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In the carly 1990s, the Australian Department of Defence called upon its Science and
Technology Organisation (DSTQO) to set a program in motion tc generate an Australian
capability for producing radar absorbing materials (RAM). At the time the Materials Division
at DSTO had some measurement facilities that could be utilised for this task, but interest in a
full scale production, test and measurement facility was low. Nevertheless, with high level
backing from the armed services the first steps were taken to investigate the possibilities for
research into RAM.

Early materials testing involved the use of a Hewlett-Packard Vector Network Analyser
system with candidate materials being cut out and placed into rectangular or coaxial
waveguides. Very early it became apparent that this technique was not always the most
appropriate or accurate for some materials. Due to the size of the samples, the degree of
“inhomogeneity and physical properties of likely absorbing materials, the standard method of
cutting out very small specimens and placing them in transmission lines was found to be
unsuitable. Other methods for testing the electromagnetic properties of the materials needed
to be found, so that high performance RAM could be produced.

Due to the large size of the materials and the nature of the absorbing ingredients, it was
decided that a rizeasurement in free space using microwave horns would be a better way of
determining the p>mmittivity and permeability at microwave frequencies., The free space
techniques introduced their own unique errors to the testing process, and these needed to be
fully investigated so that the resulting material properties could be accurately extracted.

The measurement procedure involves sampling the reflection and/or transmission
components from a microwave source. Conversion of these measured signals into the
material’s permittivity and/or permeability is performed using a series of novel extraction
algorithms. Zxisting techniques use measured values from both reflection and transmission
components; however, these have been extended to give permittivity results for non-magnetic
materials from measurements of just one of the components. Furthermore, the standard
extraction method is improved by the addition of user-defined mathematical adjustments to
the data.

The first chapter in the thesis gives some of the important background theory and
formulations, while chapters 2 and 3 describe in more detail the specific aspects of the

measurement processes and details of the materials to be tested. In these chapters, the single



parameter (permittivity) extraction algorithms are described and the time domain conversion
and gating processes are outlined. Various methods for improving the measurement process
are also explained in these chapters, with examples given using invented perfect data.

Chapter 4 introduces the computer programs written specifically for extracting the
material properties using the newly constructed algorithms. Computers are an integral part of
the measurement process, since they are used to set up and calibrate the equipment, to collect
the measured data and to apply any relevant corrections before finally converting the data to
the permittivity and/or permeability values.

The data measured using the free space techniques are presented in Chapters 5 to 7. Due
to the overwhelming amount of data collected, the results were broken up into smaller
sections depending upon the form of the sample tested. Chapter 5 gives the results for the free
space testing of the large 445 mm square samples, Chapter 6 presents the intermediate 305
mm square specimens and Chapter 7 is concerned with the small 150 mm square samples.
Many of the findings concerning the large samples directly affect the testing procedures of the
smaller ones.

Chapters 8 and 9 present results using standard techniques and compares them with the
free space techniques. Chapter 9 in particular gives examples of the types of errors one
frequently encounters when testing some styles of materials of particular interest to Defence.

Chapter 10 introduces a number of “one-off’ measurements that do not fit into the
systematic testing procedures of the earlier chapters. Chapter 11 presents an analysis of the
measurement techrijues, and ties together ail the results to form a cohesive picture of the
impravements that have been achieved using the various methods outlined in the thesis.

This thesis presents some of the errors associated with the measurement of the
electromagnetic properties of matertals together with their resolution, so that the accuracy of

the techniques may be improved. The effect of diffraction around the specimen was found to

be a major source of inaccuracy when measuring the material properties, and techniques were

developed to reduce its effects. The removal process developed was very successful, and
allowed meaningful results to be extracted even when the error signal was of equal magnitude

to that of the specimen.
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The determination of permittivity and permeability of condensed materials at microwave
frequencies using free space techniques has been thoroughly investigated and shown to be
superior to standard techniques. It has been shown that often the new techniques developed
are not only easier to use, but also provide greater accuracy than the standard techniques
normally employed. By investigating the many sources of error that arise from the free space
reflection and transmission technique described here, a series of rules has been developed in
order to obtain maximum precision for the extracted electromagnetic parameters.

It has been shown that the size of the material under test (MUT) is usually the most
important factor for obtaining an accurate determination of the electric and magnetic RF
properties of the specimen. When the transmission through the specimen is measured, the
signal is typically contaminated by the diffracted wave that travels around the specimen.
Using the techniques described in this thesis, the effects from this diffraction signal can be
effectively removed even when it is of similar strength to the desired signal.

Novel permittivity extraction algorithms have been developed for single parameter
measurements using transmission, reflection or backed reflection techniques. By using
computer codes developed by the author, accurate values of the permittivity of the MUT can
be obtained in a timely manner.

" Ermrors in property extraction caused by sample thickness inaccuracy, inhomogeneity and

position have been investigated, with solutions presented to minimise their effect. Measuring

in the near ficld of the antennas has been shown to have a negligible effect, negating the

requirement for lenses or reflecting elements to reduce sphericity of the incident beam.
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Céafzts’c 7. Ontroduction

In this chapter, the basic definitions and relationships between electromagnetic waves and
materials will be presented. While a full derivation of the appropriate equations and their
consequences is not required as part of this thesis, it is nonetheless useful to introduce a brief

overview of the relevant theory and how it relates to the problem at hand.

1.7, gl:s‘cttomagnzﬂa waves

When electromagnetic waves strike the surface of an object, the electronic state of the
material is perturbed. The field causes movement in each individual electric charge, moving it
slightty from its initial configuration. This movement causss polarisation of the entire region
to take place and sets up an electric and sometimes a magnetic field in opposition to the
applied field. Either this internal field can repel the applied field from entering the material
almost completely, or it can allow the field to pass through the material with almost no loss.
Most materials fall somewhere between these two extremes, and material-specific parameters
have been devised so as to give an indication of how the material will respond to an applied
electromagnetic field. To describe these quantities we need to first introduce the theory of
electromagnetic wave propagation.

If we assume the electromagnetic field is time harmonic with the variation represented by
¢™, Maxwell’s equations' (shown below) describe how the electric and magnetic fields

behave in time and space.

VxE=-K,-ioB Equation 1-1
VxH=J,+J_,+iwD Equation 1-2
V-D=g, Equation 1-3
V-B=g,, Equation 1-4

- where V is the gradient operator, defined in cartesian coordinates as

a3 .8 b
V=i—+j—+k— e 1
‘o ’ay oz’ Equation 1-5




and E is the electric field intensity [V/m], D is the electric flux density [C/m?), H is the
magnetic field intensity [A/m], B is the magnetic flux density [Wb/mz] or [T}, J; is the
impressed (source) electric current density [A/m?], J. is the conduction electric current
density [A/m?], K; is the impressed magnetic current density [V/m?}, g., is the electric charge
density [C/m’], ¢mv is the magnetic charge density [Wb/m’], and @ is the angular frequency
equal to 2n times the frequency [Hz]. Boldface letters indicate vectors. The concepts of
magnetic charge and current density were introduced to balance the equations, and although
not physically realisable, they are useful for describing various situations, such as the
magnetic fields induced in an iron core by an applied alternating voltage source.

The response from a material subject to an electromagnetic field is characterised by its
complex constitutive parameters': conductivity (associated with static fields on free charges)
o:, permittivity (associated with altemnating fields on bound charges) &, and permeability 4.
In general, these values can change depending upon field strength and direction, position and
frequency of the applied field.

Materials whose parameters are not functions of the applied field are called linear. Many

materials exhibit almost linear behaviour up to a certain field strength, after which non-linear

behaviour is observed. An example of this is the dielectric breakdown of air above electric

field strengths of about 1 MV/m — below this value air is very close to linear, but above it air
is very non-linear.

Homogeneous materials have values that are independent of position; otherwise, they are
known as inhomogeneous. Almost all matenials are inhomogeneous to some degree but, in
most cases, the level of inhomogeneity is small enough to be ignored.

If the response of a material is independent of the direction of the applied field, it is
known as isotropic. Materials such as crystals can exhibit a high degree of anisotropy,
resulting in property values that are not a single number, but a three-dimensional dyadic (or
sometimes inaccurately referred to as a tensor).

The properties of nearly all materials are frequency dependent, commonly known as
dispersive. The permittivities and conductivities of dielectric materials and the permesbilities
of magnetic materials are usually dispersive to some degree.

For homogeneous isotropic materials the constitutive parameters can be expressed as a
single complex number at a given frequency, and relate the electric and magnetic ficlds by the

equations:

D=gE=gE+P Equation 1-6

B=H=u,(H+M) Equation 1-7

J.=c Kk Equation 1-8

where &, is the medium’s complex alternating field permittivity [Farads/m], & is the
permittivity of free space, y is the medium’s complex permeability [Henries/m], s is the
permeability of free space, ¢ is the static conductivity [Siemens/m), P is called the electric

polarisation vector [C/m?), and M is known as the magnetic polarisation (magnetisation)
vector [A/m].

Using Equation 1-6 we can rearrange Equation 1-2 to form

VxH=J,+J +iws E
=J;+0,E+io(e', +ic", )E
=J,+(o-we", ) E+ice'  E
=J; +iws E

Equation 1-9

where the complex permittivity & has been broken up into its real (¢;) and imaginary (&",)

components. The real and imaginary components of the effective complex permittivity &, are

found by

. ' s a0y I : '
io(e',+ie", Y=o, -~we" ,+ioe,

st "o _ "o s .
’a)ge_wg e—as—wg a+la}ga Equatlon 1-10
ag
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Note that the sign convention adopted gives positive real and negative imaginary
components for permittivity (and permeability). The solutions to Maxwell’s equations for any
given field are in the form of a second order partial differential equation, usually referred to as
the reduced wave equation. In an electromagnetic source free region (J;= g.,=0and K;=g,,,

= (), Maxwell's equations can be expressed as

VxE =-iwB Equation 1-11
VxH=J_ +iwD Equation 1-12
V:D=0 Equation 1-13
V:-B=0 Equation 1-14




Taking the curi of Equation 1-11 ard using Equations 1-7 and 1-9 gives

V x (VX E) = ~ioV x (uH)
V(V-E)-V’E =-iouV xH

-I—V(V .D)-V2E = —iou(ivs E) Equation 1-15
£

a

(0)+V’E =-w’uc,E =y’E
assuming homogeneous media. Similarly, it can be shown that
VH =-0’us H =y’H Equation 1-16

where Y 2= _nge H Equation 1-17

remembering that & is the effective (total) complex permittivity which includes the static

conductivity comporent, and the permeability u is also complex. The plane wave solution to

the reduced wave equation is

F=Fe“” Equation 1-18

where Fy is a constant complex vector. The propagation constant y is usually broken up into

its real and imaginary components
y=a+if Equation 1-19

where a is known as the attenuation constant [Np/m] and 5 is the phase constant [rad/m].
To determine the values of these constants for a material exhibiting both electric and
magnetic losses (such as ferrites), we expand the complex permittivity and permeability into

their real and imaginary parts.
y? = -0’ (', +ic", )y +in")
= __wZ (g'e #'-gne ﬂ") - i(DZ (gtc lu"+8"e #t)

;V:FCOZ (E'e #'-3"2 ﬂ“)"fﬂ)z(é"e #"+g“e 7))
=qa+iff

Equation 1-29

In order to obtain the square root of a complex number 4 + iB we writes/A+iB =a+ib,

where

| -

i-—-\JA+JA2+Bz, b=i-1—J—A+«,’AZ—1—1‘3’2 Equation 1-21
V2 V2

Using Equation 1-20, for our purposes 4 = -@*(&', u'-&", u"), B=-2°(&', u"+e", u")

and assuming positive 4 and b, we substitute into the above equations to find @ and 5 (and
hence a and f5).

a=a=71—_2—\,A+m

i = —
= TE_J_ mZ (gle ﬂl__guc ﬂll) + ’(—602(6'"_. pt_gﬂe ﬂu))z 4 ("‘0)2 (gte ﬂ“"l"g“e #,))2

=_12_G)J_ (E‘e pl__gﬂe 1)+ nale?_!_sne? i ;;-2_,_”.'2 )

Equation 1-22

Equation 1-23

In the case of lossless materials (€' = p" = 0), the attenuation constant a = 0, and the phase

constant 3 (often represented by the factor k) becomes

B=k= co,fe’, 7y Equation 1-24

The ratio of the negative imaginary to the (positive) real component of the permittivity is a
dimensionless quantity called the electric loss tangent.

8"
tan5,_, = ""—'5‘ Equation 1-25

&

€

- In magnetic materials, the ratio of the negative imaginary to the real component of the

permeability is called the magnetic loss tangent (or tan d,,). Since the effective permittivity is
used exclusively from this point on, the subscript will be dropped to reduce clutter.




The values of & and g, in free space have been calculated using the convention that the
speed of light (c) is fixed at 2.99792458 x 10 m/s. In the case of wave transmission in free

space, it can be shown' that the velocity (¥) of the wave is

[ 7]
o 80/”0

-
|

|8

. Equation 1-26

" ek,

where the permeability of free space is defined as

U, =47 x107" H/m Equation 1-27
and so the permittivity of free space is approximately

£, =8.854188x 107 F/m, Equation 1-28

To avoid working with very small numbers, the permittivity and permeability of materials are

usually expressed relative to those of free space, shown in the equations below

£ . e
£ =— Equatics: 1-29
%o
4, =£ Equatics -2 3
Hy

where & is the relative permittivity, and g, is the relative permeability. Material properties are

sometimes also expressed in terms of the wave impedance (Z) where

Z= % Equation 1-31

Using the values in equations 1-27 and 1-28, we find that the wave impedance of free space
(%) is approximately 376.7 ohms.

1.2, Material propertics

For homogeneous isotropic materials, the permittivity and permeability can be expressed
as a single complex number at a particular frequency. The real component gives a measure of
how strongly the material interacts with the applied field; the imaginary component is more
concemned with how much dissipation of the wave occurs in the material. Figure 1-1 shows

how the real and imaginary components of permittivity typically vary with the frequency of

10
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the applied electromagnetic field. Low frequency behaviour is attributed to free ionic motion
in the materiai, which can occur only if some solvent is present. At microwave frequencies
spinning polar molecules cause the Debye relaxation shown in Figure 1-1. At very high
frequencies such as in the infra-red and visible regions, resonances related to electronic and

atomic polarisations give rise to sharp peaks in &".

Permittivity

[

-&"
/\ p L\ N\ Frequency
¥

Microwave IR Visible

Figure 1-1, A qualitative diagram of how permittivity changes with the frequency of the
applied field.

The permittivity and permeability completely define how an electromagnetic wave will be
affected if it encounters a material. When the wave crosses a boundary between two media,

some will be reflected and some transmitted. Figure 1-2 shows such a case for normal
incidence.

Medium 1 Medium 2
Z Z,
Incident
*| Refracted
—_———p
‘—-—-—
Reflected

Figure 1-2. Reflection and refraction of an electromagnetic wave at the surface between two

media at normal incidence

If the magnitude and phase of a single component of the vector electric field (eg. Ex) of the
incident wave at the interface is written as the complex number E;, then the magnitude and
phase of the reflected wave E, is

11
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E =TEL Equation 1-32

where I is known as the reflection coefficient. The value of I" is

Each constituent reflection is describable by Equation 1-33. The effects of the multiple
reflections cause constructive and destructive interferences if the thickness of the material is

close to a multiple of a quarter of the wavelength of the field inside that material. Odd quarter

Z, -2, ' Bauation 133 wavelengths give rise to destructive interference conditions whereas even multiples cause
== 1 quation 1- .o . . -
Z,+2, constructive interference. This affects both the total reflection and transmission.

where Z; is the impedance of medium 2 and Z; is the impedance of medium 1. If medium 1 is

air, then equation 1-33 can be rewritten to give

= = Equation 1-34

8!'

The amount {ransmitted into the material is calculated by

= — Equation 1-35
Z +Z, 9

where T is known as the transmission coefficient.

For finite samples, the amount transmitted through the material is obviously dependent
upon the thickness of the material. This is not only because of any lossy behaviour that may
occur in the sample, but also because of reflections that can occur within the material from

each boundary. Figure 1-3 shows the path of an electromagnetic wave incident upon a sample

with permittivity £; and permeability 42, with air on both sides.

The overall effective reflection and transmission coefficients can be shown to equal®

_(=Z,) 1+ Z,) + 1+ Z,))(1 = Z,,)e ™™ .
A2 )+ (=2 A= Zy)e ™ o1

T 4e7*
U2 )+ (=2 )= Zy)e ™ B

Equation 1-38

and d is the thiékness of the material.

1.3. Measurement [zwcec{uts:.

The measurement of permittivity and permeability at microwave frequencies is important

for a wide variety of reasons, such as antenna design, electromagnetic shielding, cable
manufacture and in electromagnetic radiation absorbers. A measurement techmique will
ideally possess the following characteristics:

¢ high accuracy,

should be measured and compared to the recorded data from other sources. Only by

Figure 1-3. Schematic diagram showing electromagnetic wave reflection and transmission confirming that the technique extracts the correct resuit for these known materials, can we

pathways when incident on a material have confidence in the values obtained from specimens whose properties are not known.

Incident 1281 55 + non-destructive sample preparation,
il Transmitted o . . .
Reflected Tpa ¢ the ability to test wide frequency ranges with a single measurement, =
/ = %: o the ability to test inhomogeneous materials,
//; \ ¢ minimal instrument setting up,
- Z Zl\ o case of testing and
air air e straight-forward permittivity and permeability extraction.
In order to test the performance of a technique, materials whose properties are well known
. ___reference plane
b
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A number of different techniques have been devised over many years to enable accurate
testing of the permittivity and permeability. Lynch® reviewed much of the literature
concerning test procedures up to 1974. Early procedures involved slotted line techniques® > &
7, A material backed by a metallic short circuit is placed in a waveguide, and the complex
impedance of the system is measured. Next, the short circuit is moved a distance of a quarter
of the wavelength (1./4) of the field to simulate an open circuit, where a second measurement
is taken. These two measurements can be used to solve the appropriate equations to extract
the permittivity and permeability of the material under test. Each frequency needs to be
measured individually and so is time consuming, and the actual measurement itself is difficult
to make.

At low frequencies, permittivity and permeability can be measured using standard
capacitor and inductor techniques. In the capacitor case, the specimen is placed between two

5 % 10 is measured. The difference in

parallel plates and the capacitance of the system
capacitance and loss factor between the loaded and unloaded fixture is used to determine the
electrical properties of the specimen. A similar technigue is used to determine permeability'
by looping a conductor around the sample. However, these methods are only suitable at
frequencies below 1 GHz or so, since the radiating fields generated from the structures at
higher frequeucies interfere with the field incident on the specimen. |

Cavity resonators have been used for some time to measure the permittivity of a dielectric
material at fixed frequencies® '™ '% lé’. A metal box of any shape is completely closed except
for two small holes, one to allow for excitation uf the cavity, the other for measuring the
response. At certain frequencies the cavity will resonate, with the frequency and magnitude of
the oscillation measured. The material under test is then placed inside the cavity and
difference in the response of cavity used to determine the permittivity.

More modern techniques involve placing the sample in a waveguide, then measuring the
complex reflection and transmission signals. Nicolson and Ross'" showed how cand H could
be calculated using network analysis theory with the use of scattering parameter matrix data,
abbreviated to S-parameter data. This was later expanded upon'® to incorporate measurements
taken in the frequency domain.

16,17 ;¢ shown below, and they are used to characterise the

The derivation of S-parameters
input and output response of a linear network. In a two-port network such as the one shown in

Figure 1-4, g; and b; are the normalised complex voltage waves incident on and reflected from

14

the #’th port of the network. They are defined in temms of the terminal voltage ¥V, the terminal
current [;, and an arbitrary reference complex impedance Z; as

_V+zh,

- Equation 1-39
2,}|Re(z,. )| 4

and

i =2——|Eé—('-é-:)T | Equation 1-40

where Z* denotes the complex conjugate of the impedance.

3 g I a,
—> 0>+ +eto 32—
Port1 Vi 2 port v
o network °| Fort2
ﬁ__b o oo ——s
1 b,

Figure 1-4. General two-port network

The scattering matrix relates the outputs to the inputs as

[b,]=[8,, Sﬂ}[“'] Equation 1-41
b, 8y Sple,

The S-parameters are read as Sou in, Where the first number refers to the output port where the
signal is measured, and the second number refers to the input port from where the signal
originated. So in this configuration, the reflected signal is designated S);, the transmitted

signal as 5y1. The values of the S-parameters can be calculated using the following equations:

_b i
0= ola <0 Equation 1-42
S _ by Equation 1-43
# a,|a, =0
S =.[.’2- Equation 1-44
" gla, =0
hY > Equation 1-45
2=, <0 quation
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S-parameters are more easily measured at microwave frequencies than any other
parameter set to characterise linear networks. For this reason, modern vector network
analysers use S-parameters exclusively. With a sample of thickness 4, reflection coefficient I

and transmission coefficient T, Nicolson and Ross!* showed that the S-parameiers are given

by
(1-THr .
S ) (&J) = T:_]TZ.F:,_ Equatlon 1-46
Q-rr i
Sy(w) = =72 Equation 1-47

where @ is the angular frequency. I" has been defined in equation 1-34 as the reflection
coefficient when the length of the sample is infinite, and 7 is the transmission coefficient of

the finite material, related to & and y,. by equation 1-48.

T=e™ =g Vo™

_i[g ) o Equation 1-48
- e c fﬂf

Once the S-parameters are measured, the complex pemmittivity and permeability can be
extracted using the above equations. Modern vector network analysers such as Agilent
Technology’s (the former Hewiett-Packard) 8510 system can be configured to output the S-
parameters directly to a computer for analysis and permittivity/permeability extraction'.

In order to extract both real and imaginary permittivity and permeability, one needs to
measure the magnitude and phase of the reflected and transmitted signals. In cases where the
material under test is known to be non-magnetic at the frequencies of interest, it is possible to
fix the permeability equal to that of free space and use only the reflection or transmission
signal to find permittivity. This highly useful result will be expanded upon in later chapters.

The waveguides typically used for material properry evaluation are either of the coaxiat or
rectangular/circular type. Coaxial waveguides have the advantage of allowing a very wide
frequency band to be measured from a single specimen but have the disadvair:ge of being
difficult to accurately machine to size. Samples for rectangular or circular was gguides can be
machined more accurately but can only cover narrow frequency bands' % 21 22 B 24
Measurements using either shape are highly sensitive to the speciinen’s homogeneity,
isotropy and size tolerance. The specimen must completely fill the waveguide cross-section or

large errors result. An examination of the errors that can occur has been performed by Baker-
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Jarvis®™ 2% and others” ?* %°. Direct material comparisons have been performed®® showing
measurements in the coaxial waveguide taken on a number of different homogeneous
materials by different researchers. Large variations in measured properties were evident,
proving taat even on these homogeneous, isotropic materials, uncertainty in the deduced
permittivity is still significant.

Waveguide measurements require careful sample preparation; the samples are usually
small and must be the correct size (for example the coaxial method requires a 7.00 mm outer
diameter and a 3.04 mm inner diameter). The preparation process is a destructive one, and if
the material is not homogeneous then the values obtained from the small specimen may not be
representative of the whole sheet.

Free space methods using larger samples avoid many of the sample size and contact
problems associated with waveguide measurements. Free-space techniques for permittivity
and permeability extraction have been used since at least 1984; however, these were either an
extension of the slotted line technique using a sliding short at a fixed frequency’', or simply
the placing of homs mouth-to-mouth®, Swept frequency measurements were used by

Hallikainen et al*> 3*

to measure the dielectric properties of soil and snow, by measuring the
transmission only and assuming the permeability was equal to that of free space. This
assumption is well founded since there exist only a few materials that retain some magnetic
behaviour above 1 GHz. A similar technique of permittivity extraction by measuring
transmission alone was undertaken by Capps et al*>. They measured the transmitted signal
through water at two different thicknesses and calculated the real and imaginary permittivity
with good accuracy. The method required high precision on the water thickness and was only
perfoimed in single frequency steps.

