes the use of numerical iterative methods to be inevitable. For a given set of measured
transmission and/or reflection coefficients, the best matched set of permittivity and
permeability can be found by iterative numerical methods. In these techniques, the

computation accuracy is an important factor in converging to the iterative numerical
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method. The accuracy in calculating transmission and reflection coefficients should be
much higher than the required total accuracy in permittivity and permeability, otherwise
numerical algorithms fail to converge. If the angular spectrum model is used, a powerful
computer and a long computation time are required. In general cases, the high computation

time outweighs the accuracy improvement delivered by the angular spectrum model.

In most cases, the wavefront curvature is not the most significant sources of error,
therefore employing the angular spectrum model does not improve the accuracy
considerably. The antenna distance is a key factor in evaluating the effectiveness of this
model in free-wave measurements. The Rayleigh distance is a simple measure for
estimating the impact of the wavefront curvature. This criterion (2D*max/Ao) gives the
minimum distance from an aperture for 22.5° error in the wavefront curvature. Ao is the
free-space wavelength, and Dmax is the maximum size of the aperture. If the ratio of the
antenna distance to the Rayleigh distance is greater than 2, the angular spectrum model does
not improve the accuracy considerably and the plane wave model can be used. For the
compact measurement systems, where this ratio is less than 1, the wavefront curvature
error becomes a significant error term. In this case, the angular spectrum model

improvement may be worth employing.

Focusing the beam can reduce the diffraction of the wave from the edges of the sample. If
multiple reflections within the lenses and mismatches at the interfaces of the air and the
dielectric lenses are ignored, the dielectric lenses can be introduced to the angular spectrum
model by an appropriate mathematical function modifying the aperture excitation. It is
worth noting that the antenna distance is 300 mm and the aperture size is 25x35 mm in the
prototype system. At 30 GHz the Rayleigh distance is 250 mm, and the minimum antenna
distance for ignoring the wavefront curvature is 500 mm. Therefore, the antennas are not

located sufficiently far from each other to ignore the wavefront curvature.
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Near-field measurement error

A.91 Introduction

The aim of this appendix is to show the impact of the wavefront curvature error in free-
wave measurements. The differences between transmission and reflection coefficients
calculated by the angular spectrum and the plane wave models are simulated for three
samples. Sample 1 is loss-less dielectric (¢,=2.6) representing a low-loss dielectric at
millimetre wavelengths. Sample 2 is also lossless dielectric (g,=10.4) representing a
typical high dielectric constant material, and the third sample is a lossy ferrite(g,=7.5-j0.5,
1,=0.8-j0.15). The wavefront curvature error in these samples are simulated for both

cases where the sample is treated as thin and thick slabs.

A9.2 Sample 1

Sample 1 is a lossless dielectric (¢,=2.6), and the specifications of the measurement
system can be found in chapter 9. The diverging beam is denoted to the antenna without a
lens. The use of a lens to compensate the wavefront curvature at the antenna aperture plane
is defined as a parallel beam, and a converging beam is denoted for the case where a lens is

used to focus the wave at a focal distance in front of the antenna.

Figures A9.1 and A9.2 show the expected error in sample 1. As shown, the error
approaches zero by increasing the antenna distance. It can also be concluded that focusing
the beam on a small area on the sample surface increases the wavefront curvature error,
since the associated angular spectrum with a lens antenna is spread over a wider interval of

spatial angles with respect to the sample antenna without a lens.
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A.9.3 Sample 2

Sample 2 is a lossless dielectric (¢,=10.4) with thickness of 10 mm. The electrical length
of this sample is twice the electrical length of sample 1. Figures A9.3 and A9.4 show the

wavefront error for sample 2 treated as a thin and thick slab respectively.

A9.4 Sample 3

Sample 3 is a lossy ferrite representing a typical material made by mixing the ferrite powder
and a bonding resin, (¢,=7.5-j0.5 and p,=0.8-j0.15). Figures A9.5 and A9.6 show the
error due to the wavefront curvature in this sample. The lossy properties of this sample
mean that multiple reflections within the sample can be ignored. As can be seen, treating
this sample as a thin or thick slab give similar results, since the multiple reflections do not

contribute effectively in constituting transmission and reflection coefficients.
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Figure A9.J Wavefront curvature error in sample 1

(£7.=2.6, JO mm thickness) treated as a thin slab.
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Figure A9.2 Wavefront curvature error in sample 1

(£7=2.6, 10 mm thickness) treated as a thick slab.
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Figure A9.3 Wavefront curvature error in sample 2