Swept frequency measurements on solid materials using free space technidues have been
performed using focussed horn antennas®® > 3% 3% 40 The researchers used lenses to focus the
electromagnetic waves to a spot on the material under test. The reflection and/or transmission
was measured and the values of & and g calculated. When both reflection and transmission
are tested there is enough data to calculate & and 2”7, but when only one of the components is
measured, then permittivity values are calculated assuming the permeability is that of free
space®® %8, Accuracies of + 2-4% were achievable using this technique, but the method
required precise positioning of both the sample and the horns and so was difficult to perform.
Moreover, the focussing behaviour of the horns did not allow for an accurate determination of

inhomogeneous materials since the area of the material under test is small.
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Similar techniques have been used to measure the properties of rocks and building
materials over a wide frequency band*" *2. Plastics and rubbers have also been measured
using this technique over a narrow frequency band®. Permittivity extraction using the
transmission and reflection signals collected at off-normal angles of incidence has also been
demonstrated** ¥°, as have measurements of permittivity using only the amplitudes of the
reflection and transmission signals*®. Other researchers replaced the focussing hom antennas
with offset parabolic reflectors to focus the beam with some success®’.

Extracting permittivity using the reflection from materials backed by a metal sheet has
also been investigated using techniques similar to standard RCS measurements*s: 4% 30 31,5233
5% In one case™, a carbon fibre loaded rubber sheet with the fibres aligned linearly, was tested
in an anechoic chamber at different angles of rotation to the linearly polarised incident
microwave source. The complex permittivity tensor was caiculated for this material. The
accuracy of this method is difficult to judge since no measurements on known materials were
reported. This method can be utilised to test a wide variety of samples, including those that
have very large inclusions. As with most methods, accurate thickness determination is
required.

A quite different method of determining permittivity is with the use of an open resonator
57.38.35, 8. 6! Two spherical mirrors face each other and resonance is established. Then the
sample is placed between the mirrors and the differences measurcd. There are essentially two
procedures; the first involves measuring the resonance frequency with and without the
specimen, keeping the length between the mirrors fixed. The second method fixes the
frequency while the distance between the mirrors is adjusted to obtain a resonance with and
without the specimen. Very accurate measurenents are possible using this method (better
than 1% for real permittivity); however, the actual measurements are difficult to perform and
the components quite expensive. It has also been found that the method is not suitable for
highly lossy materials.

A further method related to the open resonator can be used to measure both permittivity
and permeability® ®. It requires two spherical mirrors at right angles to each other, into
which the specimen is placed at 45 degrees to both, and an ellipsoidal mirror used to direct the
beam towards the material. The setup is complex and the accuracy is estimated to be around +
5%. .

Open ended coaxial and waveguide techniques have also been investigated as a method to

65, 66,67, 68,69 70,71, 22 The reflection from the surface of the material is

measure permittivity>®

tested only. The model assumes the material under test is infinite in thickness and
paramagnetic, and so can solve the necessary equations to extract permittivity. This method
has the advantage that thickness measurements are not required, which is usually a major
source of inaccuracy when the sample is not exactly flat. To achieve high accuracy, the
sample must be smeoth, and as such the technique is especially useful for testing liquids.
Agilent have marketed a dielectric probe kit (cat # 85070A). Typical accuracies of around 5%
are quoted.

The new method proposed in this investigation is to extend the procedure of
Ghodgaonkar, Varadan and Varadan.® The material under test is supported on a transparent
++ “erial and the reflection and transmission is measured using microwave ho.rn antennas. This
method utilises the same equations as for the waveguide methods, the method is non-
destructive and so requires no sample preparation, the size of the material can be very large so
inhomogeneous materials can be tested with confidence, and the actual test is quite easy to
perform. The lensed horn antennas will be replaced by normal microwave homs. This
technique offers an accurate way to obtain the response of materials that arz inhomogeneous
over distances of a few centimetres, measuring the average transmission over the whole
specimen. Samples of up to 500 mm square may be tested non-destructively via this method,
with no specimen preparation required. In conmjunction with other tests, for instance a
measurement similar to that of Hashimoto et al*®, the determination of both permittivity and

permeability can be made making two relatively easy measurements.
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In this chapter, the various techniques used in the thesis are described in detail so as to
obtain a better understanding of the various processes involved. This includes the free space :
and transmission line microwave measurement techniques, as well as the low frequency
dielectric test procedure. The various methods for improving the measured signals are also
presented, such as removing stray reflections using time gating, using microwave lenses in the
test procedure to reduce near field effects, and employing diffraction removal techniques to

reduce errors in the transmission signal.

2.1. Network anaf:yzsz methods

2.1.1. Network a.uaﬂj;st c{sfa-lfi

An Agilent Technology 8510C vector network analyser system is used to perform all the
measurements at microwave frequencies. The 8510C analyser is connected to an 8517A S-

Parameter Test Set with an 83651B Synthesized Frequency Source. The frequency range of

this system covers 45 MHz to 50 GHz. The network analyser system has a dynamic range of
greater than 100 dB, and resolutions of 0.01 dB in magnitude and 0.01 degrees in phase are
readily achievable. An IBM compatible computer controls the system, with the software
written by the author. Output from the system is usually in the form of S-parameters, which

have been defined earlier. These complex quantities can be readily transformed into absolute

magnitudes and phases of the reflection and transmission within a network, and permittivity

and permeability of a material can be extracted when the appropriate formulas are used.

2.1.2. Goax:'a[ waw;gmkfs

Waveguide methods provide a very accurate way of determining both the permittivity and
permeability of materials, providing the samiple can be machined accurately. When the test
sample completely fills the waveguide and the surfaces are perfectly flat, highly accurate
measurements of permittivity and permeability can be made. The advantage of using coaxial
waveguides is that wide frequency ranges can be measured using just one configuration. For
instance, a commonly used waveguide is the so-called 7 mm beadless airline, which is 100
mm long, has an outer diameter of 7.00 mm, and an inr_ler rod conductor with diameter of .3.04

mm:. In conjunction with the network analyser system, this airline can be used from 0.045 to
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18 GHz using a single swept frequency measurement. Using rectangular waveguides over the
same range would require 2 farge number of samples and waveguides of different sizes.

The method is guite simpie in thzory. A specimen for testing is cut to shape out of the

main block and placed in the vaveguide. The refiection and transmission S-parameters are
measured and, using the equations shown in the introduction, values of permittivity and
permeability can bz determined. The solution is not unique, because of the cyclic nature of the
phase measarements, and so 2 solution number must be included. Usually the correct answer
corresponds to the lowest solution numiber, and so this is hardiy ever a concemn,
Figure 2-1 shows a schematic diagram of the setup. The incident microwave signal exits from
port 1, travels through a cable and then contacts the surface of the sample inside the airline.
Some of the radiation is reflected from the surface and some is transmitted through the sample
to be collected at port 2. The analyser measures the signals at each port, and records the
complex S-parameters. In this configuration, the reflected signal is designated Sy, the
transmitted signal as Sy;.

Port i Port 2

<— (abl —>
S e Sa

1
)

Beadless airline

Figure 2-1. Coaxial waveguide holder and sample

The main problem associated with waveguide methods is incomplete filling of the
waveguide in the radial direction. (The sample does not need to be exactly 100 mm long
because the phase shift through the rest of the waveguide can be easily removed assuming the
thickness of the sample is well known.) Coaxial measurements are particularly difficult
because it is hard to drill a hole in a sample exar.itly 3.04 mm in diameter, while making the
outer diameter of the sample exactly 7.00 mm. Many algorithms have been devised to correct
for inaccuracies of the sample diameters, with varying degrees of success®. Added to this
problem is that the specimen must be homogeneous for the parameter extraction to work. In
some cases, a small doughnut shaped sample will be representative of the whole sample, but
there exist many important instances when that assumption is not valid. These include plastics
with additives such as carbon fibres, where the length of the fibre is greater than that of the

sample, and inhomogeneous materials whose permittivity varies spatiaily over large distances.
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Coaxial waveguide measurements on these types of samples will lead to misleading results.
Nevertheless, coaxial waveguide measurements are still one of the most accurate methods of
determining the permittivity and permeability of a material at microwave frequencies.

The thickness of the sample is an important factor in the measurement. The sample must
be flat, and the thickness well known so that it can be used in both the parameter extraction
algorithms, and for removal of the phase shift caused by the empty airline. Also, if the
thickness is equal to a quarter of the wavelength of the signal inside the sample, then
destructive interference occurs between waves reflected off the front of the sample, and from
the rear. This destructive interference magnifies any sample imperfectioné and leads to errors
in the reflected signal. These errors then lead to incorrect determinations of sermittivity and
permeability for that material,

2.1.3. Dielectric probe

Another method of measurir. permittivity is by using a coaxial probe, This is a reflection
only technique that relies on tt assumption that the sample is infinitely thick. Figure 2-2
shows the probe being placed on the sample and the microwave signal entering the sample.
The microwave beam “fringes” into the sample, and the S;, reflectivity data is collected at

port 1.

Port 1 Cable

Figure 2-2. Dielectric probe measurement.

Agilent Technology sclls a dielectric probe kit (part number 85070B). This connects
directly into the 8510C network analyser system, and allows real and imaginary permittivity
measurements from 0.5 to 18 GHz. Accuracy is quoted at + 5% for this method at high
frequencies, but is worse at frequencies below 5 GHz. Agilent also supplies a software
package to extract the permittivity from the S), measurements. The probe has a great
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advantage in that the thickness of the sample does not need to be known, The technique is
noi ‘*structive, only relying on the sample having a diameter larger than 20 mm, the surface

of the rample beiug smooth, and the thickness satisfying

d> 20 Equation 2-1
Ve

where d is the thickness of the sample in millimetres. It main weaknesses are that it is only
useful for measuring paramagnetic materials, that the samples must be homogeneous over a
very small distance scale, and that any movement in the cable after the system has been
calibrated causes large errors. For this latter reason, the probe must be clamped firmly in place
and the sample brought up to meet it. The technique is also very sensitive to air gaps between

the sample and the end of the probe.

2.1.4. Howm details [o': fv.as space f.saémquzs

The free space measurements are performed using wideband homn antennas to direct the
microwave source to the sample under test. Three horns are used to investigate frcquency

ranges from 1 to 40 GHz. So:e specifications of each are given below in Figure 2-3.

“Gold” horn “Silver” horn { “Hi-freq” horn
Freqrange (GHz) | 1 - 18 7.5-18 16— 40
Gain (dBi) 6 — 16 (typical) 15 - 22 (typical) | 18 — 24 (typical)
Size (mm) 200 x 241 x 143 1203 x 91 x 65 149 x 67 x 50

Figure 2-3. Details of the hozas used for free space measurements

Figure 2-4. Photograph of horns used in this study

The horns used were chosen so the widest possible frequency band could be tested using
the smallest number of measurements. The horns typically have their lowest gain at low

frequencies, since the wavelength of the radiation becomes longer and it is therefore harder to
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match the impedance between the coaxial input at the hom to the outside air in a short
distance. In order to obtain the very large bandwidths, all these horns are of the “dual-ridged”
type. The ridges prevent higher medes forming in the area near the back of the horn, which
reduce the amount of effective radiation leaving the mouth of the hom. The ridges are most
prominent on the “geld” horn, situated in the centre of the top and bottom plates before
flaring out at the ends.

The gain of the horn is directly related to the spread of the radiation leaving the horn, so a
low gain is indicative of a wide spread. This means that for a low gain horn there is more
chance of diffraction around a small cample, or stray icflections from parts of the
measurement equipment interfering with the measurement. For this reason it is better to use
the highest gain homns possible. However, if the source is concentrated at a very small area
(which can be achieved using lenses or reflectors) an overall picture of the sample as 2 whole

may be lost, especially if the sample under test is inhomogeneous.

2.1.5. ‘:)?eﬂ,zch’on ! transmission “wall” tszgmqus

The reflection/transmission “wall” technique is a free space version of the coaxial
waveguide method, The sample is laid flat on a transparent material (usually lightweight
polystyrene foam) between two rectangular microwave horns attached to a slider bar fixed to
the wall. The reflection (S;;) and transmission (S,;) through the material is measured and
values of the permittivity and permeability can be extracted using the same formulas as for
the coaxial waveguide. This technique assumes the material is large enough so that diffraction
around the sample does not occur. Figure 2-5 shows a schematic diagram and a photograph of
the test configuration.
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Port 2

Figure 2-5. Reflection / Transmission wall measurement.

The method has many advantages over conventional techniques, in that no sample
preparation is required. The technique is completely non-destructive and so can be used in 2
guality assurance (QA) role to check the dielectric properties. The material can be
inhomogeneous over many wavelengths and the analysis will still yield meaningful average
results for the entire sample. Both small areas and the entire sheet can be tested by changing
the distance between the horns and the sample, and the technique is easy to perform. The
sample needs to be flat over its entire area or the value of thickness used in the determination
of permittivity and permeability would not have a well-defined value.

The horn positions can be moved independently so as to allow for testing at different
distances. At distances more than a few wavelengths from the mouth of the hom the
wavefront is typically spherical in shape, as if from a point source a small distance behind the
horn. When the horns are far away from the sample, the wavefront flattens out to be more like
a plane wave, and the magnitude variation reduces also, Therefore, it is better to have the
horns as far away from the sample as possible so that the closest approximation to plane wave
behaviour is met. This reasoning assumes the sample is very large (larger than the diffraction
from the homns), and that there are no obstructions between the two homs. Unfortunately,
these conditions are not always met in the real world, and compromises must be made to
reduce stray reflections from measurement equipment and minimise diffraction around a
finite-sized sample. The horns can be moved so that the “best” position for a particular sized

sample can be investigated.
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The calibration process for reflection is the Response/Isolation type”. The send hom is
positioned below the transparent foam sheet so that the top surface of the foam is on the
calibration plare. The foam sheet is thick enough to prevent it bending under the weight of
the reflection standard or the sample. The Response part of the procedure is made by placing
2 flat metal plate on the transparent foam sheet and the magnitude and phase of S;; is

measured. The metal sheet is ground flat and the entire system is levelled. One or more

~convoluted foam absorbers are placed on top of the metal sheet to remove stray reflections

from behind it. The plate is then removed and the reflection from the convoluted absorbers is
then measured. This makes up the isolation part of the calibration procedure. When measuring
the actual sample, the absorbers are again placed on top. The material dimensions musi match
the size of the calibration plate.

The calibration procedure for transmission is much easier; just a simple response
calibration™ is sufficient, The transparent foam base is positioned between the horns and the
magnitude and phase of S, is measured. An isolation measurement is not required.

The most difficult parameter to measure accurately is the phase of Sq). Very slight
imperfections in the metal reflection standard lead to large errors in the measured phase. If the
plate is even only a tenth of a millimetre off being flat, very large errors in the detennination
of permittivity and permeability are seen. The s~ e effect is observed if the foam sample
holder bends even slightly. However, if we can assume the material is non-magnetic at
microwave frequencies, the problem of reflection errors can usually be overcome by ignoring
the reflected signal altogciher, and just using the transmitted signal to calculate the
permittivity. No metal sheet is required in this case; the transmission through the sample is
measured relative to empty space. This assumption of non-magnetism makes the
measurement far casier to perform, although the mathematics involved in extracting the
permittivity is more difficult. An iterative technique must be used to s.'ve the equations to
find €. Multiple reflections between the sample and the horns can be eliminated by the use of
time gating, which can be set up so that stray reflections are ignored completely. Time gating
can introduce emrors of its own near the frequency end points, but the magnitude of these
errors is not well known.

If the specimen tested is not large enough, the microwave beam can diffract around it
giving unwanted contributions which lead to errors in the exiracted resuits. An obvious way
of alleviating this problem is to use larger samples, but sometimes this is not possible and one

must test the small sample. One method of reducing diffraction around the sample is to place

27

N
%
@




the material on a metal sheet with a hole cut in the cenire. Another method of overcoming the
problem is to place an absorbing frame around the sample so that the frame will instead
absorb the part of the field that might be diffracted. Figure 2-6 shows how a frame may be

placed around the small sample to remove diffraction effects.

Hom

\Absorbing Foam
frame support

Figure 2-6. Absorbing frame placed around small sample.

The absorber used is a convoluted carbon loaded foam that is commonly used to cover the
walls of anechoic chambers.

Absorbing the diffracted wave is not always easy to achieve in practice. Unless the sample
fits exactly into the hole in the absorbing frame, the frame must be moved each time a sample
is measured. If this is not performed accurately, then repositioning errors will occur and can
be larger than those due to the diffraction. However, the diffracted beam can be removed if its
magnitude and phase is known. It can be measured by placing a flat metallic sheet that is the
same size as the material under test between the horns. Since none of the radiation traveis
through the plate, only the diffracted wave is seen by the receive hom. This removal
technique is the inverse of the previous one, and although the effect can be estimated using
Babinet’s principle’, it is more accurate to measure the error signal with the actual

equipment. It can then be removed later using the formulation shown in Figure 2-7.
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(a) Calibration (no obistructions) (b) Metal plate

=<Q>C+D=I

(c) Sample messurcment

> S M=S§+D

Figure 2-7. Formulation of equation to remove diffracted wave from measurements

Firstly, the system is calibrated using a “Response” type calibration (a). As indicated in
the figure, this includes all paths to the receive horn. The measured response from paths that
would normally pass through a sample of pre-determined size are given the label “C”, the
response from paths that would travel around that sample without intercepting are labelled
“D”, The value of “D” can be measured by placing a metal plate of the same size as the
sample between the horns. Only the “D” response is measured. When the sample is measured,
the receive hom collects the sum “M” of the wave that travels through the sample “S”, and
that part that doesn’t, the “D” component.

Since the parameter we are chasing is the sample (S) measurement divided by the
calibration (C), we can use the values we actually measure (ie M, C and D) to determine the
response of the sample alone. The equation used is shown below. This technique will also

heip to remove stray reflections from other parts of the sample holder.

_§_M-D

n=T 57

Eqguation 2-2
c 1-D e

Another refinement to this method that may increase accuracy is the use of absorbing
layers in between the horns and the sample. This will help reduce reflections between the
homs and the sample. If the foam support shown in Figure 2-6 wzs made of a lossy foam
(which causes say a 10 dB absorption) instead of a lightweight polystyrene, then any
reflection between the sample and the end of the receive horn would be 20 dB lower than the
direct (unreflected) signal. Such a layer could be seen as a diode, by only allowing the direct
transmission and reducing to a very low level any contributions from back reflections.

This technique is useful for frequencies above 1 GHz. Below this value wavelength

effects mean that the antennas used to direct the energy become very large and so the samples
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must also iacrezse in size. Diffraction effects inicrease and the overall measurement system
becomes unwieldy and difficult to use. Waveguide techniques are better for parameter
measurements at these frequencies, However, at frequencies above 18 GHz the technique is
extremely useful, since the waveguides required are small and sample preparation becomes

difficnit.

2.1.06. d?angz backed rsffsation fzcgmqu.s

Another free space measurement that has many of the benefits of the
reflection/transmission wall technique is the backed reflection technique. The technique
emploved is to place the sample in contact with a metal backing sheet and then measiwe the
reflection from the laminate. A Response/Isolation calibration of the system is performed
using the backing sheet alone, and the return from the room is also measured with the backing
plate removed. This eliminates many of the cross talk and stray reflections that could lead to
measurement error. Figure 2-8 shows 4 schematic diagram of the setup. This method is based

on a standard technique used to measure the effectiveness of radar absorbing materials

3.0m

Backing
sheet

Sampie

Figure 2-8. Range backed reflection method.

The distance between the horns and the sample is very important. For ease of
computation, the permittivity extraction algorithms assume that a plane wave is normally
incident upon the surface of the sample. This requires that the sample be in the so-called far
field of the microwave beam. True far ficld behaviour occurs when there is zero phase
variation across the target. Since this requires the target to be an infinite distance away from
the source, a cc.avention has been introduced which states that the phase variation across the
target should be wo larger than /g radians, or 22.5 degrees. With this approximation, one can
readily calculate the minimum distance required for far field measurements. For a target with

maximum diameter d, the disiance between the source horns and the target (the range), is
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2d? .
= T Equation 2-3

where R is the range, and A is the wavelength of the radiation. For a 300 mm square sheet,
measurements up to 18 GHz should be taken no closer than 21.6 metres away to ensure far
field behaviour.

Anechoic chambers with lengths of over 20 metres are extremely expensive and therefore
rare. A way of obtaining a plane wave at shorter distances is with the use of a lens. A lens
with the correct focal length will be able to flatten out the spherical wave incident on it into a
plane wave. Using a setup of this kind should improve measurement accuracy over one where
a lens is not used. The steps involved in designing and making such a lens will be discussed
later.

The range facility at DSTO is not a fully lined anechoic chamber, and is relatively short at
about 4 metres for its longest dimension. Once the equipment is put into place, a useable
distance of about 3 metres is available. With the horns approximately 0.4 m apart, the 2ctual
angle of incidence is about 4 degrees, but this is assumed to be close enough to normal
incidence. A 500 mm square lens has been made with a focal length of 2.8 metres o
investigate far-field behaviour. Permittivity measurements are only generally available since
only the reflection is measured with this technique. The material is assumed to be

paramagnetic.

2.2, @zmiéfiuiéy/ﬁsmsagiﬁty extraction a[gozitﬁmz
2.2.1, cﬁsffmﬁon/émmmhﬁon tzcﬁmquz

When both reflection and transmission are measured, the formulae for extracting
pemittivity and permeability using # network analyser are relatively straightforward'®. Since
there are four unknowns (real and imaginary permittivity, real and imaginary permesbility),
we need four pieces of information to extract them. The information is in the form of complex
Si1 and §;). Repeating the equations from Chapter i for convenience, we can relate the

measured S-parameters to the reflection and transmission coefficients as shown below.

_a-myr L
n= -171—,5'1_7 Equation 2-4
2
Sy = g % Equation 2-5
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where T is the complex reflection coefficient between the sample with wave impedance Z
and the surrounding air has the characteristic impedance Zy when the thickness of the sample

is infinite

B
_Zs_zo _\é&
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and T is the complex transmission coefficient in the sample of finite thickness d

Equation 2-6

T =g '@/ Equation 2-7

where & is the relative permittivity and g is the relative permentiility of the sample. By

rearranging Equations 2-4 and 2-5, the values of 7 and T" can be put in terms of Sy, and Sy;.

Fr=K+4JK*-1 Equation 2-8
= SutSy T Equation 2-9
1-(8;, +8,)F
where
2 2
K= '_SM_I. Equation 2-10

25,

The permittivity and permeability can be determined rearranging equations 2-6 and 2-7 to

give
1+1Y
A o [__) =y Equation 2-11
g, \1-I
¢ 1 Y
£ =— —In|--]| = Equation 2-12
e (wd [TD g !

then

M= 1!.1' y Equation 2-13

g, = 2 Equation 2-14

X
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The value for I' in Equation 2-8 is easily chosen by remembering that 'I1 < 1. Of greater

concern is the value for the natural logarithm of the complex value 1/7. Because the form for

the logarithm in complex analysis is
In(4 L ¢) = In(4) + i(dp + 271} Equation 2-15

a suitable value for the non-negative integer » needs to be chosen so that the correct solution
is found. The value of # can and frequently does change across a frequency band, espscially
when the permittivity is large, the frequency high, or when the sample is' thick. It is vsually
clear if the incorrect solution has been chosen by examining the value of permeability. When
testing a nonmagnetic material the resulting permeability should equal that of free space,
however when the incorrect solution is chosen the resulting values are usually very different.
When the extracted values of permittivity and permeability show a sudden jump across a
frequency band of interest it usually means that the value of # has not changed to the correct
figure. Nonnally at low frequencies the value of n is zero, but as frequency increases the
value typically increases. A computer program can adjust the parameter to keep the

permittivity and permeability continuous.

2.2.2. “hansmission orzl‘;} fscgni?us

It is not always necessary to measure the entire S matrix; for instance, in the case of non-
magnetic materials the permeability can be fixed at the free space value and just the
permittivity calculated. Usually the easiest measurement to take in free space is the
transmission through the sample (Sz;), so in the case where relative permeability is known to
be unity, this measureinent is usually sufficient.

However, simply fixing the permeability equal to 1 and ignoring §), doesn’t make the
equations any easier to solve, in fact quite the opposite. It is impossible to obtain a form of the
equations where the permittivity is given explicitly. Instead, an approximation technique such
as Newton’s method is necessary to solve the implicit equation for permittivity. Newton'’s
method requires the derivative of the equation to be calculated and an initial guess x; of the
solution. With the equation in the form f{x) = 0, the iterative technique works to find the root

using the for:nuia

—_ _ f(xn-l)

p = Xna . Equation 2-16
f (xn—l)




Once the nth estimate has been found, it is then put back into the formula to find the (# +1)th
estimate and the process is repeated. When the difference between x, and x,,. is below a user-
defined level, the process is stopped and the solution is found to the required degree of
accuracy.

The transmission component S;; as shown in Equation 2-5 can be expressed in terms of &
and g, by substituting the values of T and T using the expressions shown in Equations 2-6 and
2-7. Appropriate re-arrangement of the equation leads to a fast and stable convergence to the

solution. The equation used is shown in Equation 2-17.

£k )=S, {8, cos[dw;',e—']-i- fJg(l"'ﬁr)sin[dm\/ﬁ_,:”—er =0  Equation2-17

<

Differentiating this equation was made much easier using Mathematica, a computer program

that specialises in symbolic algebra. Differentiating this equation with respect to € gives

e % {(4c+idco(l+€,) cos[dm:!e_, ]+ [ic(lj;ﬁ;)_zdm«/s_, ]sin[dmzfe_, ]}_1

Equation 2-18

The computer program used to calculate the permittivity terminates the iterative process when
the values of both real and imaginary parts of permittivity are varying by less than 107, The
algorithm moves through the 401 frequency data points taking as the initial guess for each
new frequency the converged value calculated for the previous one. To calculate all the

permittivity values takes less than half a second on a Pentium 3 running at 900 MHz.

2.2.3, (J?sﬂ’scfian onl}; f&dgm'quz

In the same way that permittivity can be calculated using the transmission signal alone,
the reflection signal (Si;) can be used by re-arranging Equation 2-4. This is most useful where
the sample is thick and lossy, so the transmission signal is very low and prone to errors due to

noise and small stray retlections. The equation used to calculate permittivity is given below.

(e, —1XL-1)
€, )=5,, + - =0 Equation 2-19
£6,)=5, 2Je, L+ )+ L, +1)~ (e, +1) quation
i2d(2) e,
where =e ¢ Equation 2-20
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The derivative is more complicated

1
—(@-v| (2 -1f + 2z, +1f )+ 4z 2 (e, ~1)
Sa(e)= ‘Jz( [ D : Equation 2-21

(We -1 -2(f& +1f )

The reflection only algorithm is less stable than the transmission only equations, but the entire

frequency spectrumn of 401 points can still be computed in around half a second to an

accuracy level of 107

2.2.4. Basked uf[aztion tsaﬂniqus

When the sample is tested with a backing plate immediately behind the sample, the
geometry is changed significantly.

...._al_._) a
Sample Backing
plate
b I b2

A e ]

Following the normal S-matrix formulation where the signal a, is the source, the value of a;

(normally zero) takes the value of — b,. So the output signal b, is derived by
b =8§,a +8,a, Equation 2-22
b, = 5,4, +8,4a, Equation 2-23

Since a; = — b;, the equation can be rearranged to give

a,= _Sud Equation 2-24
1+8S,, '
Substituting back into equation 2-22 gives
§,,5,a
b = S,a, -1 uation 2-25
1 !lal 1 + Szz Eq

Since the input signal is defined to be unity amplitude and zero phase, a; = 1, and the sample
is assumed to be homogeneous and isotropic, §i2 = 55 and §1) = 822. Therefore
53

b=STs,
1

Equation 2-26
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This is the signal actually measu.ed. Putting this signal in terms of permittivity gives the

following equation for use in Newton’s method,

oo Ve )5 1)
Ale)=b = e -)

‘Equation 2-27

with the derivative
ol - £2)+ didLw e,
oo, (l+ v, (e, -1

and L having the same value as beforc (Equation 2-20). This algorithm has the least stability

Equation 2-28

fts(gr)g

of all the single parameter calculations but still gives fast and accurate results when the initial

guess is close to the actual value,

2.3, Enhancements to netwoik cmaf_ysst measutsments

2.3.1. Diclectrio Lenses

The solutions to many electromagnetic problems generally assume far-field behaviour for
simplicity. In a free space environment it is very difficuit to perform measurements in the far
field since the distances involved can be quite large. In order to reduce the phase difference
across a sample when measuring in the near field, it is possible to flatten out the beam with a
lens. There are two main types of electromagnetic lens, delay type lenses in which a solid
low-loss material is machined to an hyperboloidal shape, and advance lenses where metallic
discs or slats are used to advance some parts of the wavefront, Generally, delay lenses are
used since they are simpler to construct and operate over a wider frequency band.

The design of delay lenscs is well known,”® requiring knowledge of the focal length and
the permittivity of the material used to make the lens. A block of material is moulded and the
required shape can be cut using a computer controlied milling machine. Two lenses were
used, the first made irom a plastic epoxy incorporating lightweight microspheres to reduce the
density and permittivity to about 500 kg/m® and 1.81 respectively, the second from a
polyurethane (PU) foam with a density of around 250 kg/m’ and permittivity 1.32. The focal
length of the first was set at 2.8 m (the distance from the homs to the target on the range)
while the second was set at 1.0 m (a reasonable working distance for the

reflection/transmission wall). Both lenses had a square cross section and were over 500 mm

along each side so that large samples could be tested. Appendix A shows the formulae used in
constructing the lenses.

In order to test the effectiveness of the lenses in flattening out the wavefronts, an X-Y
chart recorder was modified so that a probe antenna could be mounted on the pen attachment
point. In addition to this, the arms were extended to allow for movement over 500 mm in each

direct;Hn. Figure 2-9 shows a photograph of the modified chart recorder.

Figure 2-9. Photograph of modified chart recorder for wide area scanning measurements

The antenna used on the chart recorder was a small “probe antenna” with a nominal 8 dBi
gain from 6.5-18 GHz. The position of the probe antenna was changed using a computer
controliable power supply. Since the chart recorder was already set up to move to a certain
position based upon an input voltage, it scemed the easiest way to position the antenna. Once
the maximum range was calculated, it was simple (in theory) to position the antenna at any
point in the plane to take a measurement. In practice however, it was a little more difficult,
since the motors were not designed to move anything heavier than a pen. Shifting the probe
antenna together with a couple of metres of cable meant that the motors could move the whole
assembly left to right, but could only push the cable down towards the floor. This was not a
major problem, but it meant that the scan could only go in one direction.

The normal phase variation from a microwave horn is shown in Figure 2-10. This is the
measured response from a standard gain X-band hom situated 1.45 m from the scanner at 9
GHz; it corresponds to a spherical source located 1.53 m from the scanner. This “virtual
source” approximately 80 mm inside the horn’s throat is the phase centre of the horn, and is

used to determine the focal length when the lens is in place.



Variation of phase at 9 GHz from standard X-band hom 1.45 m from scanner

W
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Fizure 2-10. Variation of phase from a standard X-band horn 1.45 m from mouth at 9 GHz

Levelling the whole system is very difficult, as a difference of just 1 millimetre across the
whole structure corresponds to a phase shift of over 20 degrees at 18 GHz. Figure 2-11 shows
the effect of incorrect levelling of the chart recorder on the measured phase. These effects are
rclatively easy to fix with spacers; however, it can take many measurements before the
levelling is correct. Once it is correct the whole structure may need to be moved again to find

the correct value of focal length.

Variation of phase at @ GHz behind lens near focal length

Figure 2-11. Variation of phase behind a lens where chart recorder is not flat

The bar that the antenna rested upon needed to be reinforced, as the weight of the antenna,
holder and cables introduced a slight bend in the bar, resulting in a dip .n the measurement of
phase. The maximum phase shift was measured at about 20 degrees at 15 GHz, corresponding
to a change in distance of about I.1 mm. This effect is shown in Figure 2-12. Stiffening the
bar effectively removed this artefact.

Chart recorder realigned and levelled, bar needs reinforcing
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Despite the problems encountered, the modified chart recorder performed well, giviag

accuratc magnitude and phase measurements behind the lenses. Figure 2-13 shows the
measured value of the phase behind the lens at a distance of 2.36 m from the hom mouth to
the back of the lens. It can be seen the phase variation is only a few degrees, and the chart

recorder or lens not being perfectly level could easily cause this error.

Varintion of phase st 2 GHz behind lens near focal fengih Vaniation of phase at 15 GHz behind lens acar focal tength

Figure 2-13. Variation of phase behind lens made from syntactic foam at (a) 9 and (b) 15 GHz

A similar effect is seen with the polyurethane foam lens near its design focal length of 1 m,

Figure 2-14 shows how the phase flattens out when the horn to lens distance is 0.99 m.

Variaticn of phase at 10 GHz behind foum lens near focal length Variation of phase a1 15 GHz behind foam lens near focal length

Figure 2-14, Variation of phase behind lens made from PU foam at (a) 9 and (b) 15 GHz

2.3.2. Time domain and gati:zg

One of the most effective ways to increase the accuracy of any of these techniques
(especially the free space ones) is by the use of time gating, Stray reflections from parts of the
measurement equipment can be identified, with those peaks removed by sofiware if possible,
or the setup can be modified if those peaks overlap those from the material under test.

Data measured in the frequency domain can be converted to the time domain by using a
Fourier transform’, Fourier analysis in its original form is based on the assumption that any
continuous periodic signal can be represented by the sum of properly chosen sinusoidal
waves.

There are four categories of Fourier transform, each used for different styles of signal.
Signals can be either continuous or discrete, and can be periodic or aperiodic. Since actual
measured data is always discrete, only two of the Fourier transform algorithms could be used
for this study. However, all Fourier transforms require the signals to extend to positive and
negative infinity, and so we must made the finite data points look like an infinite signal in
order to use Fourner techniques. The easiest way to do this is to assume the points lying
outside of the actual measured data are equal to zero, thus rnaking the entire series aperiodic.
Unfortunately, it requires an infinite number of sinusoids to synthesize an aperiodic sequence,
which means that this technique cannot be used by a computer. If we assume the measured
signal repeats indefinitely in both directions, we can then use the periodic form known as the
Discrete Fourter Transform.

Using sinusoids alone is not general enough for many applications, and so was extended
to include both sinusoidal and expenential components. The discrete case involving both
these components is known as the z-transform.

Fourier transforms of any sort require a step known as convolution, which uses a series of
multiplications and additions to convert the signal from one type to another. This is a very
time consuming process and limited the usefulness of Fourier transforms until the discovery
of the Fast Fourier Transform’’ (FFT) algorithm. This far more efficient technique, ideally
suited for use with a computer, often decreased the time taken to calculate the discrete Fourier
transform by a hundreds.

The 8510C network analyser uses the Chirp-Z transform to convert frequency domain
data to the time domain. This transform is especially useful for focussing in on a particular
segment of the time domain one is interested in without the need to calculate the entire time

span, The Chirp-Z transform was developed by Rabiner’ and essentially involves performing
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two FFT’s and an inverse FFT to get to the required range in the time domain. The technique
can be used to zoom in on a particular part of the time domain spectrum quicker than 2
standard FFT with equivalent resolution’””, or to enhance pole identification, with the added
advantage that the number of points taken need not be a composite number. The details of the
technique are shown in Appendix B.

As stated previously, using the Discrete Fourier Transform requires the signal to be
periodic over an infinite frequency space, which means in theory the signal is repeated
indefinitely. However, at the start and end-points of this repeated signal discontinuities occur.
If these endpoints are not modified, then “ringing” in the time domain results. This can
obscure the effect of other peaks in the time domain. To reduce this effect, a mathematical
form is applied to the data to smooth the transition between the repetition points. Such a form
is called a window.

There are many types of windows that have been devised to reduce the sidelobes that
occur when performing a transformation from one domain to another. The starting point for
any window is the so-called “rectangle” window. As shown below in Figure 2-15 as the blue
line, it gives abrupt transitions at the edges of the frequency span from unity to zero, and as a
result gives large sidelobes in the time domain trace. A simple way to reduce the size of the
transition is to muitiply the original data using a linear refationship, as shown below as the red
line (the triangular window). This does indeed reduce the sidelobes compared to the
rectangular window, but the discontinuities in the derivative lead to larger sidelobes than can
be obtained by using a better window such as the Hanning window (shown in green). This has
a cos’(x) form and is continuous in both its function and its first derivative. This gives better
sidelobes than the triangle window. It is clear that there are a number of different functions
that could give smooth transitions through the frequency space. Harris® gives a quite
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complete description of various windows, with corrections to that article by Nuttall®’, Some

of the better windows are described below, which were investigated by the author for the

applicability for this project.

Weighting factor
1
NN
Hanning ,* / Reciangular
/ \
Trigngular
/,
/ . Frequency
2200 0 200 POt

Figure 2-15. Some tasic window shapes
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Whilst strictly not a window designed for very good sidelobe behaviour, it is nevertheless
interesting to compare the rectanguiar window with others more suited to aiding the transition
between domains. The rectangular window is simply unity across the frequency spectrum (as
shown in blue in Figure 2-15 for a 401 frequency poini sample) and gives rise to a transform
shown in Figure 2-16. Note the first sidelobe peaks at about —13 dE and subsequent peaks fall
at a rate of 6 dB per octave. A window with such high sidelobes means that these lobes may
obscure smaller peaks elsewhere in the time domain. Note that the —10 dB main lobe
bandwidth is 0.007327 units on the time axis. This bandwidth is the smallest of all windows,
meaning that two peaks very close to each other may be able to be separated assuming the
sidelobes do not obscure them. The minima occur at multiples of 27/N, where N is the

number of samples in the frequency span.
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Transformed rectangular window
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Figure 2-16. Normalised log magnitude of transformed rectangular window.

2,.22.2. aywzfzdfz“q w;’/za/m'

As stated above, this commonly used window is a form of the more general Cos®(x)

window with the parameter a=2. The Hanning window is defined as
w{n)= cos? [—5— zr] n=-N?2 ..-1,0,1..N/2  Equation 2-29

The graph of the Hanning window is shown in green in Figure 2-15. As already stated it is
continuous in both its formula and its first derivative, which leads to low first sidelobes and
consequent sidelobes decreasing at a rate of 18 dB per octave. The transformed window is
shown in blue in Figure 2-17. Note the lower sidelobes of about —31 dB that fall off much
faster than the rectangular window. Lower sidelobes come at a cost of bandwidth however,
and it can easily be seen that the main lobe is much wider than that of the rectangular

window. The —~10 dB bandwidth for the Hanning window is 1.705 times larger than the

rectangular window, and this value will be henceforth referred to as the -10dB relative
bandwidth (-10dB rbw).

Transformed Hanning and Hamming windows

-03x -02n -Hlxn Time 0in 02n O3n

Figure 2-17. Normalised log magnitude of transformed Hanning and Hamming windows

2.2.2.3. #wf#mky wiadonr

The Hamming window is a modified version of the Hanning window, with parameters
adjusted to achieve a much lower sidelobe level. Instead of a cos® form, the Hamming

window uses the form shown below.

win) = ?2% —-‘%—écoslig‘g-n] n=0,12,..N-1 Equation 2-30

This window is characterised by a near cancellation of the previous first sidelobe as shown in
red in Figure 2-17, resulting in a sidelobe peak of —46 dB. The —10 dB relative bandwidth is
1.548, less than the Hanning window. The higher order lobes do not reduce as quickly as for
the Hanning window but are still less than —40 dB.

2.8.2.4. Blorshnsan-~Harss wordows

These windows expand on the Hamming window formulation by extending the expansion

to higher order terms. The family of windows has the form
w(n)=a, —a, cos(% n) +a, c:{}s(l')'}-\‘rfi 2n] -a, cos(%%n] n=0,1,2,..N-1

Equation 2-31
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with the parameter values calculated to achieve minium sidelobe levels. Two have been
investigated more fully, the minimum ~67 dB 3-term Blackman-Harris window and the —74

dB 4-term window. These have the parameters shown in Table 2-1.

Parameter | —67dB 3-term | -74dB 4-term
do 0.42323 0.40217
a 0.49755 0.49703
ax 0.07922 0.09892
a —— 0.00188

Table 2-1. Values for the parameters used for the Blackman-Harris windows

The two Blackman-Harris windows investigated heave a shape shown below in Figure 2-18.
The sidelobes are much lower than the vrevious windows, but at a cost of main lobe
bandwidth. The —10 dB relative bandwidth for the 3-term window is 1.965, and for the 4-term

window it is 2.063.

Transformed Blackman-Harris windows
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Figure 2-18, Normalised log magnitude of transformed Blackman-Harris windows

2.3.25. gmzm wizdeowr

The Gaussian function has a form appropriate for use as a window. It is normally used in
statistical analysis with a defined mean and standard deviation. By specifying the maximum
point to be the centre of the data points, the shape of the window can easily be modified by

the user specifying the standard deviation. The formula for this window is

hl(an-mz]’
AT w2

By changing the value of a which is inversely proportional to the standard deviation, the

w(n) = e[ n=0,1,2...N-1  Equation 2-32

window shape and therefore sidelobe level and bandwidth can be easily chosen, Some typical

values of « are shown in Figure 2-19,

Transformed Gaussian windows
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Figure 2-19. Normalised log magnitude of transformed Gaussian windows

The maximum sidelobe levels and —10 dB bandwidths are shown in Table 2-2.

o Max sidelobe | —19 dB tbw
14 -20.5 dB 1.178

1.65 -24.6 dB 1260 !
2.0 -31.9dB 1396 !
3.0 -56.0 dB 1.974

Table 2-2. Maximum sidelobe levels and —10 dB bandwidihs of some Gaussian windows

The Gaussian window family provides a means of easily changing the sidelobe level using an
adjustable parameter. For very low sidelobe levels however, the main lobe beamwidth is quite
large, which may obscure peaks very close to each other. Note that setting o to zero gives the

rectangular window.
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An adjustable window with better performance than the Gaussian is the Kaiser-Bessel
window. This window uses modified first order Bessel functions to smooth the transition. The

formula is shown below
2
INE. N _('}\7%]
w(n) = —= 2 [:ra] = 0<|n| SN2
where
¢ 2
()= ii[g’%—?)-] Equation 2-33

This window has an adjustable parameter o. which again can be used to specify the sidelobe
levels and bandwidihs. Some values of ¢« are shown below in Figure 2-20, the reason for the

seemingly strange values chosen will become clear shortly.

Transformed Kaiser-Bessel windows
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Figure 2-20, Normalised log magnitude of transformed Kaiser-Bessel windows

The cotresponding sidelobe levels and —10dB bandwidths are shown below in Table 2-3.

o Max sidelobe { —10 dB rbw
1.92 -44.0 dB 1.686
4.15 -103 dB 2423

Table 2-3. Sidelobe levels and -10 dB bandwidths of some Kaiser-Bessel windows

It can be seen that extremely low sidelobe levels can be achieved with this window, but at the
expense of bandwidth. Like the Gaussian window, setting o to zero gives the rectangular
window.

The reason for the seemingly strange values chosen for a. is that these values most closely
mimic the behaviour of the network analyser for its time domain analysis. By chance, the
author came across a frequently asked questions (FAQ) page on the Agilent Technologies
website (since removed), where the question was asked of Agilent what the shape of the
window applied in the time domain software was. The response was that while the actual
algorithm was proprietary and patented (and at a cost of around A$30,000 well worth
protecting), many windows were investigated with the final choice being the Kaiser-Bessel
window. Since the author already had a working version of this window, it was a simple task
of trial and error to obtain the values that closely matched that from the network analyser.
Using the result of transmission through a Perspex sheet, the time domain response from the
analyser using the “normal”, “minimum” and “maximum” windows were compared to a
Kaiser-Bessel window for data collected in the frequency domain. The results of Figure 2-21
show the values of o chosen closely match the proprietary HP window algorithm. The
window labelled “minimum” corresponds to the rect»~oular window. The slight differences
observed at very low magnitudes could be attribu ..’ 10 subtle changes in the measurement
process that occurred between subsequent tests (the actual data was not identical, but two

measurements taken, one the time domain, the other in the frequency domain).

Transmission through Perspex sample, time domam response
HP gate vs AA Kaiser-Bessel gate

0
—— HP nommal window
10 — AA Kaiser-Bessel, &t = 1.92
—— HP maximum window
20 — AA Kaiser-Bessel, 0. = 4.15
& /\
T /
3
5 w0
=
50
N |
=10 : r — — T
W 0.5 0 0.5 1 1.5 ' 2

Time {os)

Figure 2-21. Comparison of HP and the author’s (AA) windows using Kaiser-Bessel function
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2.2.27 s ‘g\a!a‘»zy

Multiple reflections between the sample and the measurement equipment can lead to
unwanted reflections in the measured data; however, these effects can be removed with
software time gating. Time gating involves performing a Chirp-Z Fourier transform on the

frequency trace, and removing the unwanted reflection peaks from the system.

Time gate
9
8 £
2 8
153 =
§ Unwanted
Unwanted reflection
reflection
LDA:MM’\MMAQ
Frequency Time

Figure 2-22. Time domain trace of a theoretical frequency spectrum.

Figure 2-22 shows a frequency and corresponding time trace of a theoretical transmission
signal. The time domain trace shows peaks emanating from areas other than the sample such
as the stand. These signals can be removed using a time gate leaving only the desired sigial
from the sample. The red trace shows the effects of the time gate being applied, which
removes the two unwanted reflections that occur before and after the desired set of peaks.

The 8510C network analyser provides a proprietary and patented gating algorithm. It is
described in the operating manual but little detail is gtven. The Agilent/HP gating technique
works very well; however, they (and others® ) note that the gated result is less accurate near
the frequency endpoints than in the centre of the frequency span. The algorithm used is not
available as a separate program so a gating program was developed by the author to perform
post-measurement gating on ungated results. The gate used was based on the Kaiser-Bessel
window, with further refinements to enhance the accuracy of the technique.

The gate was a modified filter designed to have a unity response between the gate’s start

and stop points and a fast reduction in areas outside the gate’s passband. In this regard the

gate is slightly wider than the equivalent width HP gate, which uses standard filter techniques
meaning the signal is reduced by a factor of (.5 at the start and stop values. When applied to
the time doinain signal, the gate adversely affects the points near the frequency start and stop
points once the gated response is converted back to the frequency domain. For this reason,
extra data is added to the start and stop points in the frequency domain before the first
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transformation occurs. Initially the data was padded with zeroes, but this was found to have
little effect. The best result was found when the extra data was the “diminishing mirror
image” of the existing data around the start and stop points.

To illustrate this, we can see in Figure 2-23 and Figure 2-24 that the measured values of
real and imaginary S, from a large sheet of Perspex vary considerably across the frequency
span 7.5-18 GHz. After the trace is converted to the time domain, the gate applied and the
resultant time trace re-converted back to the frequency domain, the edges of the frequency
domain show oscillatory behaviour, similar in shape to that seen in the Gibbs effect. Simply
adding zeroes or fixed values in frequency space prior to gating does not sufficiently reduce
the end points in the transformed signals. Instead, the number of data points is increased by
performing a mirror image of the data at the end point, and applying a weighting factor to

reduce the difference in amplitude of the individual point with respect to the actual value at

the ends.
Original perspex transmission data padded with 60 diminishing mirror points at each edge
Kaiser-Bessel window
!12 l
LI —— Added data points
;] = Oniginal data
0.9 4 A
L M/\‘/\'T H
a
E 0.7 "
06 1
0.5 J U | e
k
U
0.2 T T i b L
6 8 16 12 14 16 18 20
Frequency (GHz) _

Figure 2-23. Original real 8;; data padded with diminishing mirror points at end points
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Original perspex transmission data padded with 60 dimirishing misror poiats ot each edge After the gating has been performed, the time signal is converted back to the frequency
0 Kaiser-Bessel window | domain for further analysis. The results of the time gating can be seen in Figure 2-26 and
-0.1 4 — Added data points Figure 2-27. The gated responses are very similar between the Hewlett Packard gate and the
— Original data . .
02 author’s, except at the high frequency end in the real S; value where the AA gate tends to
-03
follow the actual data a little closer.
= 04 N
‘g; -0.5 Effect of gating on real component of transmission
E 6 1.2
0.7 4 T
~=— Ungatex
-08 A I — HP 0.5ns gate
09 — AAOQIns g,ate
-1 T T ! @ 0.3 1= L I
6 3 10 12 4 16 13 20 §
Frequency (GHz) ﬁ ~pd
E 0.6 1 1717 -
Figure 2-24. Original imaginary S;; data padded with diminishing mirror points at end points
Although this is difficult to describe, the implementation is easier and gives reasonably 04 1 u
good performance at the end points. For the signal shown above, the ungated and gated U
. . . . 0.2 T T T T t — v 1 T
responses are shown in Figure 2-25 in the time domain. The black line shows the ungated 8 9 10 1 12 13 14 15 16 17 18
Frequency (GHz)

time domain data, the blue line shows the effect of the HP gate while the red line shown the

gated response of the technique being described (AA). For this data set, the two gated Figure 2-26. The effects of time gating on the real Sy, signal

responses are quite similar.