(£7=10.4, 10 mm thickness) treated as a thin slab.
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Transmission coefficient parallel polarisation
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Transmission coefficient parallel polarisation
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Figure A9.6 Wavefiront curvature error in sample 3 treated as a thick slab,

(e"=7.5-j0.5, p"=0.8-j0.15 and 10mm thickness).
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Near-field measurement error simulation

In this appendix, the total error in permittivity and permeability due to the near-field
measurement is demonstrated. In this simulation, a pair of square aperture antennas with
dimension of 25x35 mm are used, and the diffracted wave is focused on the sample surface
by using different dielectric lenses. The error in the measurement of the material properties
in three samples are simulated. Sample 1 is a lossless dielectric (¢,=2.6) representing low-
loss dielectric materials at millimetre wavelengths. Sample 2 is lossless dielectric (€,=10.4)
representing a typical high dielectric constant material, and the third sample is a lossy ferrite
(g,=7.5-j0.5, 1t,=0.8-j0.15). The error in permittivity and permeability of these samples
while treated both as thin and thick slabs are simulated, figures A10.1 to A10.6.

In this simulation, the permittivity and permeability of the sample are calculated from the
measured transmission coefficient at two orthogonal polarisations. In thin sample
measurements, the total error in the measured magnetic and electric properties are functions
of the electrical length of the slab. At frequencies such that the electrical length of the
sample is a multiple of 180°, the reflection coefficient is minimum and the transmission
coefficient is maximum. At these frequencies, the reflected wave does not provide useful
information, while the transmission coefficient can still be used for calculating the product

of permittivity and permeability of the sample.

The angular spectrum model gives the transmission and reflection coefficients associated
with a slab illuminated by a spectrum of plane waves. This model can be used for
calculating the magnetic and electric properties of a slab in the near-field region, but it needs
a huge computation time. In order to show the effect of the wavefront curvature on the
calculated permittivity and permeability, the simulated transmission and reflection
coefficient of a slab with known properties in the angular spectrum model are used to

calculate the sample properties by the plane wave model. As mentioned, the total error in
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Appendix 10 Near-field measurement error simulation

the measurement of the material properties depends on the calculations method, and each
method is appropriate for calculating a certain group of parameters. As discussed, the
transmission method delivers the product u,.& more accurately than y, and &€,
individually. Therefore, we consider &1, €,) as a measure in estimating the wavefront

curvature error.

As shown, the wavefront curvature error approaches zero by increasing the antenna
distance. It is worth noting that the computation error can be ignored if a considerable
number of points is considered in the numerical algorithms used for calculating the
coupling integral. The computation error also increases by increasing the antenna distance
and results in an oscillation superimposed on the actual values. As the main aim of this
appendix is to demonstrate the effect of the wavefront curvature on the calculated
permittivity and permeability, the computation error is ignored by extending the antenna
distance to a limited distance. The use of FFT algorithms instead of the Fourier Transform

also introduces some errors to the simulated values which are ignored.
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Near-field measurement error simulation
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Appendix 11

Minimum sample size

In free-wave measurement, diffraction of the wave from the edges of the sample constitutes
one of the sources of error. The propagated wave has its maximum magnitude at the
antenna axis, and the field strength decreases by moving towards the sample edges. The
field strength on the sample surface is a function of sample size, antenna distance, aperture
excitation, frequency and the incident angle. A dielectric lens or a microwave reflector can
be used to focus the wave on the sample surface. In this appendix, the minimum sample
size and the effect of dielectric lenses for reducing the diffraction of the wave from the

edges of the sample are discussed.

The angular spectrum expresses the diffracted wave from an aperture as a set of uniform
plane waves travelling at different angles. For a given aperture, the angular spectrum can be
calculated by taking the Fourier transform of the field distribution in the aperture plane. At a
given distance in front of the aperture, the electric fields can be calculated from the angular
spectrum. In this chapter, the magnitude of the electric field at the two orthogonal

polarisations is calculated by a computer program.

In this simulation, the parameters associated with the prototype measurement system are
considered, which can be found in chapter 9. The size of the antenna used is 25x35 mm,
and its phase centre is located at 90 millimetres from the aperture plane. A dielectric lens
can be used to form the diffracted wave and focus it on the sample surface. In this analysis,
the electric field is assumed to be uniform in the E-plane (smaller dimension) and to have

cosine variation in the H-plane (larger dimension).