Effect of gating on imaginary component of transmission
Time domain response of transmission through perspex sheet 0.1
Gates compared with similar effective bandpass widihs
—
0 — Ungaled
=~ Ungated response 03 — HP 0.5ns gate
107 —- 0.5ns HP gate F — AA 0.3ns Ele\
204 - 0.3ns AA pate g |
A.05 4 _

-g =30 1 o
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Time {ns)

. . . i -27. i i imagi S, signal
Figuare 2-25. Time domain response of Perspex transmission Figure 2-27. The effects of time gating on the imaginary Sy signa
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When the permittivity was calculated from the gated data we can see how effective the
gating technique is in “cleaning up” the signal. Figure 2-28 and Figure 2-29 show the v:lues

of real and imaginary permittivity calculated from the data shown above.

Effect of gating on real permittivity ol large perspex sheet
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Figure 2-28, The effects of gating on the derived value of the real permittivity of Perspex

Effect of gating on imaginary permittivity of large perspex sheet
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Figure 2-29. The effects of gating on the derived value of the imaginary permittivity of
Perspex

It can be easily seen that time gating the signal has an enormous effect in removing the

clutter in the measured signals. This leads to a corresponding increase in the accuracy of the
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permittivity and/or permeability being derived. One must remember, however, that near the
edges of the frequency spectrum the resulting numbers are going to be slightly in error caused
by the filter technique. This can never really be reduced to zero, but the effect of adding extra
points at the edges and then removing them after the transformation has occurred can lessen
the timpact.

Care must be taken when using time gating, however, as one may inadvertently remove
peaks that are important in the permittivity/permeability extraction algorithms. Consider a
lossless, non-magnetic material 10 min thick with a real relative permittivity of 12. When the
reflection and transmission is measured over the range 1-18 GH'z one expects frequency
responses shown in Figure 2-30 and Figure 2-31. Note how the multiple reflections inside the
sample lead to constructive and destructive interferences in the total reflection and
transmission responses. When the Chirp-Z transform is performed on the data over the range
—-1.5 ns to 2 ns, the time domain signal shows the series of peaks caused by multiple

reflections inside the sample. This can be seen in Figure 2-32 and Figure 2-33.

SH magnitlude of theoretical waterial with permitiivity (12,0), penmeability (1,0)
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Figure 2-30. S}, magnitude expected from a theoretical non-magnetic material 10 mm thick

with relative permittivity (12 + 0i) calculated over the range 1 — 18 GHz.
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S21 magnitude of theoretical material with permittivity (12,0), permeability (1,0}
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Figure 2-31. Sy magnitude expected from a theoretical non-magnetic material [0mm thick

with relative permittivity (12 + 0i) calculated over the range 1 — 18 GHz.

$11 time donwin trace of theoretical material with permittivity (12,0), permeability (1,0)
Data generated over frequency range 1-18 GHz
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Figure 2-32. 8y, time domain trace of a theoretical material with relative permittivity (12 -+ 0i) |

modulated with two different windows.
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$2] time domain trace of theoretical material with permittivity (12,0), permeability (1,0)
Data generated over frequency range 1-18 GHz
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Figure 2-33. S, time domain trace of a theoretical material with relative permittivity (12 + 0i)

modulated with two different windows.

The extraction algorithms are expecting the data to include all such peaks. If time gating is
too tight and removes some of these peaks, we may expect the derived values of permitiivity
and/or permeability to be in emror. In order to see the effects of this, the signals were
incrementally gated with software written by the author to remove some of the peaks. The
centre of the gate was set at zero, and a symmetrical gate was applied to the time trace. The
gate width was set so that a certain number of peaks would remain for the extraction
algorithms, while the rest were removed. The result was then reconverted back to the
frequency domain and the programs used to extract permittivity and permeability were run to
determine the effects. The Kaiser-Bessel window was used. Note that the sample
specifications of zero loss and large thickness have been chosen to accentuate the eirors one
encounters when removing some of the time domain data. The permittivity results using the
transmission only algorithm are shown in Figure 2-34 and Figure 2-35.

It can be seen that it is very important that the number of peaks used for the extraction of
permittivity is sufficiently large. Using only the first peak leads to very large errors, in fact the
real permittivity calculated bears little resembiance to the actual value. Adding the second
peak helps the algorithm focus in on the correct value enormously, 2nd by the time the fifth
and sixth peaks are added the consequences of the removal of higher order structure are

minimal except at the lowest frequencies. The fifth and sixth peaks have maximum values of
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—45 dB and -55 dB respectively, so it is reasonable to assume that once the peaks have

reduced to approximately the -50 dB level, adding more peaks is not necessary.

Efiect on real pemmsittivity wilh errors phoed in data
Thearetical material wih perméingvity (12,00, pernwabiity (5,0) with some ntermal refiections symmetrically gnted om,
trarsiission only

Figure 2-34. Real permittivity of theoretical material 10 mm thick with multiple reflection
peaks removed with time gating using transmission only data. Note that the 1 and 2 peak

results have been removed from the inset graph for ease of viewing.

Effect on #mginary permittivity with errors placed in data
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Figure 2-35. Imaginary permittivity of theoretical material 10 mm thick with multiple

reflection peaks removed with time gating using transmission only data. Note that the 1 and 2

peak results have been removed from the inset graph for ease of viewing,
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The procedure was repeated using the reflection only algorithm with the results shown in
Figure 2-36 and Figure 2-37.

Eflect on real permittivity with errors, placed i data
Theoretical material with permittivity (12,0), permeabiliy ¢ 1,0) with some iternal reflections
symmetrically gated out, reflection only
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Figure 2-36. Real permittivity of theoretical material 10 mm thick with multiple reflection
peaks removed with time gating using reflection only data. Note that the 1 and 2 peak results

have been removed from the inset graph for ease of viewing.

Effect on imaginary pormittiviy with errors placed i data
Theoretical material with permittivity (12,0), permesbility (1,0) with some internal reflections
symmeirically gated out, reflection only
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Figure 2-37. Imaginary permittivity of theoretical material 10 mm thick with multiple
reflection peaks removed with time gating using reflection only data. Note that the 1 and 2

peak results have been removed from the inset graph for ease of viewing.
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The process was again repented using the reflection and transmission algorithm. This

EfTect on real permeabitity with errors placed in dala
Theoretical material with permittivity (12,0, perweability (1,0) with some internal reflections
symmetricalty gated out

algorithm extracts both permittivity (Figure 2-38 and Figure 2-39) and permeability (Figure

2-40 and Figure 2-41).
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symmetrically gated out -~ 3 peaks .
16 “=-— 4 peaks 9
INONAY
RVA ' '
12 Al ol X N% Ao '
£ 10 /
Z |
E
5 8
3
1 Frequency (GHz)
2 -
0 . - Figure 2-40. Real permeability of theoretical material 10 mm thick with multiple reflection
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peaks removed with time gating using reflection and transmission data.
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Figure 2-38. Real permittivity of theoretical material 10 mm thick with multiple reflection
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Frequency (GHZ) Figure 2-41, Imaginary permeability of theoretical material 10 mm thick with multiple

reflection peaks removed with time gating using reflection and transmission data.

Figure 2-39. Imaginary permittivity of theoretical material 10 mm thick with multiple ) . .
) e ) . \ .. Using the reflection only data it can be seen that the effects are similar to those of the
reflection peaks removed with time gating using reflection and transmission data. . _ L .
transmission only data. The first peak is not enough to give any worthwhile information about

the permittivity of the material, but when the second and third peaks are added the values
extracted are becoming closer to that expected. By the time the fifth and sixth peaks are
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included (corresponding to —40 dB and —50 dB peak heights) the variation from the expected
result is small.

However, the algorithm that uses both reflection and transmission data behaves differently
to the others considered here. At the frequency points close to where destructive interference
occurs in the reflected signal, large discontinuities occur in the computed permittivity and
permeability results. The magnitudes of the deviation from the true values at these frequencies
decrease with increasing numbers of peaks included in the calculations, but even with six

peaks in both transmission and reflection, the effects are not removed.

2.3.2 8 irimne b jm‘.s

Based on an estimate of a material’s permittivity, permeability and thickness it is possible
to calculate the magnitude and positions of the peaks that occur in the temporal transmission
and reflection signals using a reasonabiy simple formula. While it is also possible to inspect
these peaks by performing a transform into the time domain, it is sometimes useful to have a
quick method of finding the position of any single peak without going to all the trouble of a
Chirp-Z (or another) transform. By following the paths a single ray can take when incident on
a slab of matenial, it is possible to find the time position and magnitude of any peak that can
be detected by a receiver. The analysis is shown in Appendix C. The table shown below lists
the equations to determine any peak from a slab of dielectric material with impedance Z;

surrounded by a second material with impedance Z;.

Peak # | Reflection Transmission

1 l—‘12 T;ZTZI

2 Tl2r21T2l I;ZFZZITZI
30T, | LG
4 0L, | LI

(2n-3) {2n-2)
n T;ZFZI T'zl I;ZFZI TZI

Table 2-4. Equaticns to determine magnitudes of any peak from a slab of material

= u ., = Z]_-Z~.2_ e“?d
Y zZ,+Z,)’ Nz,+Z
1 2 1 2
where Equation 2-34
T, =_222 > Iy =- 24 e™
Z,+Z, Z, +Z,
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where d is the thickness of i.1e material, and the propagation constant y = ia),/e,a . The time

taken for each peak to reach the receiver is simply calculated by the distance travelled by the
wave divided by the speed of light inside the material (relative to the calibration plane,
usually set to zero at the front of the slab). The times for each peak are shown below in Table
2-S.

Peak # | Reflection Transmission
1 |o d e
c
d d
2 |24 35N
c ¢
deu dJeu
3 4 5——
¢ ¢
d d
n (2n-2) ‘/; (2n-1) 'JE
c ¢

Table 2-5. Times for each signal component to reach the receiver

These equations fit the data very well as shown in Figure 2-42 and Figure 2-43. For the
purposes of the calculation, average values of pemmittivity and permeability at the centre
frequency are used. Using the same example as before, we can see that the predicted positions
and times lie exactly where they should. This example only shows a lossless, non-magnetic

material so it is perhaps not surprising that the results come out so precisely.

S11 time domain trace of theoretical material with permittivity (12,0), permeability (1,0)
Data generated over frequency range 1-18 GHz
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” — Kaiser-Bessel (1.92)
- + Predicted value

Retum signal (dB).
g 3

~ o L i

Time {ns)

Figure 2-42. Predicted positions for reflection peaks for theoretical material 10 mm thick
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§21 time domain trace of theoretical material with permittivity (12,0), permeability (1,0)
Data generated over frequency range 1-18 GHz
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Figure 2-43. Predicted positions for transmission peaks for theoretical material 10 mm thick

Extending the prediction to lossy, magnetic materials gives the following data, shown in
Figure 2-44 and Figure 2-45. These traces are for a material 5 mm thick, with a relative

permittivity of 8 - 0.2i, and a relative permeability 2 - 0.2i.

S11 time domain trace of theoretical material with permittivity (8,-0.2), permeability (2,-0.2)
Data generated over frequency range 1-18 GHz
0
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Figure 2-44. Time domain response in reflection for a lossy, magnetic material 5 mm thick

521 time domain trace of theorctical material with permittivity (8, -0.2), permeability (2, -0.2)
Data generated over frequency range 1-18 GHz
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Figure 2-45. Time domain response in transmission for a lossy, magnetic material 5 mm thick

Both the reflected and transmitted signals show good correlation between the transformed
data and that predicted from the previous formulae up to the point where sidelobes dominate
the transformed signal.

The frequency range used also affects the minimum ttme gate width. In order to produce a
frequency with a certain wavelength, the source needs a finite time to produce a full wave and
be property detected. For instance at 1 GHz, the wavelength is approximately 300 mm long
and takes about 1 ns to completely pass a certain point in space. If the gate is set too narrow,
not all the wave has had time to be properly collected and so errors in ithe gated signal may
occur. So the lowest frequency used sets a criterion for the minimum useful span for the gate.
In the case of the gold horns operating over 1 — 18 GHz, the minimum width is 1 ns. For the
silver horn operating from 7.5 GHz the minimum gate width is 0.13 ns, and for the high
frequency homns starting at 16 GHz the minimum gate is 0.063 ns. The time gate span should

exceed that required for detection and collection of sufficient the multiple reflections.

2.4. HNon-network ana[yﬁsz methods

2.q.1. Diclectvic test fixhure

At lower frequencies (up to about 100 MHz), standard capacitance techniques can be used
to evaluate permittivity. A variable parallel plate capacitor is used to determine the real and

imaginary permittivity of a material placed between the electrodes. An Agilent 16451B
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Dielectric Test Fixture used in conjunction with a 4285A LCR meter provides a highly
accurate measurement of parallel capacitance and dissipation factor for any sample tested,
which can then be converted into permittivity values. In this configuration, accuracy is quoted
as being + 1% for real permittivity, and £ (5% + 0.005) for loss tangent®. This system
operates from 75 kHz up to 30 MHz. Figure 2-46 shows the measurement system used to
determine permittivity. A guarded electrode is used to minimise errors caused by stray fields
at the edge of the electrodes, leading to a more accurate result.

Guarded
electrode

A Guard
/ / electrode
% _

7P

Unguarded
electrode

Figure 2-46. Capacitance measurement using guarded electrode system

The electrodes used have a circular cross-section, and the capacitance of the system is

gL A
C,= Od

Equation 2-35

where C, is the equivalent parallel capacitance, & is the relative real permittivity of the
sample, & is the permittivity of free space, 4 is the area of elecirode, and d is the thickness of
the sample. This can be converted into

dC

P

' —
gr = 3
N

Equation 2-36

where r is the radius of the electrode, and « is a correction factor known as the effective area
constant that compensates for the fact that the guard electrode cannot fully eliminate all the
stray fields at the edge of the electrode. Using the 38 mm diameter shielded electrode supplied
with the 16451B, the value of o varies between 1.0005 and 1.0105 depending upon the
thickness of the sample. For samples thicker than 1 mm (valid for all the samples measured),
the value only changes slightly from 1.01, and so this value was used where appropriate. The
loss tangent is read directly from the LCR meter, and imaginary permittivity can be
determined from this.
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The main problem with this technique is that since samples are never perfectly flat, an air
gap between the capacitor plates and the sample will inevitably form, causing large errors in
the extracted value of permittivity. It is possible to minimise this error by separating the plates
slightly and measuring the capacitance of the empty fixture and comparing the result to that
with the sample in place. If the parallel plate distance is known, one can use the following

equations to determine the real and imaginary permittivity of the sample,

£ = Equation 2-37

. d :
D,=D, +¢(D,-D, )(&— - 1) Equation 2-38

L

where C, is the equivalent parallel capacitance as before, C, is the capacitance of the empty
fixture, d; is the thickness of the sample and ¢ i the distance between the parallel plates. The
dissipation factor D, is the effective loss tangent of the sample, with D; being the measured
dissipation factor with the sample present in the fixture and D, the value with the sample
absent.

Calibrating the instrtument turned out to be more complicated than originally expected.
Originally, the manual stated a short/open calibration at certain fixed frequencies as being
sufficient for this type of measurement. Calibration factors between these fixed frequencies
were calculated using interpolaticn. However, sudden shifts in permittivity were observed
above 5 MHz, the source of which was later found to be caused by residuval impedance in the
device that could not be removed using the standard short/open calibration'®. For these higher
frequencies a short/open/load calibration had to be performed, but due to the limitations of the
instrument, these could only be done at seven spot frequencies across the range. The load
standard used was the empty test fixture with the plates held at a distance approximating the
values expected from the device with the sample inserted. The frequency used to position the
platens was 100 kHz, which is well below the frequency that residual impedance effects
occur. This calibration had the desired effect, with consistent values across the frequency

band measured.
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This chapter gives details of the materials investigated, chows the effects of some of the

techniques discussed in the previous chapter on actual measured data, and discusses some of
the sources of measurement error that are expected to have a significant effect upon the

measurements.

3.7. Details of test materials

In order to test the validity of the new techniques, standard materials were obtained from
various commercial sources for testing. A wide range of materials was considered: magnetic
and nonmagnetic, lossy and non-lossy, solids and liquids, thin and thick, and samples with a
wide range of permittivity. Some of these materials have been used as standards by
researchers for a long time because of their stability and ease of testing; others were
manufactured especially for this study. These materials were required so that limitations in
electromagnetic parameter extraction could be demonstrated, with any sources of error
explained.

Three TiO; loaded plastic sheets with varying concentrations were obtained from Cuming
Corporation. The product numbers for these sheets were C-Stock AK 7, AK 12 and AK 15.
These were to be used as standards so that measurements could be taken with the new
techniques on materials whose permittivity was known. The concentration of TiO; is set so
that the real permittivities of these materials are indicated by the dash number, ie 7, 12 and 15.
Accuracy of the permittivity is quoted® as + 3% except for AK 15, which wes £ 10%. The
dissipation factor or loss tangent is quoted as less thun 0.002, which resulis in the value of
imaginary permittivity for all the samples being less than 0.03. Samples 305 mm square and
9.6 mm thick were purchased for this study.

Samples of lead glass normally used as a radioactive shield were also purchased for use as
a comparative standard. Some sheets of LX-57B lead glass were bought from Excelray
Australia, which were avaiiable with a thickness of about 7 mm. The main advantages of the
glass are that it is available in a large array of sizes, and is very flat and homogeneous. The
real permittivity has been measured® at 1 MHz with a value of 9.9, and it has been observed®®
that the permittivity for other lead glasses reduces slightly at gigahertz frequencies from those
measured at megahertz frequencies. Therefore the figure of 9.9 should be seen as a maximum
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at high frequencies, with a reduction in value of around 0.2 to 0.3 expected at microwave
frequencies.

Polytetrafluoroethane (PTFE or Teflon as it is more commonly known) has long been
used as a standard because of its stability and frequency independent properties. The real
permittivity of Teflon is known to be around 2.04 at microwave frequencies and it is
frequently measured when demonstrating a new technique. The sample sheet was 300 mm
square and about 5.4mm thick

Polymethylmethacrylate (PMMA or Perspex) is another material with well-known
properties and is cheaper than Teflon. It has a permittivity of 2.6 at microwave frequencies.
For the purposes of this investigation, different sized samples of 4.5 mm thick Perspex were
made.

Lossy materials with high permittivities were also required so that the methodologies
could be evaluated for a range of materials. To represent these materials, a series of
conductive carbon black loaded rubber samples were produced. Although the permittivities of
these materials are not known, measurements of permeability can be taken as a measure of

accuracy. The algorithm used for calculating permittivity and permeability calculated values
of gu and £ , thus the error in the calculation of permittivity and permeability are connected.
£

Since the permeability should be identical to that of free space, any deviation from this value
can be seen as an error term for the permittivity. Six different sammples were produced, each
containing a different amount of Degussa Printex XE2, a highly conductive grade of carbon

black. The concentrations and nominal thicknesses of each are shown below in Table 3-1.

Sample | Conc Thickness
ID (wt%) | (mm)

A 2.5 1.6

B 5 1.6

C 10 1.1

D 12.5 1.1

E 15 1.1

F 11.6 1.6

Table 3-1. Detaiis of carbon black loaded rubber samples

The carbon loaded rubber sheets were all originally tested when 445 mm square. Later
they were cut to 305 mm and 150 mm square for testing the effects of diffraction on the
measurement procedures, The materials were passed through steel rollers prior to moulding,

which tended to align the secondary carbon black structures with the rolling direction, so the
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materials are slightly more conductive in one direction. This necessitates testing the samples
twice, once with the samples’ rolling direction parallel to the electric field direction fiom the
hom, and the other perpendicular to it. Taking an average of the two measurements gives the
expected value when using the coaxial method.

One of the advantages with the technique is that specimens with large inclusions can be
tested easily, so a sample containing 6 mm long carbon fibres embedded in fibreglass was
investigated. Again, permeability results should give an indication of the errors in the
determination. This sample was also originally 445 mm square that was later cut down to 300
and 150 mm square.

Liquids can also be useful in testing the procedure. Liquids such as water, alcohols and
mono-substituted benzene compounds have a large dipole moment and so have a moderate to
large permittivity at microwave frequencies. Added to this are the resonances that are
observed in the frequency range of interest. Most liquids foliow a Debye type relaxation curve
with well-known parameters®’. Therefore, these liquids can be used as standards for the {ree
space technique.

The technique is useful for the characterization of maguetic materials also. For this
purpose, a polyurethane paint containing 85 wt% carbonyl iron powder was cast into a mesid

450 mm square and 1.3 mm thick. It was also later cut into smaller pieces for testing.

8.2, c/\@:twozg ana[yaez measurements

3.2.1. eomw[ measuiements

Coaxial samples of the CS-AK xx samples were made from off-cuts of the three sheets.
These were difficult to machine to size accurately because they were so rigid. The inner
diameter of the coaxial waveguide is 3.04 mm, and so the sample must be large enough to fit
over this rod, but small enough so that no gap exists between the sample and the rod. There is
a similar problem with the outer diameter of 7.00 mm. Getting an exact fit is impossible in
practice and so errors caused by the gaps between the inner and outer conductors are

unavoidable. These errors tend to lead to an underestimation in the permittivity.
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2.2.2, Chee space methads

F227 Colitration considevalions

Since the free space calibration procedure is of the simpler, “response”, or
“response/isolation” type, the calibration does no. remove many of the error terms internal to
the device. While a full 2-port calibration using waveguide components and rigid cabling
could be expected to be stable for days, the response calibration in free space using flexible
cables may not give adequate performance for more than a few minutes. Variations in air
temperature and humidity, movement of the cables and noise in the internal etectronics can all
lead to errors in the calibration parameters. In order to test the stability of this free space
calibration, the reflection from a 445 mm square sheet of Pcrspex was measured over a period
without touching the instrument or the sample. The measured magnitude and phase of the

reflected signal are shown below in Figure 3-1 and Figure 3-2.

Time stabiliry of reflection measurements

Difference between reflection magnitude of perspex sample afler various time intervals — 1 min
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Figure 3-1. S;; magnitude of Perspex sheet measured at various time intervals between

calibration and measurement

Time stability of reflection measurements
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Figure 3-2. §,; phase of Perspex sheet measured at various time intervals between calibration

and measurement

It can be seen that the magnitude stays fairly constant, while the phase tends to drift a little
with time. This may simply be caused by temperature changes in the room. High frequency
coaxial cables use Teflon as the dielectric spacer between the inner and outer conductors,
which is known to undergo a phase change at room temperatures® leading to variations in the
phase of the electromagnetic wave travelling through it. High quality cables such as the ones
used in this study incorporate so-called “microporous Teflon”, a kind of Teflon foam, to
reduce this effect but one can easily account for the drift of a few tenths of a degree in phase
in cables over 2 m in length as being related to the temperature of the cables. In practice this
means that, for the measurement of the samples in this study, the system must be calibrated
frequently. Each measurement takes between one and two minutes to firstly place the sample
correctly, measure the 401 frequency points 500 times to get a good average value, transfer
the data to the computer then save the data to disk. It was decided to calibrate the system after
every two measurements (which usually meant after each sample was tested), thus reducing
the phase error to less than a few tenths of a degree.

In order to reduce the effects of stray reflections, convoluted microwave absorbers line the
metal legs of the stand, while the top of the stand has a thick layer of absorbing foam
surrounding any metal parts. The arms that hold the horns are also covered in a thick layer of
absorber, while the rod that the arms are attached to is protected by the convoluted absorber.
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The polystyrene foam block that the samples sit on gives a phase shift in transmission, but
reflects very little of the signal, and attenuation through it is very low.

The calibration procedure for the transmission measurements was very simple. The
sample was removed, and the transmitted signal between the homs was measured. The
reflection calibration was performed in a two step process; the reflection from a “perfect”
metal sheet is measured, then the metal sheet is removed and the background signal taken.
Obtaining a perfectly flat metal sheet is difficult; if the sheet is too thin then it bends easily
and it is difficult to maintain its flatness. Very thick metal sheets are heavy and so introduce a
bend ia the polystyrene foam block, even when it is 300 mm thick. If the sample does not sit
at exactly the same point in space as the reflection siandard used in the calibration, the
measured values of permittivity and permeability will be incorrect. When the samples are as
little as 50 microns off, the effects are easily seen in the measured result. It was therefore
decided to use aluminium foil lined glass sheets as reflectors for the calibration. The glass
sheets would not bend and were only 3 mm thick. The foil used was about 85 microns thick,

and stuck on to the glass with either a spray adhesive or a double-sided tape.

s.222 T ‘gafézj considerations

As stated previously, time gating is an important part of the measurement procedure.
Because of all the stray reflections that occur in the measurement process that cannot be
removed easily with a simple calibration, the signals must be time gated in order to gain a
noise-free ineasurement. Stray reflections can occus between the sample and horns, and from
parts of the measurement apparatus. The time domain response is derived via a band limited
frequency sweep, with the time origin set by the calibration plane. The effects of gating an
actual measurement can be seen below in Figure 3-3. The Kaiser-Bessel gate with parameter

o = 1.92 was used in the transformation.
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Effect of gating on measured reflection from lead glass sample

— Ungated
220 — Gated

Magnitude (dB) .

Figure 3-3, Time domain response of a typical Sz; measurement showing effects of gating

The trace in blue shows the ungated reflection response from a 7.1 mm thick sheet of lead
glass. The first reflection peak from the front of the glass is seen at ¢ = 0, then the multiple
reflections inside the sample occur regularly after this time. These peaks must not be removed
by gating in order for the permittivity extraction algorithms to work properly. However, other
clusters of peaks also appear with maximums near ¢ = 3.1, 6.2, -4.5 and -7.2 ns, These echoes
correspond to reflections from the send/receive horn, going back to the sample, then re-
reflecting from the sample and re-entering the hom. The time of 3.1 ns corresponds to a
distance of about 0.9 m, which is close to twice the hom to sample distance of 0.39 m plus the
55 mm between the homn mouth and the large metal circle used for holding the horn (see
Figure 2-4 for picture of hom). Since the Fourier transform is cyclical, these reflections show
up in “negative” time also. The time gate is necessary for removing the peaks that cannot be
removed any other way. The red trace shows the result of applying the time gate; it has very
effectively removed the hom to sample echoes while leaving the main group of peaks intact.
The effect of removing these stray reflections on the frequency signal is clearly shown in
Figure 3-4. The oscillations that occur in the ungated signal are completely removed, and the

resulting trace gives a much more accurate result.
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Figure 3-4. Frequency domain response of a typical S;; measurement showing effects of time

gating

For the reasons of consistent measurement procedure, the free space measurements use a
single time gate span for each frequency range where possible. In some cases, the gate widths
chosen were not appropriate and so were altered accordingly, but most of the materials tested
used the standard gate widths described below.

Most of the samples were made quite thin, of the order of a few millimetres. The reason
for this was due to the problems observed when destructive interference in the reflection
signal occurs from the sample. However, some of the samples could not be made thinner eg.
the lead glass sample. It was mentioned in the previous chapter that the gate width must be
kept to a minimum value depending upon the lowest frequency. For a measurement starting at
1 GHz, this corresponds to a time gate of 1 ns. Figure 3-5 and Figure 3-6 show the effects on
the extracted values of real and imaginary permittivity of a Perspex sheet when the gate span
is changed. These values were extracted using the transmission only algorithm. The traces
with a gate width of 1 and 2 ns give values close to the expected value of 2.6 — 0.015i across
the full frequency band, but as the gate span gets progressively shorter, the values shift
significantly. There does not appear to be any gain to be had from increasing the gate width to

2 ns in terms of average value, only the signal becomes more noisy as additional stray

reflections enter the receive horn.
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Figure 3-5. Effect of changing gate width on real permittivity for a free space fransmission

measurement on a 445 mm square Perspex sheet, 4.5 mm thick
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Figure 3-6. Effect of changing gate width on imaginary permittivity for a free space

transmission measurement on a 445 mm square Perspex sheet, 4.5 mm thick

In order to set a standard gate width for each frequency range so that accurate
comparisons could be made, the permittivity of the non-magnetic standards to be tested was
measured using the transmission technique and a wide gate. The magnetic material also had

its reflection tested so permeability cculd be estimated. Using the formula from the previous
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chapter, the positions and magnitudes of the peaks were estimated. The results for the first
five peaks are shown in Appendix C. A summary of these are shown below in Table 3-2,

giving the time position in ns for when the magnitude drops below —50 dB.

Sample thickness | 1-18 GHz 7.5-18 GHz 16-40 GHz
LD. (mm) Ref Trans { Ref |Trans | Ref | Trans
Thin samples
A 1.63 0.09 0.08 [0.09 |0.07 0.07 |0.07
B 1.61 0.11 0.12 ]0.11 ]0.09 0.08 j0.09
C 1.09 0.12 0.13 J0.11 0,12 0.08 10.08
D 1.10 0.14 0.12 |0.10 {0.12 0.09 |0.07
E 1.15 0.13 015 [0.12 |[0.10 0.07 |0.09
F 1.66 0.16 013 ]0.15 ]0.12 0.09 [0.11
G 1.36 0.14 0.09 ]0.i0 |]0.06 0.07 |0.06
Perspex 4.50 0.15 0.11 (0.15 ]0.11 0.15 |0.11
Composite | 1.92 0.11 008 j0.11 10.08 0.05 |0.05
Teflon 5.40 0.15 011 10.15 ]o0.11 0.15 ]0.11
Thick samples
CS-AK7 ]9.63 0.90 078 1090 10.78 072 [0.78
CS-AK 12 ] 9.62 1.06 092 J1.05 |0.92 0.83 1070
CS-AK 15 }9.78 1.44 128 [1.44 |1.28 144 11.29
Lead glass | 7.13 0.73 064 073 10.64 0.73 {0.63

Table 3-2. Positions in time in ns for when expected reflection is less than —50 dB.

The point at which the next reflection drops below —50 dB is generally the 4™ or sh peak
in reflection or transmission; however, in cases where the sample is quite thick with a high
real permittivity and low loss, the 6™ or even 7" peaks need to be included. The peaks from
the thin samples occur very close to the main peak because the wave has less distance to
travel. These peaks are difficult to observe in the time domain because the width of the main
lobe (influenced by the window) is usually larger than the point we are trying to see.
However, the relevant peaks for the thicker samples can readily be seen, especially if the
sample has low loss and a high real permittivity. The correlation of peak position and
magnitude with actual ungated measured data is very good, and is shown in Figure 3-7 and
Figure 3-8 for the lead glass sample over a limited range. The other thick samples show the
same general shape, with the positions of the peaks shifted according to thickness and
permittivity.

Based on experience and the values in Table 3-2, it was decided to choose the following
gate spans to be used for the thin samples; the 1 — 18 GHz range would vse a gate of 1 ns, the
7.5 — 18 GHz range would have 0.5 ns and the 16 — 40 GHz range would use a 0.25 ns gate.

These spans allow the most important peaks to contribute to the overall signal while removing

Vo e

the major reflections that occur in a normal measurement, such as those between the homs
and the sample, or from parts of the measurement setup. The thick, low loss materials were

individually gated depending on the positions of the peaks.

Time domain trace of $11 from lead glass sheet measured on wall in config la, 16-40 GHz
Measured result compared to theoretical response
0
=10 | — Theory
20 — Measured
* Predicted peaks
@ -3
2
o -
E 40
% .50
=
_60 -
IR i
-80 nl{\lnr Life | Bai Sall ik muni i m BAAL SEal mad — ¥ T L} ll"“l_lﬂ!
-1 0.8 -06 04 0.2 0 0.2 0.4 0.6 0.8 1
Time (ns)

Figure 3-7. Reflection peaks of lead glass sample in the time domain over a limited range

Time domain trace of $21 from lead glass sheet measured on wall in config 1a, 16-40 GHz
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Figure 3-8. Transmission peaks of lead glass sample in the time domain over a limited range
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FA2 3..:5:2;)764 séze considerations

The size of the sample has a large effect on the raeasurement accuracy. When performing
a transmisston measurement, the ideal sample has a uniform thickness that is not so large as to
reduce the magnitude greatly, and is infinite in size to remove any effects due to diffraction
around the edges. In reality, we desire the sample to be as large as possible and thin enough so
that the magnitude transmitted through the sheet is at least two orders of magnitude larger
than the diffracted signal. When this is not the case, we can instead estimate the properties of
the diffracted wave by measuring the diffraction around a thin flat metal plate with the same
dimensions as the sample we want to test, and then remove the effects afterwards.

For reflection measurements, it may be advantageous to use small samples. Large flat
plates have much narrower reflection lobes than smaller plates, and so are more sensitive to
alignment errors. Figure 3-9 shows an example of this effect, where the RCS values for a
number of flat metal plates of various sizes are scaled to show the angular dependence relative
to the normal incidence value. The 445 mm square sample falls off very rapidly, already 1 dB
below the normal incidence value when the sample is pointing about half a degree off normal.
In contrast to this, the 100 mm square sample can be more than one degree off normal and
still be less than 0.2 dB from the normal value. When measuring the reflection from large

samples, it is important that the sample is facing the same direction as the calibration plane.

Angular dependence off RCS of flat plates of various sizes relative to zero angle value
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Figure 3-9. Return from flat metal plates of various sizes relative to their normal incidence

values
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However, if the sample is smaller than or equivalent to the wavelength of the radiation,
the return signal from the material may be too low to measure accurately. A balance is
therefore needed to increase the retum signal but at the same time decrease misalignment
effects.

8224 d@/ﬂez‘kv/fww»ﬁ.ubn ca';/f’gumﬁkw

Sources of error that could occur with the measurement of reflection and transmission are
from near field effects caused by the hom to sample distances, sample alignment and
diffraction effects. The effects from the near field could be alleviated by measuring the
sample a long way from the homs, or by using a dielectric lens. The main problems with large
sample-to-horn distances include maintaining source power, reducing stray reflections, and
diffraction from the sample. In order to simulate far-field conditions on a sample 445 mm
square in size, the hom-to-sample distance needs to be at least 2.7 m at | GHz, 49 m at 18
GHz and 108 m at 40 GHz. Except for the shortest distances which correspond to the lowest
frequencies, these distances are difficult if not impossible to achieve inside anechoic
chambers.

An effect one might anticipate of measurements taken in the near field is a slight increase
in transmission magnitude compared to that of the far field. Taking a ray approach to the
problem, we might expect something like that shown in Figure 3-10. The black lines show the
straight paths.

%ﬁéﬁ

)—

T3 a3
Send | === Receive
horn _S_aTP le horn

Figure 3-10. Focussing of wave due to refraction inside the sample

Rays from the send horn pass through the sample obeying the complex form of Snell’s
Law. The rays are bent towards the centre of the receive hormn and so the receive horn sees an
increased signal magnitude over what should be observed if the ray traces were all straight. It
should also see a slightly increased phase shift, as the rays are not going through the sample at

normal incidence.
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Interference conditions are also expected to be affected by the near field effect. Since the
waves are not planar, the distance covered by the rays coming in at higher angles of incidence
is slightly longer, so the interference condition is no longer met.

In order to investigate the influence of sample size (diffraction) and horn position on the
permittivity and permeability measurement procedure, three different positions for both send
and receive hom were used. This gave a total of nine different measurements for each sample
using each of the three different types of hom. The positions from the sample are shown
below in Table 3-3. Because of the different sizes of the homs and the different gates each
horn could operate in, the black numbers show the spacing for the silver and high frequency
homns, the gold hom distances are shown in blue. The gold horn needed to be further away
from the sample because the gate span needed to be large io include the entire wave at 1 GHz.
Since the gate spanned the range —0.5 to +0.5 ns, the effective distance the gate operated over
was 150 mm in front of the sample to 150 mm behind it. The receive hom therefore needed to
be further away than that so there would be no chance of interference from refiections

between the sample and the hom.

Configuration | Send horn Receive homn
number {m) {m)

1 0.39 (0.31) 0.10 (0.165)
2 0.65 (0.53) 0.10 (0.165)
3 0.905 (0.785) | 0.10 (0.165)
4 0.39 (0.31) 0.55 (0.42)

5 0.65 {(0.53) 0.55 (0.42)
6 0.905 (0.785) | 0.55 (0.42)

7 0.39 (0.31) 1.38 (1.25)

8 0.65 (0.53) 1.38 (1.25)

9 0.905 (0.785) | 1.38 (1.25)

Table 3-3. Positions of send and receive homs when testing on the reflection/ transmission

configuration. Blue numbers are the gold horns’ positions

Since the sample rests on a 300 mm thick block of polystyrene foam, the send hom

(sitvated undemeath the foam) is placed at almost the closest point in configurations 1, 4 and
7.
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The computer codes used in this project were all written by the author using various
versions of Visual Basic for Windows (except for one case which used Qbasic for DOS).
While this allows a user-friendly interface and the coding is relatively simple, it has no
inherent complex number handling ability, so all the complex functions had to be defined
before they could be used. While complex addition and subtractions are of course no moure
difficult than simple arithmetic, maintaining branch cuts in the complex inverse circular

functions can get a litile wearisome at times.

4.1. Data co[[chbzg codes

4.1.1. Nebwork a)zaﬁjd.st

The computer controlling the network analyser system is an old 486 running Windows
3.11, and since it is really only used for data collection a high-speed model is not required. It
communicates to the network analyser via a GPIB board and controls all the most commonly
used functions for normal measurements, The code provides a pleasing (but hardly
spectacular) user interface that is familiar to most Windows users. Upon starting the program,
the user is asked to select a type of measurement from a list of commonly used set-ups by

clicking on a measurement type shown in Figure 4-1.

Measurement typr: Iast updated 536!2001

Which measurement do you wish to perform?

1.Coaxial measurement {0.05-18 GHz)
2.Refl/Trans Head measurement (2-18 GHz)
3.Refl/Trans Head measurement [7.5-18 GHz)
4.Refl/Trans Head maasurement (16-40 GHz2}
5.Range reflection measurement (2-18 GHz)
6.Range reflection measurement {7.5-18 GHzj
7.Range reflection measusement {16-40 GHz2)
8.0ther

Figure 4-1. The opening window for the data collection program
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Coaxial ineasurements are undertaken using the first selection, unbacked reflection or
transmission measurements with selections 2 to 4, and backed reflection measurements use
selections 5 to 7. Selection “8” allows the frequency range to be set up individually by the
user, Once the user selects a measurement type, the computer sets up the frequerncy range,
calibration parameters, and the data collection procedures to be used.

The operator is then presented with the main form, which is a screen containing a number
~ of different buttons and check boxes, shown in Figure 4-2. From thi< page the whole program
is run, measurements can be taken, calibration procedures begun, measurement options such
as gating, averaging can be turned on or off, permittivities and permeabilities calcuiated and
any part of the measurement can be graphed. Note that for this demonstration, option “3” was
selected for transmission or unbacked reflection measurement with the silver horns.

L5 AR daga recordert for HP BS10C Wwithi 836518 i< it B
File graph Calculate P_ennitlivity Options Help

HP 8510C device reader

Measurement details Finished!

Calibratibn on Cal tet El

Averaging on  Averaging laclol=

Gating on Gale cen’re = ns
Gate span = El ns

] Measure S11

<M>eazurement type (to change hit M or box below)
IFiee space (7.5-18 GHz) 1

Figure 4-2. The main window of the data collection program

The buttons atiempt to be self explanatory (hence their large size), with the general layout
kepi as simple as possible. Most of the key features can be controlled by the keyboard as well
as {1.e mouse, since it is usually much easier to hit (say) the larg. “Return” button on the
keyboard than have to position a mouse on a screen and left-click once.

The box on the right hand side labelled “Measurement details” contains check boxes so
the operator can turn a calibration set on or off, change the number of averages used, or
change the time gate parameters. Since the most common measurements use Sz, caly, the
reflection signal S is usually not measured. This is a time saving feature, since the

measurement of S;; takes as long as the 57 measurement but will not contain: any useful
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information. In this case, the data file is filled with making the real part of S, equal to one
and the imaginary part equal to zero. However, for reflection only measurements this can be
changed by clicking the check box next to “Measure St1”. This tells the analyser to measure
the reflected signal. When the box is checked, a second box appears to the right of the first
(not visitle here) asking it the user wants to measure Sy; as well, If so, then the full S-matrix
will be measured, if not the S, data will be filled with ones and zeros.

The frequency range (or measurement type) can be changed by clicking on the box on the
lower right of the screen. This will bring up the box shown in Figure 4-1 again and the
measurement can be set up as before. The “Rotation scan” button shown in Figure 4-2 tilts
and/or rotates a sample placed on the telescope mount over a set number of angles, but is not
use. .r measurements detailed in this thesis.

Usually the first thing to do when starting a measurement is to calibrate the system.
Hitting “c” on the keyboard or clicking the “Calibrate Analyser” button brings up the
calibration window shown in Figure 4-3. Note that number of averages and gating parameters

can also be applied here, with the values used carried over to the actual measurement.

Microwave head calibra¥on

Calibraiion details

[ Add 511 calibtation
7 tsolation included

Averaging applied  Number of &verages =

& use gating Gate centie - ns
Gate span = E} ns

Figure 4-3. Calibration window of the data collection program

In the same way as for the main window, this window also includes all the options for
calibrating reflection only measurements, with the option of calibrating S21 too. The greyed
out button marked “Align backing sheet” is used, unsurprisingly, for aligning the backing
plate when performing backed reflection measurements. In the case of an unbacked refiection
or transmission measurement, this button is disabled. When a backed reflection calibration is

to be performed, the computer is able to communicate to the telescope stand through the RS-
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232 port, and tilt or swivel the stand to obtain the maximum retwrn. This enables a more

accurate measurement of the backed reflection signal. The window for aligning the backing

Cunent value Maximum value

1.31 1.38

Note: Allow 20 seconds for positioner to warm up,

Rolation angle [CMS)

005°¢6'11"

Tilt angle (DMS)

-01°37'08"

-
Moving Direction
anti Tilt forward
clockwise

R::\?ite 4__ @ Gg> Rotate
clockwize ' clockwise

Tilt back

Figure 4-4. Align backing sheet window from the data collection program

When in this mode, the network analyser moves into frequency sweep mode, which
allows for 2 much faster response than the standard stepped frequency mode. The response is
not as accurate, but for the purposes of simply finding the point of maximum retumn, speed is
not important. The analyser is also put into time domain mode, and the value of the highest
peak across the full time spectrum is shown in the top left textbox. While the stand is rotated
and tilted, a maximum value that has been shown in that textbox is shown in the textbox on
the right. This allows the user to easily find the point of maximum retum.

The angles of azimuth and altitude are shown in degrees, minutes and seconds of arc, the
format can be changed to decimal degrees if desired using the “Format™ drop down menu.
These values are read directly from the stand. The telescope mount has four slewing speeds,
from “Very Fast”, to “Very Slow”. The fastest speed the telescope will move is 8

degrees/second, while the slowest is 30 arcsec/second. Normally the “Slow” setting of 8
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arcmin/sec is used to align the plate. The direction buttons shown as arrows at the bottom left
of the window are used with the mouse; altematively the directional keys on the keyboard can
be used. The little pane with pink writing shows the current direction of the stand. This
window also has a “Goto™ menu that is used for positioning the stand in a certain direction —
tht: +~ useful for performing a series of off-normal angle measurements (the “Rotation scan”
shown in the main window).

Oncc the network analyser has been calibrated wiih either method, the measurement is
taken and the data is saved to the hard disk using the window showa in Figure 4-5. Details
such as sample thickness, frequency renge wid a detailed comments line are placed at the top
of the data file, with the real and d S, data.

{T.L'"- R P o = i e e st e

Save as filename
|sb-ti40bsss

per-bifd. =35
per-bifS.sss
per-bif6.s15
per-bif?.sss
per-tf10.s32
pes-if18.s32
pei-1f19.sss
per-if20.sss
per-1fdb.ssz
pe-tr43.33s

[Free space (7.5-18 GHz]

LR pIQeTty. e by

Save fila as

@® S-parameters
1 [Gample fength =1 mm | Q Trans mod/phase

Figure 4-5. The Save file window from the data collection program

The program can also calculate the permittivity of the sample currently being measured,
but becausz the iterative nature of the transmission only and reflection only algorithms takes a
long time on the 486 (of the order of 5 — 10 seconds for all 401 data points), the permittivity
calculations are usually done on a faster computer. The data collection program also allows

the user to graphically display the measured responses, and the permittivity (if calculated).

4.1.2. LOR meten

A computer was used to collect data from the LCR meter and convert the raw data to
permittivity values. Since the only spare GPIB board available could not be accessed via any
Windows based interface, a program was written using the free QBasic program avaiiable
with Microsoft D'DS 6.20. While not providing the greatest user interface availabie (never a
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feature of the author’s programming style anyway), the program nevertheless does a good job
of collecting the data and calculating the permittivity. The program’s opening screen is shown

in Figure 4-6.

Figure 4-6. User interface of DOS based program to collect data from LCR meter

While it is a long way from the point and click Window’s mentality, it is still easy to
navigate using the optizas available from the keyboard. The important details such as sample
thickness and platen size can be entered, and the automatic nature of computer-based

measurement allows many time-consuming measurements to be taken while unattended.

4.2. g-’zmziftiuity extraction codes

The program used to extract permittivity has progressed a long way since first conceived.
The latest version contains many aids to help calculate “difficult” measurements (for instance
those where diffraction had not been removed). The main screen (shown in Figure 4-7)

provides the required functionality is an easy to navigate environment.
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Figure 4-7. The main window of the permiitivity extraction program

The main window is a basic design, showing the drive, directory and file information on
the left hand side, with the file contents on the right. The large text box shows the header
information of the data file as the first entry extending over a number of lines. The sample
thickness (or length) in metres is shown first, the frequency range next, then the comments
regarding sample position, calibration details and time gate parameters. The data file shown
here is a composite of two individual measurements, the reflection and transmission responses
measured separately and brought together into a single file using another program discussed
later.

The raw or processed data can be graphed using the drop down menus at the top of the

window. Real and imaginary parameters, or modulus and phase can be displayed as shown in
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Figure 4-8. Drop down menu from the permittivity extraction main window
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Figure 4-9. The corresponding graph of the data from Figure 4-8

The Options menu gives the user a range of techniques that may aid the permittivity

extraction process. These include: changing the thickness of the sample from the one used in

st e s

the data file, removing the phase shift that occurs from the glass sheet used to remove the

. diffraction fror S;) measurements, or actually altering the physical data by adding or

50
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subtracting a fixed phase or magnitude to Sy, or Sz;. The Macro menu allows the user to select

e i

a number of data files and perform the same operation on all of them whether it be saving the

ot

phase of the transmission response, or calculating the permittivity using the reflection only

data and saving them to file.

bzl

Pressing the “Permittivity and Penmeability calcs™ button brings up the main extraction

window, shown below in Figure 4-10.

specifications

~Data to be used

' Relflection and ransmission (™ Backed reflection

"~ Rellection only " Transmission only

- Measurement lype

(" Coaxal waveguide 6" Free space
~ Starting position
* Low " High
~ U se ditfraction correction?
' Yes * No

Enter starting n value D

Figure 4-10. Permittivity extraction window

The top box shows which set of data should be used frr permittivity or permeability
extraction, It is automatically selected depending on the information forind in the data file, for
instance if the S!1 data were ail orne’s and zero’s, the program assumes the type of
measurement is transmission only. The user can of course alter this automatic selection.

The next box down shows the type of measurement being performed. This is important
because transmission measurements taken in free space need a phase correction applied that is
cansed by the sample replacing the column of air between the horns. Measurements taken in
the coaxial waveguide have this factor applied internal to the analyser and need no further

correction.
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The third box gives the user the option of starting the extraction process at the low or high
frequency point. In cases where the diffracted signal is comparable to the material’s
transmission signal, the program has difficulty finding an initial solution using the
transmission only extraction algorithm. Since the highest diffraction occurs at the lowest
frequency, it is beneficial to start the process at the highest frequency point and step down in
frequency, using the previous result as a starting point for the iteration process.

The last box asks the user if the diffraction signal should be removed from the data before
performing the pemmittivity/permeability extraction. If this option is checked, then the
appropriate file is loaded and the signal removed prior to the permittivity calculations are
performed.

When performing the reflection and transmission calculations, the algorithm needs to
perform a complex logarithm, which can theoretically have an infinite number of solutions.
Normally the program fries the lowest solution number (n = 0), but this result is not always
correct. Usually it is clear which solution is the right one with a prior knowledge of the
approximate values of the permittivity and permeability of the sample tested. The value of n
can and does change as frequency increases, and it is not unusual to find values of 3 or 4 at
the highest frequencies in materials with large permittivities.

This complex logarithm only occurs in the reflection and transmission case, so if the
transmission (or reflection) only algorithm is to be used, the boxes are replaced by the initial
guesses to the iteration process. The program makes an initial guess based on the first (or last)
data point which usually gives the correct result, but again this can be changed by the user.
The replacement boxes are shown in Figure 4-11, where only the lower portion of the window
is shown for brevity.

! ' Yes # No |

Approx real permittwty =
Approx imag permittivity =

i

Figure 4-11. Section of the permittivity «=iculation window when the transmission only

algorithm is to be used

The Options menu gives the user aids to improve measurement accuracy and stability.