If the antenna without any lens is used, the propagated wave expands spherically from the
antenna phase centre (diverging beam). The use of a dielectric lens compensating the

wavefront curvature generate a plane wavefront at the antenna aperture, (parallel beam).
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Appendix 11 Minimum sample size

The diffracted wave can be focused at the focal distance in front of the aperture,
(converging beam). In this case, two identical lenses which are used for parallel beams are
placed in front of a antenna. In this arrangement, the focal plane is equal to the antenna
phase centre (90 mm). Figure A11.1 shows different arrangements of the antenna. It is
worth mentioning that the dielectric lens used is designed on the basis of ray theory, and

multiple reflection within the lens is ignored.

Diverging Beam
Phase Centre

Parallel Beam
Phase Centre
Phase Centre ConverglngBeam

Focal Distance

Figure A11.1 Focusing the diffracted wave by a dielectric lens.
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Ray theory can give a realistic account of the behaviour of a lens, if the wavelength is much
smaller than the aperture size. Multiple reflections within the lens and the lens mismatches

also degrade the focusing effect of the lens.

The accuracy of the numerical methods used for calculating the electric field contour plots
in front of an aperture is a function of the number of calculating points in the numerical
algorithms used for this purpose. Regarding the limitations on the computer memories and
the computation time, the curves associated with contours of -40 dB or less are not very

accurate and should be treated cautiously.

Figures A11.2 to A11.4 show the contour mapping of the diffracted wave from a standard
rectangular aperture with the different lenses at 30 GHz. Regarding the small size of the
aperture (3.5Ax2.51), the wave at the front of the antenna is not well collimated and the
beam waist is quite large. In the prototype measurement system, the sample is placed a
distance of 15 cm from the aperture plane. At this distance and in the H-plane, the -30 dB
beam waist is 40mm, 35mm and 35mm for converging, parallel and diverging beams
respectively. The -30dB beam width in this axis is 53mm, 52mm and 50 mm for
converging, parallel and diverging beams respectively. The quoted values are for normal
incidence, and the footprint of the antenna on a slab at oblique incidence can be found by

dividing them by the cosine of the incident angle.

From the simulated results, we can conclude that the use of dielectric lenses does not
reduce the -30 dB beam width considerably, though it concentrates the beam more in the
central area. Regarding the aperture shape and the tapering of the field only in one
direction, the beam has different widths in the different plane of polarisations. At 45°
incident angle, the minimum sample diameter for -30 dB and -40 dB attenuation of the field

at its edges is 51 mm and 71 mm respectively.

The error in the reflection and transmission coefficient measurements is a function of the
energy associated with diffraction of the wave from the edges of the sample. Although the
attenuation of the wave at the edges of the sample can be considered as a measure for
estimating the minimum sample size, the changes of the field strength and the concentration
of the energy on the sample surface should also be taken into account. For the antenna

used, the use of a lens for focusing the beam does not reduce the -30 dB or -40 dB beam
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waists considerably, but the total error due to the diffraction of the wave from the edges of

the sample is reduced by concentrating the wave in the antenna axis.

Increasing the aperture size improves the focusing capability of the dielectric lenses. Figure
A11.5 and A11.7 show the electric field contour plots at 30 GHz in a larger apertures. If
the aperture size increases by a factor of 4, the -20 dB beam waist is 2.5 mm and 5.1 mm at
H-plane and E-plane respectively. Increasing the aperture size by a factor of 6 generate a
smaller footprint of the antenna on the sample surface, and the -20 dB beam waist at normal

incidence is 3.3 mm and 4.8 mm at H-plane and E-plane respectively.

Although the use of dielectric lenses causes the main portion of the energy to be
concentrated in the antenna axis, the sidelobes could still cause a problem. In the general
case, the mismatches of the lens surface and the multiple reflections within the lens degrade
the antenna performance. Regarding the difficulties in making matched lenses working in a
wide frequency band, the use of a microwave reflector is preferred whenever the restriction

on the antenna size is not an important factor.
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Distance from the aperture centre in the H-plane (cm).
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Figure Al11.2 H-plane and E-plane contour mapping of the electric field for a square
aperture (25x35 mm) at 30 GHz, diverging beam.
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Minimum sample size
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Distance from the aperture centre in the H-plane (cm).

Distance from the aperture centre in the E-plane (cm).

Minimum sample size
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Figure A11.6 E-plane and H-plane contour mapping of the electric field for a square

aperture (150x210 mm) at 30 GHz, converging beam.
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Partial differentials of ¢ and p,

A12.1 Introduction

In free-wave measurement, the complex permittivity and permeability of a slab can be
calculated from four independent measurements. In the general case, €, and 4, cannot be
expressed by closed mathematical expressions. The error in €, and i, with respect to the
error in the measured parameters are an important factor in evaluating the achievable
accuracy and comparing the different free-wave methods. The aim of this appendix is to
derive partial differentials of the material properties (d¢, and du,) with respect to the
measured parameters, (Ty, T,,, Iy, I;,, 6, A and d), which are used to calculate the

total error in the measurement.

A12.2 Partial differentials of & and y,

For a thick slab, the reflection and transmission coefficients at two orthogonal
polarisations are given by equations (3) and (4). P is the propagation coefficient and is

given by (5).

V & u,—sin 29 —¢,cos 0

= . (1)
V & p,—sin 20 +&.cos 0
pycos 0 -V g u,—sin %0

I =

...(2)
Urcos 0 +V g,—sin 29

255



Appendix 12 Partial differentials of €, and |4,
Tu=P (1-I}) Li=T (3)

T.=P(1-I) ru=r. (4)

P =exp = 2n.dV &1,—sin %0 ..(5)
A

0

If multiple reflections within the slab are ignored (thin sample), the total transmission and

reflection coefficients are given by equations (6) to (9).

2
1, = A0 ..(6)
(1-P2T7)
2
m =ﬂ1‘_117) (7)
(1-P2I9)
= D0-PH (8)
(1-P2)
r, = [a-PY) ..(9)
(1-P21%)

A mathematical function can be expanded around a given point(al,a2, ..., an) if all the
higher order derivatives of the function are defined, (10). Rn is a function of the highest
order of differentials with respect to x1,x2, ..., xn. and can be ignored if (x1-a1), (x2-

a2), ...and (xn-an) are small.

f(x1x2 o0xn) =f (@1, ....8, (X 1-a1)f x1 (a1,a2, ..., G )H(x3-@)f x 2 (a1,42, -..,a,)
+ '~-+(xn'an)fxn (a,az, ...,ay)+R n

..(10)

For small changes in ¢,, i,, incident angle, thickness and frequency, the higher order
differentials of transmission and reflection coefficients can be ignored. Therefore changes
in transmission or reflection coefficient can be expressed as a function of the changes in the

sample specifications, (11) and (14).
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5 ]1tI| =6£rf1a(8r’ ﬂr, d$f’ 6 )+6urf1b(8rs .u‘r’ d!f’ 6 )+6df1c(£r’ .u'r: d9f’ 9 )+

..(11
&f] C(gr’ Hr dv.f’ 0 )+66f1e(8r’ Hrs d’f’ 0 ) ( )
6 Tu =8¢, fra(&r, U, 4, f, 0)+ 01y fr1(Er, ly, d, f, 6)+0d foc(Er, Py, 4, f, 6)+ (12)
&de(gra ,ur, d7f7 6 )+59f2e(£r1 uh daﬁ 6) “'
5EII =6€rf3a(£r, ,u'r, d’f’ 9 )+5ﬂrf3b(8r, l'lrs d?f? 9 )+5d.féc(8r’ ,ur’ d9f’ 6 )+ (13)
6ff3d(8r’ Hr, d,f, 0 )+56f3e(£r, Uy, d’.f, 6)
6 FU- =6grf4a(£r’ Hrs daf, 0 )+6:urf4b(£r, Hrs d,f! 6 )+6df4c(£r’ Hr, d,f, 0 )+ (14)

6ff4c(£r, ;ura d:f’ 9 )+59f4e(8r, ,un dvf; 0)

Regarding the combination of the parameters measured, various methods for calculating the
material properties are devised. In the next parts, the mathematical expressions for
calculating total error in &€, and 8y, for a given set of error in the measured parameters in
different methods are derived. In this appendix, four different methods based on measuring
N&T1L, IN&IL, TI&I, or TL &It are taken into account. In each of these methods two
sets of equations among (11) to (14) are used, and J¢, and Sy, are worked out as
functions of the other parameters, (6T}, 6T, ;, 6Iy, 61, 66, A and d&d).

A12.3 Transmission method

If the measured transmission coefficients at parallel and perpendicular polarisations are
used to calculate the electric and magnetic properties of a sample, equations (15) and (16)
give 8¢, and Ou, respectively. In derivation of differentials of permittivity and

permeability equation (11) and (12) are used.