Clicking on the button brings up the menu shown in Figure 4-12 (again cropped for brevity).
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Figure 4-12, Drop down Options menu

The first option specifies whether the first data point calculated should have a positive real
permittivity and/or a positive real permeability. These should of course be positive but in real
measurements, especially those involving large diffraction signals, the initial values of both
permittivity and permecability drop below zero before attaining realistic values at higher
frequencies.

The next option gives the user the option of changing the sensitivity of the branch point
removal operations in the complex analysis. When using data that is affected by diffraction
signals, sometimes the extraction algorithm wants to make the real permittivity or
permeability nerative, The effect is shown in Figure 4-13, where the green and pink curves
are showing the branch cuts in the complex permeability when the real permeability drops
below zero. Using appropriate interrogation of the data these can be removed to give the blue

and red traces shown below.

Eitect of branch point removal routine on measurements
where diffraction not rernoved
12
10 — Removed
8 1 Real<{}__ Not removed
. — Removed
6 Imaginary<7]__ Not retmoved
2 4
£ T
W2
s 4
-4
_6 o
N \
410 - /
-12 T * T L} 1 T
1 2 3 4 5 6 7 8
Frequency (GHz)

Figure 4-13, Effect of branch points on permeability caiculations
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When the program calculates the permeability starting at 1 GHz, it assumes the real
permeability remains positive and so at about 2.3 GHz the real value “reflects” from the x
axis and the imaginary component must therefore change signs. This is shown in the greei
and pink curves. The solution then changes back again at about 4.3 GHz across another
branch cut, and the imaginary component again changes signs. When the branch cut removal
option is activated, continuity of the real compounent is forced resulting in the blue and red
curves, which is a truer picture of the solution. Of course the resulting solution is extremely
inaccurate physically; however, as a mathematical solution it is a better result.

The next option examines the automatic changing of the solution number » as the program
moves through the full frequency range. This is always enabled; however, at destructive
interference points the program can sometimes get confused as to whether or not the solution
number should change. Since these points frequently have permittivity and permeability
values that are very different from the rest of the range, it is not necessarily an easy task to
determine the correct solution. The option here is to ask the user to confirm a change in
solution number; usually this option will only occur when the automatic solution changer has
failed.

The fourth option allows the user to apply a calibration plane shift to the data. A
calibration planc shift is required when the saraple is not lying on exactly the same plane as
the backing plate used for the reflection calibration. This can occur if the sample or
calibration plate is not lying flat on the foam support, or if the foam support is not flat and the
samples are flexible. If this is the case, a phase shift proportional to the distance entered by
the user is applied 10 the reflected signal before extraction takes place.

One of the problems encountered with the diffraction removal was that the foil lined glass
sheet had to be measured at exactly the same time as the other samples. If the horns were
moved and later placed back to a position very close (the author hoped identically!) to where
they were before, the diffraction removal process was not as successful. The last option was a
trial to see whether changing the phase of this diffraction signal might help the diffraction
removal process; however, it appeared to have little effect.

After al! the options are chosen, pressing the OK button starts the appropriate extraction
algorithm at either the lowest or highest frequency and then continues through the frequency
span. For the reflection only, transmission only and backed reflection algorithms, the result
from the previous iteration process is used as the starting point for the next. This speeds up
the total time taken for all 401 frequency points to less than a second on a modern PC. Once
the permittivities (and permeabilitics if the full S-matrix is used) bave been calculated,
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average values across the full frequency span are shown in a new vindow, as seen in Figure
4-14,

Cite

| Average values

i
i
|
i
-f

Freqrange [100665 - [670-1235  [1235.1800  [l0a-1820
L %7 (F YR TR R
L e s s e
B Y VTR YR Y

00477 :[00223 | [0.0204 : [0.0166

|
g
A
!
'
:

Figure 4-14. The average values across the full frequency range shown in the results window

The average values across three bands are shown as a quick check on measurement
accuracy and consistency, together with the total average across all frequencies. The
frequency range for these averages can be changed using the drop down menus, as can the
standard deviations and all 401 data points. If the user is unhappy with the results he can press
the button marked “Re-try solution™ which closes this window and bring up the previous one.
The graph menu (shown in Figure 4-15) allows the user to view the calculated data to ensure

measurement accuracy.

‘1235 |1235-1sno ?|1.nn.|s.oo

E Ir 75 NEEE: k&4 ‘720
Figure 4-15. The graph menu from the results window

Selecting the real permittivity from this menu reveals the familiar graph window of Figure

4-16, with a yellow highlighted arza that has been selected by the user as an area to zoom.
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Figure 4-16. Graph window of real permittivity showing highlighted area

The user has pressed the mouse button near the frequency 5.2 GHz, and dragged the mouse

across to 10.79 GHz. This area is highlighted in yellow, and once the user releases the mouse,
the highlighted area is displayed to the nearest 0.5 GHz mark as a new grapl, as seen in
Figure 4-17.
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Figure 4-17. Zoomed area of the graph shown in Figure 4-16

The scale can also be set manually using the drop down menu, and a hard copy of the
whole window can also be made using the print button. The bottom: right of the window
shows the value of the mouse pointer as it travels across the graph window to aid user
identification of peak values and frequencies.

If the user is happy with the result from either the text display or graphical view, then the
values can be saved to file using the other buttons on the display results window. If the
diffraction signal was removed, the program automatically adds the code word “nodiff” to the
filename to remind the user that the diffraction signal was removed. Likewise, if the phase of
the reflected signal was altered due to calibration plane shifting, the distance the plane was
shifted is i.oted in the comments section of the saved permittivity and permeability file.

4.3. Time gafing fzwgmm

Continuing with the “function over form™ theme, the program used to apply the author’s
time gating software bears a striking similarity to the permittivity extraction program. This is
hardly surprising as this piece of software was built on top of an older version of the

extraction program. The front end is shown in Figure 4-18.
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Figure 4-18. The main window of the time gating software written by the author

Once the program is loaded, the start and stop time points are calculated to show the entire
time domain centred on time zeiv, making selection of the main peaks easier. Since the
calibration places the reference signal at time zero, most of the useful peaks appear near this
point. Due to the cyclical nature of the time domain, placing half of the main peak at the start
of the trace with the other haif at the end simply adds to the confusion of finding the correct
peaks. The start and stop times can be changed by the user.

The main time gating window includes a number of additional parameters specific to the
time domain application, such as the value of L that is the total number of points used in the
transform. The windowing function Combo Box can be seen on the right of the main page;

clicking it brings up the array of windows available to the user as shown in Figure 4-19.
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Figure 4-19. Close up of the windowing function Combo Box showing available windows

For windows that have a controllable parameter (for instance Gaussian, Kaiser-Bessel etc),
the parameter can be set by a box on the bottom right of the main page.

Drop down menus allow the user to alter the number of extra points used in the
transformation to smooth the edges of the data, as well as the shape and level of the time
gating function. Usually these arc kept at a constant value unless the user specifically desires
to see what happens under different conditions.

When searching for the correct time gate to apply, it is not usually the best practice to
view the entire time domain but rather a truncated version “zooming in” on the area of most
interest. It is here that the Chirp-Z transform excels, aliowing the user to simply calculate the
points of most interest, rather than the entire spectrum. Figure 4-20 shows the full time
domain of the S;; response from the 300 mm square sheet of C-Stock AK 7. This trace shows
how many stray reflections one measures in a set-up such as this, and the importance of
removing such a large number of interfering signals. When zooming in on the area of interest
by setting the time span to * 2 ns, one obtains the trace shown in Figure 4-21, with the time
gating set to a value of £ 0.75 ns. The graph window used was one not written by the author,
but came as an add-on package. The start and stop gate vulues can be set either by the user
clicking on the screen similar to the graph zoom in the previous program, or by a seiting in

the “Options” drop down menu of the main window.

99




‘. b
o
200 - - dee b ) e e :

R Y % [ E B |
|u !
19 go00-- -k ol 7 |
19 _ i
i n :
1§ 5004 J-.-...___ SR P SO -+
. t ‘I |
iiu :
id -60.09 :
i® (B B Ii__l _ VAR )
i .76.0 :'II b 1Il _ l .3 ill"r |{| :.-I B - i1 m i: 1
l o ! T FLYINMT i
‘I |l ‘ Ut ‘IL
.Bo.u... " ERELE | g1 ._. A0 ECES TN ]
900 |- o | j ! .
| ] i [
-100.0 —— I
-833 667 50 -3.33 -167 0 167 333 50 GC67 833
Time (ns)

Figure 4-20. Full time domain range of measurement centred around main peaks
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When a suitable time gate (such as the one shown in Figure 4-21) has been applied, the
program then performs an inverse transform on the gated time data and plots the frequency
result over the ungated frequency response. The appropriate graph is shown below in Figure

4-22, with the gated result shown in red.
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Figure 4-22. The graph of the ungated and gated frequency response

The gated signal is obviously much clcaner than ungated frequency response, which leads

to a better calculation of permittivity later on.

4.4. Other wzcu['[a'zg frrograms

A good deal of time and effort was spent in creating a program that would compensate for
the near field effects expected from this measurement process using a ray tracing approach.
This software calculated the magnitude and phase over a flat grid from a hom antenna with
known dimensions using Huygen’s principle’. Then using knowledge of the angle of
incidence of each ray striking the sample, the reflection and transmission coefficients from the
lossy sample at oblique incidence were calculated. The parallel and perpendicular cases were
then added vectorially for each ray before finally re-combining all the rays to form the
reflection or transmission response. This complex near-field response was then compared to

the far-field result (a far easier calculation to make).
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It was found that the near field result did not change considerably from that of the far field
due to the nature of the measurements performed. Since the samples were quite thin (usually
of the order of 1 — 2 mm) and the gain of the homn antennas was not exiremely high (so
sensitivity was not overly affectcd by the ray’s position), other factors such as diffraction and
calibration plane shifts were far important than near field effects.

Programs were also written to calculate the near and far field patterns from a variety of
horn antennas to help estimate the size of the diffraction field for a given configuration. Other
programs created theoretical S-matrices for materials with constant permittivity and
permeability values across a given frequency range, or combined reflection only measurement
data files with their corresponding transmission data files, and 2 few programs were written to

help catalogue and arrange the vast array of permittivity data files so that comparisons could

be made.

@/z),afzts’z 5. 445 mm c?am/zfszs,

Since diffraction was seen to be such an important factor in the transmission
measurements, the largest samples (and hence least diffraction) of rubber specimens A to G,
carbon fibre loaded composite, Perspex and the metal foil lined sheet were tested at all
configurations to determine the best arrangement of the horns. The rubber samples A to G and
the composite needed to be tested twice because of the polarisation dependence of the sheets.
The samples were marked with an arrow showing a particular direction, measurements taken
in the direction of the arrow have a suffix —-A, and those perpendicular to the aroow direction
are suffixed -B. Measuring the refleclion and transmission of these sheets at nine
configurations of horns over three frequency ranges gave a total of 972 individual sets of data.
Each dataset (except for the foil lined sheet which was used to remove diffraction effects) can
be used to extract a value of permittivity using either the reflecticn or the transmission
algorithm. Furthermore, the reflection and transmission data can be combined to give 486
datasets containing both reflection and transmission, which when combined can be used io
extract permittivity and permeability. In order to reduce the load on Amazon rainforests, this

amount of data will be presented in a highly compressed form.

5.1 1 =138 gcl/z, transmission on@

The transmission measurements allow for ali nine configurations to be investigated. The
overwhelming source of measurement error was found to be caused by the diffracted signal,
even in samples 445 mm square when the homns were relatively close. Difiraction is.
frequency dependent of ccurse, lower frequencies diffracting more than the higher ones. The
diffracted wave was measured at each configuration using a glass sheet coated with
alumininm foil cut to the same size as the samples. it was found to be very important that the
configuration was exactly the same when testing the samples and testing the diffracted signal.
If the hom positions had been moved after measuring the samples, simply putting the homs
back to where they should have been was not repeatable enough to completely remove the
effects of diffraction. The whole series needed to be measured again. When the samples were
large and the distance between the horns was short, the effects were smail. When either of :
these conditions changed it became vitally important to measure the diffraction signal before

moving on to the next configuration.
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The magnitude of the diffraction signal is shown below in Figure 5-1. When no
obstruction is present, the response should be 0 dB. The nine configurations are detailed in
Table 3-3.

Magnitude of diffracted signal around metal plate — Config |
Gold homs, 500 avg, 1.0ns span — Config2
-— Config 3
—Configd
0 -—-Config$
N —- Config€
1SS ~— Config 7
I NS Config8
& R S — Config9
o e -
2 20 \ TTRIISON i /
g \\ \ o= -
-30 1 _
40
50 Y T T Y T T T T ™ T T
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Frequency (GHz)

Figure 5-1. Magnitude of diffraction around 445mm square foil lined glass sample measured

with gold horns

From the graph of Figure 5-1 it is clear why the diffraction signal is so imporiant to the
measurement of the samples. If the transmission through the sample is at the —-10 dB level, in
all but configuration 1 the diffracted wave is the same order of magnitude at least part way
across the frequency spectrum. In configuration 9, the diffraction signal is even greater than
the calibration signal at 1 GHz. We may be seeing the effects of Fresnel zones at this point.
The fact that the diffracted signal may be equal or greater in magnitude to the actual signal
desired not surprisingly leads to a highly inaccurate measurement of permittivity.

Taking the result of Perspex, we may expect to see only a small effect from diffraction.
The low loss nature of Perpsex means that the wave travelling thorough the sample will be
virtuaily unattenuated, and instead the main effect will be due to the phase shift through the
sample. The transmission magnitude falls to —1 dB across the frequency span at about 9 GHz.
The permittivity extracted from the transmssion measurements alone is shown befow in

Figure 5-2 and Figure 5-3, with the averages and standard deviations shown in Table 5-1.

Real permittivity of Perspex tested on wall in transmission mode ~— Config
Gold hotns, 500 avg, Ins span. —- Config 2

1 2 3 4 5 6 7T 8 9 W o1 12 13 14 15 16 17 I8
Frequency (GHz)

Figure 5-2. Real permittivity of Perspex measured with gold homs in free space using

transmission data alone without removing diffraction

Imaginary permittivity of Perspex tested on wall in transmission mode
Gold homs, 500 avg, Ins span.

i 2 3 4 5 6 7T &8 9 1w n o1z 133 14 15 16 17 18
Frequency (GHz)

Figure 5-3. Imaginary permittivity of Perspex measured with gold homns in free space using

transmission data alone without removing diffraction
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Config# ) Avee' [o(s) |Avee" |o(e")
2.627 0.034 |-0.010 [0.032
2.596 ]0.059 |-0.028 |0.079
2.605 |0.107 |-0.036 |0.094
2,620 |0.150 1-0.031 |0.093
2.644 |0.221 ]-0.029 ]0.140
2.659 0.272 1-0.035 |0.201
2.651 0.230 {-0.028 [0.173
2.672 10.347 |-0.013 [0.353
2,683 0.469 | 0.036 0.581
Expected | 2.60 - -0.014 |-

Table 5-1. Averages and standard deviations of permittivity measured with gold homs using

Wloa |-l Bl b~

fransmission data alone without removing diffraction

The data from the graphs show that the permittivity of even a low loss material such as
Perspex is dramatically affected by the error term caused by the diffraction signal. Although
the averages across the frequency band are quite good for all configurations, only the result
for configuration 1 can be said to be almost untouched by the effects of diffraction.

As the permittivity and transmission loss through the sample increases, the effects of
diffraction are made much worse, especially at low frequencies. Rubber sample B is
moderately lossy material with a loss tangent of approximately 0.25. Using the result of
sample B, we see the large variations in permittivity as the distance between the horns

increases in Figure 5-4 and Figure 5-5.

Real permittivity of Standard B-A tested on will in transmission mode
Gold horns, 500 avg, Ins span.

Real permittivity

r 2 3 4 5 6 7 & 9 W 11 2 13 14 15 16 17 18
Frequency (GHz)

Figure 5-4. Real permittivity of sample B-A measured with gold homs in free space using

transmission data alone without removing diffraction
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Figure 5-5. Imaginary permittivity of sample B-A measured with gold homs in free space

using transmission data alone without removing diffraction

As expected, the highest permittivity materials have the greatest problems with
diffraction. The transmission through sample E is about —14 dB, so at many frequencies the
diffraction signal is greater than that through the sample. When the resulting signal is
analysed using the extraction algorithm, the following values are returned, seen in Figure 5-6

and Figure 5-7.
Real permittivity of Standard E-A tested on wall in transmission mode
Gold horns, 500 avg, Ins span,
200
100 1
g 01
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Figure 5-6. Real permittivity of sample E-A measured with gold homs in free space using

transmission data alone without removing diffraction
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Imaginary permittivily of Siandard E-A tested on wall in transmission mode
Gol hors, 500 avg. Lns span. —— Config 1
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—— Counfig
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Figure 5-7. Imaginary permittivity of sample E-A measured with gold horns in free space
using transmission data alone without removing diffraction

In this case, none of the configurations are spared from being adversely affucted by the
diffraction signal. At low frequencies the real permittivity at configuration 1 drops to below —
100, and in the case of configuration 8 the program will not converge to a solution at all
below 8 GHz. Clearly the diffraction signal is dominating any other adverse effects that may

be occurring to the measurement.

The situation is greatly improved when the diffracted signal is removed mathematicatly
before perfortming the calculation of permittivity. While the data is still in the S-parameter
stage, the measured Sy, of the diffracted field is removed vectorially from that of the sample.
When this is done, the extracted values of permittivity are much improved. The permittivity
of the Perspex sheet has lost most of the noise of the previous values, and the average value is
also very close to that expected. Graphs of permittivity against frequency are shown in Figure

5-8 and Figure 5-9, and the average values across the frequency range are shown in Table 5-2.
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Real permittivity of Perspex tesied on wall in iransmission mode
Gold horns, 500 avg, ina span, with difivaction removed,
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Figure 5-8. Real permittivity of Perspex measured with gold homs in free space using

transmission data alone with diffraction removed

I+ “oary permittivity of Perspex tested on wall m ransmission mode
okl homs, 500 avg, Ins span, with diffraction removed.
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Figure $-9. Imaginary permittivity of Perspex measured with gold homs in free space using

transmission data alone with diffraction removed

Except for some minor deviations across the frequency span in configuration 9 and the

area below about 2 GHz, the extracted permittivity values are extremely close to that
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expected. The diffracted signal cannot be removed completely because even a minor
'__-":5_ misalignment of the sample or the metal sheet can cause small changes in phase leading to Immwofgn hﬁ:;wﬁgit:;d:;l ;ﬁ.ﬁ;ﬁ?&ﬁ:;ﬁﬁ?mm
incomplete cancellation, On the whole, however, the technique of measuring the diffracted ¢
3 signal and then removing it gives a much better result than if it is left in. 05
Config# | Avee |o(s) [Avee" | a(e") s 1
i 1 2.631 0,035 |-0.006 {0.020 g ; —~
2 2.599 10042 |-0.018 |0.02¢ E -1 : : <
: 3 2.604 | 0.055 | -0.021 | 0.028 % 2 2 7
4 2613 10058 |-0.015 |0.036 g _ - L . nr: )
5 2619|0048 |-0.017_]0.020 g, 7 — Config3
6 2625 |0.050 [-0.018 |0.025 - —— Config
7 2.625 (0.049 |-0.012 |]0.039 3 — Config s
8 2.624 |0.046 |-0.018 | 0.027 — Config 6
9 2610 | 0.094 [-0.010 |0.080 s |-Cog] |
Expected | 2.60 - 0.014 |- l 2 3 4 5 6 7 8 9 10 U 12 B 14 Config8) o
- - . * - _-—-_-—_L.— Conﬁ 9
Table 5-2. Averages and standard deviations of pemmittivity of Perspex measured with gold Frequency (GHz)

homs using transmission data alone with diffraction removed . _ o
Figure 5-11. Imaginary permittivity of Sample B-A tested with gold horns in free space using

Similarly, the samples with higher permittivity show great improvements in the extracted transmission data alone with diffraction removed

values when the diffraction signal is removed.

Real permittivity of Standard E-A tested on wall in transmission mode
Real permittivity of Siandard B-A tested on wall in transmission mode Gol horns, 500 avg, 1ns span, with diffiaction removed.
Gold horns, 500 avg, ins span, with diffraction removed. 30
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E E 40 —— Config 7
E 8
& g 30
3 &
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. ] Figure 5-12. Real permittivity of Sample E-A tested with gold horns in free space usin , 4
Figure 5-10, Real permittivity of Sample B-A measured in free space using transmission data & P Y P 8 *P & _

L ) transmission data alone with diffraction removed
alone with diffraction removed
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Imaginary permitlivity of Standard E-A tested on wall in transmission mode
Gold horms, 500 avg, Ins span, with diffraction removed.

— Config |
—— Config 2
— Config 3
— Config 4
—Config 5
—Config 6
—-—Config?

Config 8
— Config 9

Imaginary permittivity

Frequency (GHz}

Figure 5-13. Imaginary permittivity of Sample E-A tested with gold horns in free space using
transmission data alone with diffraction removed; inset shows details of high frequency

response

Whilst certainly not free of undulations, the permittivity extracted from the diffraction-
free data is certainly better than the diffraction-included data. Using appropriate smoothing
and averaging, the actual permittivity could be quoted with reasonable certainty, even at the
longest frequencies.

The range of permittivity values tested is very wide in order to determine the optimum
measurement technique for a material with a given permittivity. The carbon loaded rubber
samples offer a material system with a moderate to high loss tangent. Taking the average
permittivity values across all nine configurations for all the samples gives the plots shown in

Figure 5-14 and Figure 5-15.

Average rcal permittivity of carbon loaded rubber samples tested in transmission mode
Gold horns, 500 avg. Ins span, with diffraction removed.

—— Sampk A
——— Sampk B
— Sampk C
— Sampk D
—— Sampk E

Sampk F

Real permittivity

10 11 12 13 4 15 16 17 18
Frequency (GHz)

Figure 5-14, Average real permittivity of carbon loaded rubber samples tested with gold homs

in free space using transmission data alone with diffraction removed

Average imaginary permittivity of carbon loaded rubber samples tested in transmission mode
Gold horns, 500 avg, Ins svan, with diffraction removed.

Imaginary permittivity

10 1
Frequency (GHz)

Figure 5-15. Average imaginary permittivity of carbon loaded rubber samples tested with

gold horns in free space using transmission data alone with diffraction removed




For the fibreglass sample containing 6mm long carbon fibres, the permittivity shows a
slightly different form to that of the carbon black loaded materials. The data does not show
the same frequency dependence as the carbon black loaded samples. Instead there appears to
be a Debye type resonance behaviour occurring depending on the length of the carbon fibres.
The fitted curve follows the equation

6‘0 ""gw

- Equation 3-1
1+ior

E=¢&,+

where the parameters & = 52.4, £,= 138 and t = 57.92 ps. Figure 5-16 and Figure 5-17 show

the permittivity of the composite material extracted from the transmission methods.

Real permiitivity of Composite A-A tested on wall in transmission mode
Gold horns, 500 avg, Ins span, with diffraction removed.

Real permittivity

1 2 3 4 5 6 1 &8 9 10 M 12 13 4 15 16 17 18
Frequency (GHz)

Figure 5-16. Real permittivity of Composite A-A tested with gold homs in free space using

transmission data alone with diffraction removed
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Imaginary permiitivity of Composite A-A tested on wall in transmission mode
Gold hormis, 500 avg, Lns span, with diffraction removed.
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Figure 5-17. Imaginary permittivity of Composite A-A tested with gold homs in free space

using transmission data alone with diffraction removed

The parameter ¢ = 57.92 ps corresponds to a pole frequency of about 2,75 GHz, Using the
values of permittivity for the material at this frequency, we find that the wavelength inside the
material is about 18 mm at 2.7 GHz. It was expected that the wavelength at the resonance
frequency would equal twice the length of carbon fibres in the compeosite, but this was not the
case. However, since the permittivity of the material is increasing so rapidly at these lower
frequencies, slight errors in the measurement technique may have a large effect on the
measured permittivity and so affect the calculation of the wavelength inside the material.
Additionaily, the actual point in frequency space is close to the lowest value so effects from

the ends of the gating window may be affecting the measured values.