_fHofisfirfa
06 = fao.fio-f17.f19 ~(13)
_JM
fir.fis-f21.f16 ~(16)

; cosO . (2sin0-u,.5,)
1 —

..(17)

W ,u,.sr-sin20)(’\/ Uy.&-5in20+€,.cos E?)2
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f g*.cos0

W ,u,.s,—sinze)(w/ Uy.&-5in20+€,.cos 6)2

2.&.(Ur.€-1).5in O

f3=
W 1ty.& -5in20)(V 11y, ~5in20+¢,.cos 6)
P -?.cos 6
4 =
('\/ /J,,.S,—sinze)(w/ L& -Sin20+L,.cos 9)2
p cos 0.(U,.& -2.5in20)
5 =
« T -sin20)(W Uy.E, -sin®0+LL,.cos 9)2
p 2.14,.(1-py.&).5in
6 =
W ity-£,5in20)V 1y -5in26+11,.cos 6)
f= -j.rwd .y, P
Ao(V Uy €-5in?0)
fo= -j.m.d.€.P
Ao(V U1,.€,-5in20)
fo= -j.2.7w.d.P.sin 6.cos 0
9 —
AoV . €,-5in% )
fiom j2.md.PA pesin0
10= .
Ao
fo = -j.2.7.P N 1,.€,-5in%0
Ao
2
1+I; P%)(1-P?
12 thin = (4 2)( > ) Fi hick = 1-Ti
(1-I P?)
2
2.P.I.(Iy-1
113 thin = ——i—"—z) 113 thick = -2.P.T
(1-I; P?)
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Appendix 12 Partial differentials of €, and |1,

2
1+ P?)(1-P2 2
fl4thin=( PP f14 thick = 1-T'L ...(30)

2
(1-I7P?)

2.P.I.(TE1)

f15 thin = > f15 thick = -2.P.I'} ..(31)
(1-T'tP?Y)
fie = fr.hatfrfis ..(32)
fi1=fsh2tf2:f13 ..(33)
fis = 6T y-80.(fi2fo+f13.3)-6A0 f12.f10-0d f11.f12 -..(34)
fo = fr:fratfatis ...(35)
fa0 = fe:fr1atfs.fis ...(36)
fa1 = 6T,1-66.(f1afotf15.f6)-6A0f14.f10-6d f11.f14 -(37)

A12.4 Reflection method

In the reflection method, the measurement of reflection coefficients at two orthogonal
polarisations are used to calculate the complex permittivity and permeability of a sample.
Similarly, the partial differentials of permittivity and permeability can be calculated in the
transmission method. In this case, equations (13) and (14) are used in the derivation. &€,
and du, are given by (15) and (16), but equation (28) to (31) should be replaced by (38) to
(41). Equations (34) and (37) should also be replaced by (42) and (43).

2
2.P.I (I -1
f12thin=—§L2—) 112 thick = 0 ...(38)
(1-I3 P?)
2
141 P?)(1-P2
f13thin=( i P > ) 113 thick = 1 ...(39)

(1-I;'P?)
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2P

fia thin=—"——"—""—=" flamicx=0 ...(40)
2 2
(1-T'1P?%
2p2v1_p2
fis thin=(1+F'LP2)(12P ) 115 thick = 1 ..(41)
(1-I'1P?
fig = OIy-66.(f12.fo+f13.3)-0A0.f12./10-0d f11.f12 ...(42)
f21 = 6I71-66.(f1a.fo+f15.f6)- 00 f14.f10-0d f11.f14 ...(43)

A12.5 Transmission and reflection method

If transmission and reflection coefficients at parallel polarisation are used for calculating the
sample properties, equations (11) and (13) can be used for finding d¢, and éu,. In this
case equations (28) to (31) should be replaced by (44) to (47). Equations (34) and (37)
should be replaced by (46) and (47). If the measured transmission and reflection
coefficients at perpendicular polarisation are used, equations (12) and (13) are used for
calculating &€, and dy, and (28) to (31) are modified to (48) to (51), and (34) and (37)
should be replaced by (52) and (53).

_(1+I°PYH(1-PY)

2
12 thin = > 2 12 thick = 1-T) ...(42)
(1-I5 P?)
2
2.P.Iy.(Iy -1
fsimin= =) iy = 22Ty (@3)
(1-I P?)
2
2.P.I.(Iy -1
f14 thin = % f14 thick = 0 ...(44)
(1-I} P
2
1+ P2)(1-P?)
flSthin=( i PX 5 115 thick = 1 ...(45)

(1-I;’P?)
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f18 = OTy-66.(f12.fo+f13.13)-OA0 f12.f10-0d fi1.f12
fa1 = 6 -66.(fiafotf15.f6)-0Ao f14.f10-0d f11.f14

2
1+ P%)(1-P2 2
f12thin=( L 5 ) f12 thick = 1-T"|.

(1-I7P?)

2.P.T.([E-1)

113 thick = -2.P.I'}
242
(1-T'iP?