52. 1 — 18 G4z, u:ﬂ:sction onﬁj

Since reflection measurements utilize only one hom, there are only three horn positions
used for reflection only measurements. It was found that in general, the position of the horn
when using only the reflected signal from the samples had a very small effect on the extracted
values of permittivity. The only significant difference between the values was that the
permittivity calculated for configurations which have a larger sample to hom distance were
slightly noisier. This is to be expected, since the return signal strength from the samples at

these configurations is lower, so the noise level is more significant. The real and imaginary
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permittivity from the Perspex sample is shown below in Figure 5-18 and Figure 5-19. The

Config# | Avee' |o(e) |Aves" |o(e")
average values across this frequency range are very close to the expected value of 2.6 - 1 2.591 0.069 |-0.025 |0.046
0.014i. A table of the real and imaginary permittivity for these measurements is shown in 2 2610 {0.069 |-0.021 10.050
3 2,581 |0.085 [-0.014 |0.088

Table 5-3. Expected | 2.60 - -0.014 |-

Resal permiivity of Perspex tested on wall in reflection mode Table 5-3. Averages and standard deviations of permittivity measured using reflection data
Gold homs, 500 avg, Ins span.
32

When the permittivity of Sample B was measured in the same way as Perspex, a similar

spread of values was observed between the different configurations. Figure 5-20 and Figure
5-21 show the values across 1 — 18 GHz.

Real permittivity of Standard B-A tested on wall in reflection mode
Gold homs, 500 ave, Ins span.

1 2 3 4 5 6 7 8 9 0 11 12 13 14 15 16 17 18 g
Frequency (GHz) i

Real permittivity

Figure 5-18. Real permittivity of Perspex tested with gold horns in free space using reflection
data
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Imaginary pemmittivity of Perspex tested on wall in reflection mode =
Gold homs, 500 avg, Ins span. i 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

Frequency (GHz)

Figure 5-20. Real permittivity of rubber B-A tested with gold homs in free space using
reflection data
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Figure 5-19. Imaginary permittivity of Perspex tested with gold horns in free space using
reflection data
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Imaginary permittivity of Standart B-A tested on wall in reflection mode
Goll homs, 500 avg, ins span.
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Figure 5-21, Imaginary permittivity of rubber B-A tested with gold horns in free space using

reflection data

There appears to be very little difference between the results at different configurations. One
may perhaps argue a slightly higher noise factor in configurations 2 and 3 over configuration
1, but the effect is slight. The average values for the three measurements are also very similar.

As pemittivity increases to very high values, so do the errors in the real and imaginary
permittivity. Rubber sample E has a high permittivity and a loss tangent exceeding 3. Very
high imaginary permittivities are observed at the lowest frequencies which varies as
1/frequency, consistent with that expected from a material with a constant conductivitity.
Figure 5-22 and Figure 5-23 show how the pemmittivity changes with frequency.
Configuration 1 shows the real component reducing at low frequencies which may be an
artefact of the extremely high imaginary values dominating the calculations, or a gating effect

caused by the gate width being so close to the minimum allowed by the lowest frequency.
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Real permittivity of Standard E-A lested on wail in reflection mode
Gold horn, 500 avg, Ins span.
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Figure 5-22. Real permittivity of rubber E-A tested with gold horns in free space using

reflection data
Imaginary permittivity of Standard E-A tested on wall in reflection mode
o Gold horn, 500 avg, Ins span.
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Figure 5-23. Imaginary permittivity of rubber E-A tested with gold homs in free space using

reflection data

When comparing these results to the transmission only ones, we find that the values do
not match, particularly for the high permittivity materials. While the imaginary permittivity
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for sample E correlates reasonably well with the transmission data, the real permittivity is
significantly different at higher frequencies. The reasons for this can be found by examining
the raw reflection data. Using the best fit of the data for sample E as shown in Figure 5-14 and
Figure 5-15, we can generate the reflection signal expected from a material with such
properties and compare it to the actual signal we measure from the sample. The comparison is
shown below in Figure 5-24 and Figure 5-25. The magnitude differences between the
measured and expected results (“fit™) are fairly small, of the order of one or two tenths of a dB
for configurations 1 and 2, a little higher for configuration 3. A larger difference occurs in the
phase of the reflected measurements compared to the expected curve from the permittivity
data fit for transmission. There is a phase shift occurring in the reflected signal that is
frequency dependent. This magnitude shift is indicative of a change in the distance between
the calibration plane and the position of the sample. When a reflection calibration is taken, the
position that the reflective plate was at during the calibration is called the calibration plane.
The sample must be placed exactly on that plane when it is measured or the resulting shift in
distance leads to a shift in the phase of the reflected signal. The phase shift is easily calculated
as 360°x2d/A, where d is the distance between where the sample was measured to the

calibration plane. A factor of 2 is present since the wave must travel to the sample and back

again.
Magnitude of reflected signal from Standard E-A measured on wall compared o transmission result
Gold horn, 500 avg, 1.0ns span
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Figure 5-24. Magnitude of reflected signal expected from sample E-A using transmission

results compared to measured data
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Figure 5-25. Phase of reflected signal expected from sample E-A using transmission results

compared to measured data

The question of which result is the correct one should be resolved before continuing with
adding a phase shift to all the reflection data. After all, it may be the transmission data that is
incorrect. Since the values extracted for Perspex were similar with both measurements, and
we don’t know the actual permittivity of the carbon loaded rubber materials, we need some
way to discriminate between the two measurements to find which is in error. It is known that
the material is non-magnetic, so by combining the reflection and transmission data we can use
the value of permeability to determine the correct solution. When this was done for sample E,
it was found that the permeability did not average to 1.0 + 0i, but instead showed a frequency

dependent shift away from this value. The values can be seen in Figure 5-26.
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Real permeability of Standard E-A tested on wall in reflection/transmission mode

Gold horns, 500 avg, Ins span, with diffraction removed.

1.6 7 —Config |
—~— Config 2
15 — Config 3
~—— Config 4
1.4 — Config 3
— Config 6
-~ Config 7
Config 8

Real permeability

1 : 3 4 5 6 7 8 9 1 1N 12 13 4 15 16 17 18
Frequency (GHz)

Figure 5-26. Real permeability of sample E-A tested with gold horns in free space using

reflection and transmission data with diffraction removed

At high frequencies it can be seen that the permeability values are organised together in three
distinct groups, which correspond to measurements taken when the send horm was fixed.
Configurations 1, 4, and 7 were all taken with the send hom at its closest point, corfigurations
2, 5 and 8 when the horn was at the next distance, and so on. This gives an indication that the
reflection result was in error, since the same error is occurring within the group. If the error
was in the transmission data, we may expect a similar grouping to occur between
configurations 1, 2 and 3, configurations 4, 5 and 6, and so on. By simply adding a small shift
in the calibration plane for the reflection measurements, we can move the permeability values
to the #=1 line. The distance required is very small — for configurations 1, 4 and 7 we need a
shift of 70 microns, 2, 5, and 8 need an 80 micron shift and 3, 6, atd 9 need a 100 micron
shift. These very small shifts (of the order of the author’s hair breadth) can very easily be
explained physically, and correct the values of the permittivity and permeability. When the

shifts in the calibration plane are made, the resuitant real permeability can be seen in Figure
5-27.

Real permeabiity of Standard E-A tesied on wall in reflection/transmission mode
Gold horns, 500 &vg, Ins span, with diffraction removed and caf planz shifted.
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Figure 5-27. Real permeability of sample E-A tested with gold horns in free space using

reflection and transmission data wiih diffraction removed and calibration plane shifted

Adding the calibration shift obviously doesn’t affect the amount of noise in the
measurement, but it does move the permeability closer to that expected. Of course the
permittivity is changed also, and the values obtained more closely match those taken using
transmission only measurements. Figure 5-28 and Figure 5-29 show the real and imaginary
permittivity values extracted from the reflection only measurements after the calibration plane
has been shifted. These values are still not precisely equal to those of the transmission only

results but the difference is significantly lower.
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Real permittivity of Standard E-A tested on wall in reflection mode, calplane shilled
Gold horns, 500 avg, Ins span.
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Figure 5-28. Real permittivity of sample E-A tested with gold homs in free space using

reflection data with diffraction removed and the calibration plane shifted

Imaginary permittivity of Standard E-A tesied on wall in reflection mode, calplane shifted
Gold horns, 500 avg, Ins span.
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Figure 5-29. Imaginary permittivity of sample E-A tested with gold homs in free space using

reflection data with diffraction removed and the calibration piane shifted

The phase shift applied to the sample measurement is positive, indicating that the sample is

closer to the hom than the calibration plane. Homs are uni-directional antennas, so as the
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distance between the hom and the target increases, so does the uniformity of the field

emanating from the horn.

Figure 5-30 shows how the field strength varies with distance from the hom. The

concentric circles indicate lines of constant field, and the colours indicate field strength.
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Figure 5-30. Field from a microwave hom at various distances from hom

It can be seen from the figure above that when the sheet is close o the hom, the field is
concentrated near the centre. When the sample is far away, the sheet is closer to being
uniformly illuminated. Therefore, variations in flatness that occur further from the centre of
the sheet are less important when the sample is close to the hom, and more important when
the sample is further from the horn. Since the phase shift required to correct the permeability
values increases with increasing distance from the homn, the effective distance between the
sample and the calibration plane must be larger. This infers that either the calibration sheet is
a convex shape as viewed from the horn, or the polystyrene foam block has a concave shape.
These options are shown below in Figure 5-31.

Foil lined glass sheet

Polystyrene block

A B

Figure 5-31. Possible sources of error for reflection measurements
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We cannot be absolutely sure which configuration is correct. Since the flexible samples
conform to the shape of the polystyrene block, either configuration is possible. Rigid
materials will not conform to the curved polystyrene block, but may have a curvature of their
own which makes comparison difficult. Close examination of the foam block revealed a
surface that showed no sign of being curved.

Assuming the phase shift is constant between samples tested in the same configuration,
we can then simply apply the shift measured for Sample E to all the other flexible samples.
Unless otherwise stated, all data sets will be assumed to have had this correction done.

The average values of pemmittivity for the flexible samples are shown in Figure 5-32 and
Figure 5-33. It can be seen that both real and imaginary permittivity for samples E and F are
lower at high frequencies when compared to the transmission only results shown in Figure
5-14 and Figure 5-15. The samples with lower permittivity values show very similar values to
the transmission only results except for sample D at frequencies above about 17 GHz, which

may be due to a random error in one of the measurements,

Average real permittivity of carbon boaded rubber samples lested in reflection mode
Gold homns, 500 avg, Ins span,
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Figure 5-32. Average real permittivity of carbon loaded rubber samples tested with gold horns

in free space using reflection data alone
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Figure 5-33. Average imaginary permittivity of carbon loaded rubber samples tested with

gold homns in free space using reflection data alone

53 1 ~ 18 ga'afz, 'cs)([scéion and transmission
Although the results using both the reflection and transmission data have been pre-empted
somewhat by the discussion of phase shifts in the reflection technique, we will nevertheless
present the data for the samples showing the permittivity and permeability results. Combining
the data sets from the reflection and transmission measurements gives a full S-matrix of the
material. This means that an iterative technique is not required to extract the permittivity, and
that permeability values can also be found. For all the results shown here, the diffraction
signal was removed from the transmission data.
- Combining the reflection and transmission signals in the Perspex case give values very
close to those expected'!. Except for the lowest frequencies where the real permittivity rises
sharply for even the closest configurations, the extracted values have high correlation to those

published elsewhere in the literature.
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Real permittivity of Perspex tested on wal.l in wfiectifil\fuammission mode Real permeability of Perspex tested on wall in reflection/transmission mode
Gold horns, 500 avg, 1ns span, with diffraction removed. Gold hoins, 534 avg, tns span, with diffraction removed.
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Figure 5-34. Real permittivity of Perspex tested with gold horns in free space using reflection Figure 5-36. Real permeability of Perspex tested with gold homs in free space using reflection

and transmission data with diffraction removed and transmission data with diffraction removed
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Figure 5-35. Imaginary permittivity of Perspex tested with gold homs in free space using Figure 5-37. Imaginary permeability of Perspex tested with gold homs in free space using

reflection and transmission data with diffraction removed reflection and transmission data with diffraction removed

Average values across the frequency spectrum for the different configurations are shown
in Table 5-4.
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Config# |Avee' |o(s) |Aves" lo(e") |Avey' |o() |Avepn" |o(u"”)
1 2.621 0.051 10.001 0.040 |1.007 |0.020 }-0.002 ]0.027
2 2.611 0.048 |-0.031 |[0.026 ]10.999 |0.016 | 0.006 0.016
3 2608 10.061 {-0.019 j0.054 ]11.003 |0.039 ;0.001 0.023
4 2.611 0.059 |-0.013 |0.028 ]1.003 |0.015 | 0.001 0.021
5 2.625 10.053 |-0.026 [0.020 11.002 }0.016 }0.004 0.016
6 2.605 [0.071 |-0.013 [0.060 ]1.009 ]0.059 |0.003 0.050
7 2.620 [0.058 |-0.005 [0.035 11.004 |0.017 |-0.001 |[0.033
8 2.631 0.057 |-0.027 ]0.034 11.000 }0.022 ]0.003 0.017
9 2.622 | 0.069 |-0.009 |0.060 }1.006 |0.041 {-0.004 |0.029
Expected | 2.60 - -0.014 |- 1.00 - 0.000 -

Table 5-4. Averages and standard deviations of permittivity and permeability measured with

gold horns using reflection and transmission data with diffraction removed

It is clear from the graphs of both pemmittivity and permeability that the low frequency
values (those below 2 GHz) are seriously in error. The magnitude of the reflected signal at 1
GHz is about —20 dB, so this loss in resolution combined with the fact that the diffraction is
highest at low frequencies may explain this. The permeability values also stari to show errors
at the highest frequencies. Rather than staying at a more or less constant value of 1, the real
permeability values are starting to drop. This is a prelude to what we shall see in the 16 - 40
GHz range, where destructive interference effects start to dominate the analysis. The previous
chapter showed how destructive interference affects the permittivity and permeability values
when some of the multiple reflections inside the sample are not included for the final analysis.
The thickness of the Perspex sheet used here causes destructive interference to occur at about
20.7 GHz, and the effects of this are starting to be seen at 18 GHz. However, the total
average results across the frequency range are extremely close to those expected for the
Perspex sample.

The carbon loaded rubber samples fared similarly to the Perspex result. Permeability
valnes were close to the expected result consistent with non-magnetic materials, while the
permittivity values closely matched those of the transmission only results, The average
permittivity values at all configurations for these samples are shown in Figure 5-38 and
Figure 5-39. It is interesting to note that the permittivity reductions seen in samples E and F at
high frequencies in the reflection only calculations have all but disappeared when using both

reflection and transmission data.
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Average real permittivity of carbon loaded rubber samples tested in refVirans mode
Gold horns, 500 avg, 1ns span, with diffraction removed.
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Figure 5-38. Average real permittivity of carbon le-aded rubbei samples tested with gold horns

in free space using reflection and transmission data with #ifraction removed

Average imaginary permittivity of carbon kaded rubber samples tested in refltrans mode
Gold horns, 500 avg, 1ns span, with diffraction removed.
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Figure 5-39. Average imaginary permittivity of carbon loaded rubber samples tested with

gold horns in free space using reflection and transmission data with diffraction removed
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The permeability values are very close to that expected for a non-magnetic material. There
. . .. .. . Average imaginary permeability of carbon baded rubber samples tested in refltrans mode
are some obvious cyclic variations across the frequency range similar to those seen in the Gold horns, 500 avg, |ns span, with diffraction removed.
permittivity, but in the main these do not account for more than a 5% error. The shift seen in 0.2 — f"“"’:‘;
— Sanyp
permittivity for the reflection only result appears to manifest itself in the imaginary 0.15 - —- Sample C
permeability, but the effect is quite small, much less than that seen in the permittivity. The 0.1 W g ::‘:‘:g
frequency variation of permeability for the carbon loaded rubber samples is shown in Figure % 0.05 - \ X Sampk F
5-40 and Figure 5-41 \‘ ‘ A /_\ ‘
and Figure 5-41. % E o LN\ X N . 74\l \ N
g PV ANCANEASE 78S
‘ Average real permeability of carbon foaded rubber samples tested in refVirans mode ¥ E -0.05 - » -
';f Gold homs, 500 avg, Ins span, with diffraction removed. ‘— g
; LS T -0.1
-4
144 —— Sampks A -0.15 {
4 —— Sampk B
, 13 ] JR— Sml'lpb C -0.2 T T T T T T T T T T T T T ~T T T
i . —~— Sample D 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
1 2121 ~— Sampk E Frequency (GHz)
4 E Sample F
g : Figure 5-41. Average imaginary permeability of carbon loaded rubber samples tested with
~ ‘ gold homs in free space using reflection and transmission data with diffraction removed
1 } We can compare ie average permeability across the whole frequency range to that of free
0.8 e space as a guide to the accuracy of the reflection/transmission technique. The average real and
t2 3 4 5 6 7 8 9 10 1 12 13 M4 15 16 17 18 m imaginary permeability for all the large non-magnetic sheets are shown below in Table 5-5
Frequency (GHa) and Table 5-6.
: . b Sample | Cfal | Cfg2 | Cfg3 |[Cfgd |Cfgs5 |Cfz6 |Cfz7 |Cfg8 | Cigo
Figure 5-40. Average real permeability of carbon loaded rubber samples tested with gold E Persgex ] 051‘ 0 9899 1 0% I OgO 1‘(;50 1 051 I_OEO 1.6% 1‘%
homs in free space using reflection and transmission data with diffraction removed A-A 1.01 1.00 ] 1.02 1.01  j0.99 1.01 1.00 1.0t 1.03
B-A 1.01 1.01 1.01 1.01 1.01 1.00 1.01 1.01 1.03

C-A 1.00 1.00 1.01 1.01 0996 10984 |1.00 0.998 |1.01
D-A 1.00 0998 [1.02 1.01 0996 {1.01 1.01 1.00 1.03
E-A 0.999 |1.01 0.992 [0.994 |1.00 0.981 [0.995 |1.01 1.00
F-A 0976 [0.967 {0960 |0.976 [0.960 |0.944 |0.969 |0.973 ;0974
ComA 0977 (0990 [0.954 |0.971 0971 {0.952 [0.969 [0979 |0.984

' Table 5-5. Average real permeability across the frequency range 1-18 GHz
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Sample JCfgl |Cfg2 {Cfg3 |Cfg4 |CfgS |Cfg6 [Cfg7 [Cfz8 [Cfg9

Perspex | -0.002 | 0.006 |0.001 [0.001 |0.004 }0.003 |[-0.001 |0.003 1I-0.004

A-A 0.001 [0.000 {-0.030 [0.004 |0.003 |-0.027 |0.006 [-0.003 |-0.023

B-A -0.002 }10.002 [-0.036 |0.000 {0,005 {-0.032 |0.002 |0.002 |-0.024

C-A 0.005 |-0.012 |-0.051 §90.003 ]-0.011 |-0.059 j-0.006 }-0.043 |-0.072

D-A 0.039 0043 |-0.008 {0.037 ;0042 {-0.015 j0.028 |0.026 {-0.020

E-A 0.012 10035 ]0.029 {000t 0019 ]0.011 |-0.014 j-0.006 |-0.010

F-A 0.005 |-0.009 |-0.029 }0.009 {-0.004 |-0.026 {0.006 |-0.015 ]-0.036

Com A ]0.010 |0.025 |-0.008 |0.013 |0.029 |-0.003 | 0.011 |0.026 [-0.015

Table 5-6. Average imaginary permeability across the frequency range 1-18 GHz

It is apparent from these results that the lower permittivity materials have permeability
values that are closer to unity and also have less variation in values. The configuration
number doesn’t seem to have = great influence in average values, but the standard deviation
shows a general trend towards being higher with larger configuration number.

Sample G contains 85 wt% carbonyl iron powder, and is still ferromagnetic at frequencies
above 1 GHz. The reflection/transmission technique is the only free space method that can
give values of both permittivity and permeability since both are unknown. Since we know the
pbase shift that needs to be applied from the measurements of the non-magnetic materials, we
can apply the same shift to the magnetic material. This gives us greater confidence in the
accuracy of the electromagnetic properties of the material using this method. Over the
frequency range 1-18 GHz we get the following values, shown in Figure 5-4Z to Figure 5-45.

Overall the results are reasonably consistent for the different configurations. The

characteristic osciilations that occur across the frequency range increase with configuration

number as before, and the results should be viewed with caution below 2 GHz. However, the -

results are consistent with other measurements taken on carbonyl iron loaded rubber®’.
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Real permittivity of Standard G-A tesied on wall in reflection/transmission mode
Gold horns, 500 avg, Ins span, with diffraction removed.
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Figure 5-42. Real permittivity of sample G-A tested with gold horns in free space using

reflection and transmission data with diffraction removed and phase shifted

Imaginary permittivity of Standard G-A tested on wall in reflection/transmission mode
Gold horns, 500 avg, 1ns span, with diffraction removed.
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Figure 5-43. Imaginary permittivity of sample G-A tested with gold homs in free space using

reflection and transmission data with diffraction removed and phase shifted
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Real parmeability of Standard G-A tested on wall in reflection/transmission mode
Gold homs, 500 avg, Ins span, with diffraction removed.
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Figure 5-44. Real permeability of sample G-A tested with gold homs in free space using

reflection and transmission data with diffraction removed and phase shifted

Imaginary permeability of Standard G-A tested on wall in reflection/transmission mode
Gold horns, 500 avg, Ins span, with diffraction removed.
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Figure 5-45. Imaginary permeability of sample G-A tested with gold horns in free space using

reflection and transmission data with diffraction removed and phase shifted

54. 9.5 — 18 ga')(z, tranamission onl"g

Measurements taken with the silver homs over the frequency range 7.5 — 18 GHz are
expected to have less noise and so be more accurate over the same frequency range than those
taken with the gold homs. There are many reasons for this, including:

o the silver horns have higher gain so sensitivity is increased, beamwidth is reduced, and

diffraction is less

o the gate span can be shorter so there is a greater likelihood that stray reflections can be

eliminated

o a shorter gate span means that the horns can be placed closer to the sample so

diffraction can again be reduced.