13 thin =

2.P.I.(TED)

> 3 f14 thick =0
(1-T'LP?

f14 thin =

2
1+ P%)(1-P?
flsthm=( LPOA-P) 115 thick = 1

(1-TP?

fis = OT; 1-66.(fi2.fo+f13.03)-0A0 f12.f10-0d f11.f12

f21 = OI'; 1-66.(fiafo+f15.f6)- 00 f1a.f10-0d f11.f14
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Appendix 13

Total error simulation program

The total error in permittivity and permeability of a slab can be computed by a computer
program. This program is based on calculating the partial differentials of permittivity and
permeability (e, and 6u,) with respect to changes in the measured parameters, then
integrating them over the required range. This method delivers good accuracy if ¢, and
éu, are sufficiently small. In calculating the total error, the integration is carried out
numerically. In order to keep the accuracy sufficiently high, 8¢, and oy, are calculated for
small 6T, 6T,, 60, 64 and &d. In practice, the transmission and reflection coefficients
are measured in dB and degree. The calculation is based on derivations of d¢, and dyu,

presented in appendix 12. In calculating the total error, 8I'; and 67, are complex numbers
given equations (1) and (2).

0T, =T:(-0.301036| T | +0.01745336 £T;) ..(1)

8T, = I} (-0.301038 |I;] +0.0174533j8 £I;) (2)

O1T,l and & Il are the error in the magnitude of transmission and reflection coefficients

expressed in dB. The error in the phases of transmission and reflection coefficients (in

degree) are given by 6 £ T, and 6 £ I;.
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Total error simulation results

In this appendix, the results obtained from simulating error sensitivity in the different free-
wave methods are presented and discussed. The simulation is based on a computer program
integrating 0¢, and &y, for a given range of changes in the measured parameters. Since
presenting the results as a set of curves is virtually impossible, the average rate of change in
the material properties are listed to compare the error sensitivity in different techniques. In
free-wave measurements the error mechanisms are quite complicated, and the error in u,
and &, cannot be regarded a criteria in the error assessment. Therefore, the product of &,

and ratio of €, 4, are considered as figures of merit in different methods.

The use of transmission coefficient at two polarisations for calculating the sample properties
is referred as Method 1. In Method 2, reflection coefficients at two polarisations are used
to calculate the complex permittivity and permeability of the sample. Methods 3 and 4 are
denoted to the cases that the sample properties are calculated from the measured
transmission and reflection coefficients at parallel and perpendicular polarisations

respectively.

Table TA14.1 shows the error sensitivity in sample 1 (¢,=2.6, d=10 mm) treated as a
thick slab. It can be concluded that the ratio of €, 4, can be measured more accurately than

&M, from the reflection measurement (Method 2). If the transmission and reflection

coefficients in one polarization are used for calculating the permittivity and permeability of
the slab (Methods 3 and 4), the error in the product of €4, and the ratio of €, 4, are
optimised. The results obtained from simulating the error sensitivity of sample 3 (¢,=7.5-

j0.5, 1,=0.8-j0.15 and d=10 mm) are shown in table TA14.2. Similarly, the same

conclusion can be made for this sample.
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Appendix 14 Total error simulation results

Method 1 Method 2 Method 3 Method 4
Aew,) Aely) Aew) Aely) Aew) Aely)  Aes) Aely)
A|T||l/dB +0.1%  202% 0.008% 0.008%
258  -3I° 117 028°
ALT 1°  -045% -0.50% 0.308% -0.075%
-0.08° 8.88° » r
A|T.|/dB  -0.121% -62.2% 0.008% -0.008%
0.14° 0.04° 117° -0.28°
ALT /1 ° 0.163% 0.662% -0.308% 0.075%
-0.076°  -8.68° * (0
AT |/dB -10.8%  -2.98% -0.0004% 6.05%
® w 0.0375° 0.009°
ALT | )1° -0.016% -0.018% -0.008% -0.039%
-0.008°  0.24° -0.0004° 0.48°
A|T|/dB 743%  10.2% -0.004% 21.4%
® r 0.36°  -0.086°
ALT/1° 1.2% -0.074% -0.082% -0.13%
3.1° 0.78° -0.005° 1.58°
AB/° 0.67% -3.9%  -6.44% 0% 0.67% 2.98% 0.67% -2.58%
-0.027°  -0.01° r (1 v ® * e
AFreg/ -0.54%  0.26% 0536% 0.128%  -0.536% 0.128%
100 MHz 0.002° -0.001° r r r (g
Ad/mm  -14%  9.3% 4%  -388%  -14%  4.04%
0084°  -0.06° i i i ®

Table TA14.1 Simulated error in sample 1 (€,=2.6 d=10 mm) treated as a thick slab.
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Total error simulation results

Method 1 Method 2 Method 3 Method 4
Aew,) Aeln) Aew) Aelu) Aew)  Aely) Nep) Aely)
A|T||/dB  -115%  234% 0.158% 0.046%
29° 39 081°  0067°
ALT f1°  -0512% -2.12% 0.214% -0.018%
0124°  86° 0014°  -0.004°
A|TL|/dB  0313% -60% 0.16%  0.046%
08°  274° 081°  -0.06°
AZT1° 0.38%  -0.568% 0.214% 0.018%
00120 B72° 0014°  0.004°
A|T,|/dB -544% 11.8% -00.174% 0.25%
534 OT° 0308°  143°
ALT 1° -6.02% -0.254% -0.0676% -0.506%
1° -7.56° 8.84° -0.016° 1.764°
A|Ty|/dB 571% 29.2% -0.433% 67%
-164° 1.03° 115° 1.70°
ALT/1° -104% 12.6% -0.236% -0.946%
05 19 0.0468° 3.82°
AO/° 0214% -852%  60% 0% -0.276% 3.82% 0.276% -3.2%
0194°  0434° 2080 004°  -0.058° 004° 0058
Af/ 061% 022% % % 0.611% -0.05% 0.61% 0.053%
100MHz ~ 0011°  0.05° o ° 0007° 0007 0.008°  0.008°
Ad/mm  -161% T54% % % -16.0% 1.64% -16.0% 1.66%
0.35° 157° ° ° 024° -0.24° 0.241° 0.241°

Table TA14.2 Simulated error in sample 3 (€,=7.5-j0.5, u,=0.8-j0.15 and d=10 mm)

treated as a thick slab.
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Appendix 14 Total error simulation results

In thin samples, the multiple reflections within the sample contribute to the reflected and
transmitted waves. Therefore, the simple argument used in thick sample measurement is
not entirely applicable for thin samples. The ratio of €,/4, mainly depends on the reflection
coefficient from the front surface of the slab, I'. Since the contribution of I" to the total
transmission and reflection coefficients is a function of material properties and the electrical
length of the sample, the degree of dependence of the total reflection coefficient on the ratio

of £/, changes with frequency and the material properties, chapter 7.

If the multiple reflections within the sample are ignored, transmission coefficient is mainly
defined by P (propagation coefficient). P is mainly a function of &1, but total reflection
or transmission coefficient is a function of P and I'. Tables TA14.3 shows the error
sensitivity in sample 1 treated as a thin slab at the optimum thickness. As can be deduced
from this table, total error increases if the multiple reflections within the slab are taken into

account.

The expected error in sample 3 treated as a thin slab is shown in table TA14.4. The
presented results in Tables TA14.3 and TA14.4 show that the product of €,.4, can be
measured more accurately than the ratio of &,/4,, while the ratio can also be measured
relatively accurately from the reflection method. In this case, the measurement of

transmission and reflection coefficients at one polarisation are less sensitive to error.

The error in the incident angle, frequency and the slab thickness can also cause error in the
sample properties. In all cases except the reflection method in thick samples, the most
significant impact of the error in the incident angle is on the ratio of €/u,. In practice, the

error in measuring the frequency or the sample thickness can be ignored.

266



Appendix 14 Total error simulation results

Method 1 Method 2 Method 3 Method 4
New,) Aelw) Aew) Aely) New) Aelw) Aew) Aely)
A|T,|/dB -2.97% 187% 0.58% 15.6%
2.12° 69.4° 111° 276°
ALT f1°  -0.39% -4.4% -0.28% -0.69%
0.10° 9.44° 0.057°  0.9°
AT, J/dB -0.08%  -64% 0.17% 58.3%
-0.14° 1.6° 143° 15.7°
ALT/1° 0.12% -3.2% -0.32% -2.038%
-0.094° -88° 0.044° 262°
AT, {dB 0.318%  1.49%
1dB 0.044°  -2.86°
ALT /1° 0.01%  0.80%

0.028°  0.166°

All'})/dB -1.01%  -2.34% 0.04% 1.18% 0.46% 6.4%
1dB 0.23° 3.17° 0.005° -2.26° 0.073° 91°
LVANTI -0.04% -0.73% -0.002% 0.61% -0.036% 2.44%
-0.088°  -0.176° 0.004°> 0.126° 0.039° 081°
AQ/1° -0.67% 10.2% -040% 6.38% -0.67% -2.68% -0.62% -3.76%
0.027°  -0.102° 0174>  038° -0.024° -0.074° 0.116° -1.54°
AFreq/ -5.36%  0.313% -0.55% -0.26% -0.53% 0.142% -0.54% 0.25%
100 MHz 0.002°  0.009° -0.01° 0.01° 0.001°  0.005° 0.006° 0.07°
Ad/mm -14% 11.6% -14.4%  -1.78% -14%  4.54% -14.1% 7.92%
0.1° 0.38° 0.39%° -04° 0.05° 02° 018>  24°

Table TA4.3 Simulated error in sample 1 (€,=2.6) treated as a thin slab.
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Method 1 Method 2 Method 3 Method 4
Ne )  Aely) Aep) Aely) New) Aely) Aen) Aely)
A|T||/dB -04%  37% 0.652% 0.286%
025°  94l° 0375°  0276°
ALT J1°  -0.376% -10.86% -0.09% -0.07%
-0.24° 10.48° 0.057°  0.02°
A|T,|/dB 0.19% -76.3% 0.61% 0.52%
-1.04° -1.11° 0.38° 0.45°
ALT /1 ° 0.42% -10.14% -0.09% -0.113%
-0.21° -12.9° 0.053°  0.038°
A|T,|/dB 871% 4% 0271% 48.7%
7.51° 7.63° 0471° 341°
ALl j1° -0.07%  -2.02% -0.088% -1.17%
1.36° 4° 0.024° 2.72°
A|T|/dB -8.8% -42.4% -0.96% 192%
10.9° 2.13° 1.92° 10.1°
ALTY/1° -3.56%  -0.768% -0.296% -2.74%
1.78° -5.08° 0.078° 5.56°
AG/1° -0.21% -11.12% 1.93% 11.76% -0.254% -3.18% -0.252% -3.12%
-0214°  -1.1° 1.53° 0.614° -0.12°  0.08° -0.174° -0.034°
AFreq/ -0.62% 0.55% -0.88% -0.2% -0.6% 0.05% -0.612% 0.05%
100MHz ~ 0015°  022° 0.005°  -0.04° 0.009°  00085° 001°  001°
Ad/mm  -163% 162%  -204% -6.08% -16%  164% -16.02% 1.6%
04°  104° 201°  -0.062° 028°  0.26° 03  03°

Table TA14.4 Simulated error in sample 3 (€,=7.5-j0.5, 4,=0.8-j0.15 and d=10 mm)

treated as a thin slab.
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Appendix 15

Calculation methods

The aim of this appendix is to explain the process of calculating the sample properties from
the measured parameters. In order to calculate the magnetic and electric properties of a
specimen, a combination of four measurements of transmission and/or reflection
coefficients at different polarisations, incident angles or thicknesses are required. Apart
from some cases the complex permittivity and permeability of a sample cannot be expressed
as functions of measured parameters explicitly, and the use of iterative numerical
algorithms to find the best matched answer is inevitable. In the phase measurement the
correct number of 180° is discarded, therefore a prior knowledge of the sample properties is
required. If the number of measured data is more than the number of unknown, which is

four for magnetic materials, an optimisation method should be used.

In the transmission method, the measured transmission coefficients at parallel and
perpendicular polarisations (T}, and T, ;) are used to calculate the sample properties. The
sample properties can be calculated from reflection coefficient at two polarisations (I, and
I; ), reflection method. In the magnitude only method, the magnitudes of transmission
and reflections at two polarisations (1T, I, IT,, |, I, 1 and 1T, ; | ) are measured and the
sample properties are calculated from these parameters. The phase of the transmission
coefficient and the magnitude of the reflection coefficient are relatively less subject to error.
These parameters (11, IT; 1, £T,, and £T, ;) can be used for determining the magnetic
and electric properties of a slab specimen (transmission phase-reflection magnitude). The
transmission and reflection coefficients at two polarisations (eight data) can be used for
calculating the sample properties. In this method (eight data), the accuracy of the measured
data is taken into account. In all the above mentioned techniques, determination of u, and

& are based on the numerical algorithms, except a few cases where ignoring the multiple

reflections simplifies the calculation.
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Appendix 15 Calculation methods

Complex permittivity and permeability of a slab can be expressed by closed mathematical
expressions from the measured transmission and reflection coefficients at parallel or
perpendicular polarisations (T}, I, or T, ;, I'; ;). Since this method (transmission and
reflection) is not based on numerical iterative algorithms, the computation time is quite
small and there is not a problem of converging to a wrong answer or diverging. In this
technique, only the correct number of wavelengths in the sample is required. This number
can be found from a prior knowledge or studying the rate of phase change in a frequency

band for materials with rather constant properties.
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