The diffraction signal was measured for each configuration using the silver homs, with the
magnitude shown in Figure 5-46. The measured value is very low when the receive hom is
closest to the sheet, with a intensity more than 50 dB lower than that when the foil lined glass
sheet is not present. Nevertheless the signal is still considerable at longer distances, enough to
cause problems especially in configurations 8 and 9. Due to an oversight in the test procedure,
the reflective sheet was not measured at the same time as the samples over this frequency
range. The reflective sheet was measured later, but since the positions of the hom were not
precisely the same as for the samples, some errors in removing the diffraction signal have
occurred, especially in the phase of the signal. These errors are lower in magnitude than those
caused by diffraction. When permittivity is extracted without removing the diffraction signal

the same effects occur as for the 1-18 GHz results so will not be reproduced here.
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Magnitude of diffracted signal around metal phte ~—— Config | Real permittivity of Perspex tested on wall in transmission mode

Sitver homs, 500 avg, 0.5ns span — Config 2 Silver horns, 500 avg, 0.5ns span, with diffraction removed.
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Figure 5-46. Magnitude of diffraction around 445mm square foil lined glass sample measured Figure 5-47. Real permittivity of Perspex measured with silver homs in free space using
with stlver horns L. C .

transmission data alone with diffraction removed

Starting as before with the Perspex sample, we expect to see less noise in the permittivity

values than the gold horn result. The measurements at all nine configurations shown in Figure Imaginary permiufvity of Perspex tested on wall in transmission mode
Sitver horns, 500 avg, 0.5ns span, with diffraction removed.
5-47 and Figure 5-48 show this to be the case with variations seen only in the second aecimal i 0.05
— Config 1
place. The effects of the time gating are clearly present at the frequency extremes, but do not - 0.04 —Config2
impact greatly on the permittivity values. The average values across the frequency range are 0.03 _"g‘mgi:
——Lon
shown in Table 5-7, showing good correlation with the expected values at these frequencies. %' 0.02 — Config 5
] L] " 1] 'E - Conﬁs 6
Config# |Avee' |o(e) |Avee" [o(e") g 0.0t 1 —- Config 7
1 2.604 0.007 ]-0.009 [0.011 201 Config 8
2 2.601 0.007 {-0.012 ]0.010 g, —— Config 9
3 2.605_ ] 0.007 | -0.013_| 0.010 g 00 : L
4 2.602 0.008 {-0.016 |0.005 002 - — Vg
5 2.604 [ 0.008 | -0.015 | 0.007 N N
6 2.603_ | 0.010 |-0.017 ] 0.006 090 /
7 2.597 0.007 {-0.0i8 |0.005 = -0.04 : . . v - T v T - -
8 2.604 ]0.008 {-0.016 [0.004 | 7 8 o 10 n 12 13 14 15 16 17 18
9 2.600 |0.015 |-0.016 0.013 Frequency (GHz)
Expected | 2.60 - -0.014 |-
Table 5-7. Averages and standard deviations of permittivity of Perspex measured with silver _35,_-__ Figure 5-48. Imaginary permittivity of Perspex measured with silver homns in free space using
horns using transmission data alone with diffraction removed - transmission data alone with diffraction removed

A similar trend follows with the lossy rubber materials. The variations seen in the 1 - 18

GHz results are removed almost completely, leaving some slight effects due to incomplete
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removal of the diffraction path for the higher configurations, and the effects of time gating at
5 Real permitiivity of Standard E-A iested on wall in transmission mode
the frequency extremes. Sitver horns, 500 avg, 0.5ns span.
Real permittivity of Standard B-A tested on wall in transmission mode
Siver horns, 500 ave, 0.5ns span, with diffraction removed. - 24 1
re
— Config 1 ‘ 22
74 7 ~— Config 2 2
—— Config 3 :E 20
79 - —Config 4 E
2 —- Config 5 ﬁ. 18 -
:é -~ Config 6 , é
g‘ 71 = Config 7 16 -
= Config 8
& 6.8 - —— Config 9 * 14 -
6.6 i 12 T T T T ) T T | Conrig 8
; 7 8 9 10 1 12 13 14 5| confinol? 18
6.4 . : : : : : : _ , : 3 Frequency (GHz) —e
7 8 9 10 i 12 13 14 15 16 i7 18
Frequency (GHz) Figure 5-51. Real permittivity of Sample E-A measured with silver homs in free space using

Figure 5-49. Real permittivity of Sample B-A measured with silver homs in free space using

transmission data alone with diffraction removed

transmission data alone with diffraction removed Imaginary permittivity of Standard E-A tested on wall in transmission mode
Silver homns, 500 avg, 0.5ns span.
i -20
Iraginary permittivity of Standard B-A tested on wall in transmission mode .
, " Silver homs, 500 avg, 0.5ns span, with diffraction removed. B
-1. 25
-1.3 1 i -
? 30 - s — Config 1
<141 - = e ~— Config 2
> N g -~ e — Config 3
:é -1.5 1 _ - -35 / " -—-—Con_fg4
£ g =
E 16 g / ~— Config 5
2 £ 401 A 4 — Config 6
g -1.7 5 - Y 7 /77 ~~Config 7
@ 45 - /i - Config 8
S .1.8 1
= o / —— Config 9
-1.9 1 ¥ I—l S
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2.1 Frequency (GHz)
7 8 9 10 1 12 13 14 15 16 17 18 :
Frequency (GHz) Figure 5-52. Imaginary permittivity of Sample E-A measured with silver homs in free space

using transmission data alone with diffraction removed
Figure 5-50. Imaginary permiitivity of Sample B-A measured with silver horns in free space

. - N . Noise levels again increase with configuration number and sample permittivity, showing
using transmission data alone with diffraction removed 6

how incomplete cancellation of the diffraction wave caused by small shifts in sample
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placement can affect the results, The average permittivity of all the carbon loaded samples is The composite material again follows a Debye-like curve, with the resonance frequency

shown in Figure 5-53 and Figure 5-54. for the fitted curve close io that seen over the 1-18 GHz range. The line of best fit has

parameters of g = 47.4, €, = 1.22 and t = 51.13 ps, giving 2 resonance frequency of about 3.1
Average real peemittivity of rubber standards tested on wall in transmission only mode

Silver horns, 500 avg, 0.5ns span, with diffraction removed. — AA GHz. Even though the actual data used for the fit does not include frequencies below 7.5
® :ﬁi ] GHz, the resonance frequency calculated is very close to the result of 2.75 GHz calculated
20 W - T — — g::_‘ over 1 - 18 GHz. The curves of real and imaginary permittivity for the composite sample are

T F-A shown in Figure 5-55 and Figure 5-56. The composite mrierial was measured at the same

b - I . - . - + 3
15 x"—x_:ﬁ: — time as the reflective backing sheet, so the removal of the diffracted signal was for more
E_ successfill than for the carbon loaded rubber materials, especially at configuration 9. This
E o | again shows how important it is to measure the backing plate in exactly the same
4 — configuration as the samples under test.
Real permitivity of Composite A-A tesied on wall in transmission mode
0 T T T T —r T T T . ; g Silver horns, 500 avg, 0.5ns span, with diffraction reanoved
7 8 9 10 1 1?2 13 14 5 16 17 i8 9
¥ ~—— Conlfig 1
Frequency (GHz) B 34 — Config 2
~— Config 3
Figure 5-53. Average real permittivity of carbon loaded rubber samples tested with silver 7 - — Config 4
. . . i g . —— Config 5
horns in free space using transmission data with diffraction removed g g —— Config 6
g 01 e
B £ — Config 7
. o . . g . - Config 8
Aversge ‘mag permittivity of rubber standards tested on wall in transmission only mode -;' 5 B
Silver horns, 500 avg, 0.5ns span, with diffraction removed. S — Config 9
0 ;5 4
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: .;':. 3 -
-10 i
? -15 4 2 T T I T T T T T T
E 20 7 8 o 1 0 12 13 4 15 16 1 s
E -
8 95 Frequency (GH2)
g % . .y . e : .
é” 1 Figure 5-55. Real permittivity of Composite A-A tested with silver horns in free space using
Y '35 ] ._ ) . .
49 - transmission data alone with diffraction removed
43 4 ’ﬁ
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Figure 5-54. Average imaginary permittivity of carbon loaded rubber samples tested with

silver homs in free space using transmission data with diffraction removed
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Imaginary permittivity of Composite A-A tested on wall in transibsion mode
Silver horns, 500 avg, 0.5ns span, wiia diffraction removed
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Figure 5-56. Imaginary permittivity of Composite A-A tested with silver horns in free space

using transmission data alone with diffraction removed

55. 9.5 — 18 gc:')(z, wﬂ,sction on[_’z/

As with the previous reflection  zasurements over the range 1 — 18 GHz, we need to
investigate the amount of phase shih 1 :at needs to be applied to these measurements io ensure
correct results. Since the maximum effect is seen when permittivity is highest, we shall again
concentrate on the material with the highest pennittivity, sample E. Using the known
permeability to determine the correct phase shift as before, it was found that the optimum
shift required for configuration 1 was 0.02 mm, configuration 2 needed 0.11 mm and
configuration 3 required a 0.12 mm shift to bring the pe:meability values close to the
expected value of 1. Figure 5-57 shows the real permeability of Sample E-A across the
frequency band with the corresponding shifts applied.
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Real permeability of Standard E-A tested on wall in re flection/transmission mode
Silver hotns, 500 avg, 0.5ns span, with diffraction removed.
1.04
1.02 A x& o
/"7‘- -
| e xﬁf:%%
z P e ———
2 0.98 - S 2 — Config |
E ' _|{— Config2
% 0.96 - — Config3
=2 —— Config 4
0.94 — Conlig 5
— Config 6
0.92 - — Config 7
Config 8
0.9 , - : - - - - —|— Config [
7 8 9 10 i1 12 13 14 15 16 17 18
Frequency (GHz}

Figure 5-57. Real permeability of sample E-A tested with silver homs in free space using

reflection and transmission data with diffraction removed and calibration plane shifted

Incomplet: ramoval of the diffraction wave is responsible for the larger variations seen in
Figure 5-57, and in all but configuration 9 the variation is kept to within about 6%.

With the positional shifts of the samples calculated, we can continue with the permittivity
calculations from reflection data alone. Starting as before with the Perspex sample, we would
expect to see the results to be better than those tested with the gold horns. Figure 5-58 and
Figure 5-59 show the real and imaginary permittivity extracted from the reflection only data,
Note that the positive values obtained for the imaginary permittivity are due to experimental
error, as the sign convention chosen should produce negative imaginary components of both

permittivity and permeability.
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Real permittivity of Perspex tested on wall in reflection mode
Sitver horn, 500 avg, 0.5ns span.
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Figure 5-58. Real permittivity of Peispex sample tested with silver horns in free space using
reflection only data

Imaginary permittivity of Perspex tested on wall in reflection mode
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Figure 5-59. Imaginary permittivity of Perspex sample tested with sitver horns in free space
using reflection only data

The figures above also show the characteristic tails that occur near the start and stop

frequencies caused by the time gate. This is especially obvious in the real permittivity value

for configuration 3, but the trend is apparent in all the traces. The average pemittivity

measured for the Perspex sample is shown in Table 5-8.

Config# | Aves' |o(e) |Aves" |o(e")
1 2.485 0.056 | 0.042 0.017
2 2460 (0072 [0.058 |0.033
3 2468 |0.078 0.061 0.031
Expected | 2.60 - -0.014 |-

Tablc 5-8. Averages and standard deviations of permittivity measured using reflection data

W hile the oscillations are definitely reduced across the frequency range compared to the 1
~ 18 GHz result, there appears to be some frequency dependence of permittivity, rather the
constant value of 2.6 — 0.014i expected. Some evidence of this was observed in the 1 - 18
GHz measarement, but it is much more obvious over the narrower frequency span. Previously
it was possible to remove this effect by incorporating the phase shift caused by sample
movement, but over the frequency range 7.5 — 18 GHz the effect was not reduced.

The permittivity graphs of the carbon loaded rubber samples are shown in Figure 5-60 and
Figure 5-61. It can be seen that the resuits of samples E and F in particular are quite different
to those taken using transmission data, especially at the higher frequencies. The permittivities
of these high concentration materials “cross over’ the values observed for lower
concentrations. This effect may be caused by the presence of the nearby destructive
interference peak in the reflected signal for these materials, since the only major difference
between samples D and F is that sample F is about 50% thicker.

Comparing these results with the transmission only ones of Figure 5-53 and Figure 5-54
we see that the results from samples A — D (ones with lower concenirations of carbon) are

very similar to each other, while it is only E and F that show any marked difference.




Average real permittivity of mabber standards tested on wall in reflection only mode ) using the same method as for the carbon loaded rubber materials, the permittivity values
i Silver homs, 500 avg, 0.5ns span. Y . P .
25 8 pen ._ ; : extracted from the reflection data are shown in Figure 5-62 and Figure 5-63. The data fit uses
) \\\ —CA the same formula as before with parameters of & = 54.3, €, = 1.34 and t = 60.04 ps, giving a
—D-A
' 07~ T —Ea| ] resonance frequency of about 2.7 GHz.
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Figure 5-60. Average real permittivity of carbon loaded rubber samples tested with silver : 3
horns in free space using reflection data. .
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Figure 5-61. Average imaginary permittivity of carbon loaded rubber samples tested with '
: stlver homs in free space using transmission data. _
The composite material requires its own phase shift since it is a stiff material and will not ?;’
conform to the shape of the polystyrene foam sample holder. When phase shift was found
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Figure 5-63. Imaginary permittivity of Composite sample tested with silver hors in free

space using reflection only data

5.6, 7.5 — 18 ga’fz, zsf[zction and transmission
Based upon the reflection only results over this frequency range, the extraction of

permittivity and permeability uvsing the reflection/transmission algorithm does not appear

promising. However, the results come out surprising well. As seen earlier in chapter 2,

desteuctive interference causes ¢-ors, even when many of the peaks are used in the extraction.
In the Perspex case, destructive interference occurs at about 20.7 GHz, and the presence of
this peak causes problems at the high end of the frequency range. Removing the diffraction
signal and applying the specimen phase shift gives the following values for permittivity and
permeability for Perspex, shown in Figure 5-64 to Figure 5-67. As noted before, positive

values for the imaginary components are due te experimental error, rather than a change in the

sign conventions.
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Figure 5-64. Real permittivity of Perspex tested with silver homs in free space using

reflection and transmission data with diffraction removed

Imaginary permittivity of Perspex tested on wall in reflection/transmission mode
Silver horns, 500 avg, 0.5ns span, with diffraction removed.
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Figure 5-65. Imaginary permittivity of Perspex tested with silver homs in free space using

reflection and transmission data with diffraction removed
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The presence of the destructive interference peak is causing problems at the high end of

the frequency spectrum in the real components of permittivity and permeability as expected,

but the imaginary components appear to have a linear shift with frequency across the whole

band. This shift should not be present, as both imaginary components (especially in the case

of permeability) should be frequency independent.

Despite these effects, the average values of the real permittivity still average very close to

the expected result of 1. The average real permeability of the non-magnetic materials tested in

oth ortentations is shown below in Table 5-9. It can be seen that the real permeability values

lie reasonably close to the expected value of 1 for most samples, with deviation increasing

with permittivity and homn to sample distances.

Figure 5-66. Real permeability of Perspex tested with silver homs in free space using

reflection and transmission data with diffraction removed

Imagmary permeability of Perspex tested on wall in reflection/transmission mode
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Figure 5-67. Imaginary permeability of Perspex tested with silver homs in free space using

refiection and transmission data with diffraction removed
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Table 5-9. Average real permeability across the frequency range 7.5-18 GHz

The average permittivity for the rubber samples calculated using both reflection and

transmission is shown in Figure 5-68 and Figure 5-69.
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It is interesting to note that the frequency dependence seen in the reflection only data has

Average real permittivity of rubber standards tested on wall in reflection/transmission mode
§ Silver horns, 500 avg, 0.5xs span, with diffraction removed. ——A-A disappeared from the permittivity values, and that there is a high correlation between these
» —B-A . . .
4 » —CA results and the transmission only values. The frequency dependence seen in samples E and F
. —_— —g': j has appeared in the imaginary permeability values as an almost linear shift with frequency.
H\\ FA Sample D is starting to show a littis shift with frequency, but samples A to C have almost |
£ s B — constant values. The real permeability values are clustered around unity, as shown in Figure
2z 157 T i
] £ T 5-70 and Figure 5-71.
2
g 10 1 i Average real permeability of rubber standards tested on wall in reflection/transmission mode
& < Silver homs, 500 avg, 0.5ns span, with diffraction removed.
1.0
i 5 - 4
1-
t 0 T T T T T T ) T T o 0.99 N
R 7 8 9 10 1 12 13 14 15 6 17 8 Z o0
Frequency (GHz) {3
g 0.97
g
4 Figure 5-68. Average real permittivity of carbon loaded rubber samples tested with silver : g 0.96
t" E
homs in free space using reflection and transmission data with diffraction removed 0.95 -
0.9 -
Average imag permittivity of rubber standards tested on wall in reflection/transmission mode o
Silver horns, 500 avg, 0.5ns span, with diffraction removed. 0.93 4 T T T r T r T ; T r
0 : 7 8 9 W w12 B W 15 % 17 18
5 i Frequency (GHz)
04— . B i . ‘ o
Figure 5-70. Average real permeability of carbon loaded rubber samples tested with silver
— horns in free space using reflection and transmission data with diffraction removed
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Figure 5-69. Average imaginary permittivity of carbon loaded rubber samples tested with

silver horns in free space using reflection and transmiscion data with diffraction removed




Average g permeabilty of rbber standards tested on wadl i reflectiontransmission mode Figure 5-73 shows the imaginary permeability over the same range together with the average
Sitver fierns, 500 avg, 0.%ns span, with diffraction removed. \ imaginary permeability over the range 1 -- 18 GHz, indicating the shifts observed in Figure
0.04 ) — A-A— 4 ‘
— A g 5-71 have only a minor effect on these values.
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The carbonyl iron loaded PU sample shows similar results to the measurements taken over

1 — 18 GHz, only with less noise. The real permeability vatues are shown in Figure 5-72. Figure 5-73. Imaginary permeability of sample G tested with silver homs in free space using

Real permeability of Standard G-A tested on wall in reflection/iransmiission mode ; reflection and transmission data with diffraction removed
Silver horns, 500 avg, 0.5ns span, with diffraction removed. '
1.7 N The composite sample results show none of the frequency dependence of the carbon
1.6 ——— ' loaded rubber samples, with permeability values very close to that expected and permittivity
s = Config 2 values atmost identical to those measured in transmission only mode. The permittivity values
: —~ Config 3 "
24l — Config 4 5 follow the Debye curve with parameters of & = 49.5, & = 1.32 and 1t = 54.02 ps, giving a
g ] - gﬁ:z _ resonance frequency of about 2.95 GHz The full spectrum of permittivity and permeability is
& -~~~ Conlig 7 8 shown in Figure 5-74 to Figure 5-77.
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Figure 5-72. Real permeability of sample G tested with silver horns in free space using

reflection and transmission data with diffraction removed
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Real permittivity of Composite A-A tested on wall in reflectioniransmission mode
Silver homns, 500 avg, 0.5ns span, with diffraction reimoved.
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Figure 5-74. Real permittivity of composite tested with silver homs in free space using

reflection and transmission data with diffraction removed
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Figure 5-76. Real permeability of composite tested with silver homs in free space using

Imaginary permeability of Composite A-A tested on wall in reflection/transmission mode
Silver homns, 500 avg, 0.5ns span, with diffraction removed.
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Figure 5-75. Imaginary permittivity of composite tested with silver horns in free space using

reflection and transmission data with diffraction removed
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Figure 5-77. Imaginary permeability of composite tested with silver horns in free space using




5.7. 16 — go GHz, tranamission on[_)y

The high frequency horns have a very high gain, and so the area of the sample illuminated
by the radiation is smaller. In addition, diffraction is reduced at higher frequencies and the
time gate is shorter, so the transmission measurements were expected to be relatively free
from the diffracted signal passing around the sample. Nevertheless, as was the case for the 7.5
— 18 GHz measurements, the diffraction signal was found to be large enough to cause
problems in the configurations with the longest horn to sample distances. However, as was the
case for the 7.5 — 18 GHz measurements, the diffraction signal was again measured later and
so the subtraction was not fully successful. The magnitude of the diffracted signal across the
frequency range 16 — 40 GHz is shown in Figure 5-78.

Magnitude of diffracted signal around metal phite ——Conbg |

Hi-freq horns, 500 avg, 0.2508 span ——Config2
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Magnitude {(dB)

Frequency (GHz)

Figure 5-78. Magnitude of diffraction around 445 mm square foil lined glass sample
measured with hi-freq horns

It can be seen that the only significant signal comes from the two configurations with the
longest sample to hom distances; all the other configurations are greater than 40 dB below the
unimpeded value.

As expected, the transmission measurement gives high accuracy for the permittivity of the
Perspex sample. Since the signal is transmitted though Perspex virtually unattenuated, the
signal to noise ratio is very high. The measured real and imaginary permittivities are shown in
Figure 5-79 and Figure 5-80. The values measured are extremely close to those expected, with

only some slight variations caused by the time gating (present in all the traces), and a small
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error caused by the diffraction signal in configuration 9. This could easily be avoided if the

diffraction signal was measured in the same configuration as the sample.

Real permittivity of perspex tested on wall in transmission mode
Hi freq homs, 500 avg, 0.25ns span.

272

Real permittivity

16 I8 20 2 24 26 28 30 » 3 36 38 40
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Figure 5-79. Real permittivity of Peispex measured with hi-freq homs in free space using

transmission data alone without removing diffraction

Imaginary permittivity of perspex tested on wall in transmission mode
Hi freq homs, 500 avg, 0.25ns span.
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Figure 5-80. Imaginary permittivity of Perspex measured with hi-freq horus in free space

using transmission data alone without removing diffraction
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The carbon loaded rubber samples show behaviour very similar to the Perspex sample.
Except for configuration 8 and 9, the permittivities calculated have very small deviations from
each other because the diffraction signal is so small. Figure 5-81 shows the real permittivity
for sample B when tested in the “A” direction, where it can be seen that all the different
configurations show very similar values right across the frequency spectrum except for the
lowest of frequencies in configuration 9. Even for the sample with the highest concentration
of carbon black, sample E, it is seen in Figure 5-82 that the imaginary permittivity is closely
matched by all the configurations despite not having the diffraction signal removed.
Comparing this to the measurement over 1 ~ 18 GHz shown in Figure 5-7, where some
configurations did not even converge on a solution because of the noise level, it is easy to see
that this measurement is & vast improvement because of the very low diffraction signal.

The average values of permittivity for these samples closely match those of the previous
measurements in the 16 — 18 GHz region. The average values (excluding configurations 8 and

9) are shown in Figure 5-83 and Figure 5-84.

Real permittivity of Standard B-A tested on waltin transmission mode
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Figure 5-81. Real permittivity of Sample B-A measured with hi-freq horns in free space using

transmission data alone without removing diffraction
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Imaginary permittivity ol Standard E-A tested on wall in transmitssion mode
Hi freq horsis, 500 avg, 0.25ns span.
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Figure 5-82. Imaginary permittivity of Sample E-A measured with hi-freq horns in free space

using transmission data alone without removing diffraction
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Figure 5-83. Average real permittivity of carbon loaded rubber saruples tested with hi-freq

horns in free space using transmission data alone (configurations 8 and 9 excluded)
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Average imag permittivity of rubber standards tested on wall in transmission only mode
Hi-freq homs, 500 avg, 0.25ns span.
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Figure 5-84. Average imaginary permittivity of carbon loaded rubber samples tested with hi-

freq horns in free space using transmission data alone (confi gurations 8 and 9 excluded)

The composite sample also continues the trend of matching the calculated permittivity to
previous results. Since the diffraction signal was measured at the same time as the composite
sample, the diffraction removal is very successful and all the permtittivity curves lie on more
or less the same line, as seen in Figure 5-85 and Figure 5-86.

However, the Debye type relationship observed at lower frequencies no longer holds
above about 30 GHz. The curves shown as “Debye fit” in Figure 5-85 and Figure 5-86 are
calculated using the fitted data are from the 7.5 — 18 GHz results. The measured imaginary
component reduces too quickly at high frequencies for the fitted data, indicating that the
fibres are starting to behave more like conducting elements rather than resonant scatterers.

This is to be expected, since the wavelengths at the higher frequencies are much shorter than
the fibre lengths.
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Figure 5-85. Real permittivity of composite sample tested with hi-freq homns in free space

using transmission data only with diffraction removed
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Figure 5-86. Imaginary permittivity of composite sample tested with hi-freq homs in free

space using transmission data only with diffraction removed
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5.8. 16 - 40 ga':(z, wﬂ:'safion on[E} ‘

L. . Imagmary permiittivity of Perspex tested on wall in reflection mode
The Perspex results over the 16 — 40 GHz range show a very similar frequency shift to e 05 Hi-freq horns, S00 avg, 0.25ns span.
that observed over the 7.5 ~ 18 GHz range. Instead of the real permittivity being a constant '
value, it decreases with frequency, as shown in Figure 5-87 and Figure 5-88. Comparing these t 0.2 o1
results with the 7.5 — 18 GHz results of Figure 5-58 and Figure 5-59 one observes that the - —~— Conlfig 2
s £ 015 — Config 3
shifts are almost identical. g :
§
Real permittivity of Perspex tested on wall in reflection mode & o1
Hi-freq homs, 500 ave, 0.250s span. B g
275 g 0.05 |
27
= 0 1
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25 RS Figure 5-88. Imaginary permittivity of Perspex measured with hi-freq homs in free space
\_/‘_4 using reflection data alune
245 ijf
\——/ i To calculate the permittivity of the carbon loaded rubber samples, we use a similar
2.4 — T L — T T T ¥ T T T ] . . . . -
6 18 20 2 24 % 2 30 32 34 3% I8 4 technique as done for the lower frequencies to find the calibration plane shift. Using the
Frequency (GH2) results from sample E to work out the required shifis to the flexible rubber samples, we find
E the resuits of the carbon loaded samples are seriously in error. The average permittivity values
Figure 5-87. Real permittivity of Perspex measured with hi-freq homns in free s i . ) ) ) i
& P Y P 1 pace using shown in Figure 5-89 and Figure 5-90 vary wildly across the frequency band and bear little 4
reflection data alone

relation to the results from the transmission only measurement.

Originally it was though that testing these large specimens in the near field caused the
effects observed. After all, iv is only at higher frequencies that the permittivity of samples “E”
and “F” crossed those of the lower permittivity samples in the 1 — 18 GHz frequency band.
However, it was found that moving the send horm into each of the three configurations gave
very similar results for all the rubber materials tested over 16 — 40 GHz, and so it appears the
effect is due to some other effect. Since this is the frequency range in which destructive
interference in the reflection signal occurs the most often, this may be the cause of the errors
observed. Even though the actual signal does not drop to very low levels at the destructive
interference points, the effect is observed right across the frequency band for most samples.
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Average real permittiviy of rubber standards tested on wall in reflection only mode Figure 5-92 show the permittivity of the composite sample tested in reflection only mode
Hi-froq homs, 300 avg, 0.25ns span. compared to the average resuit from the transmission only measurement.
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In contrast to the carbon loaded rubber samples, the results from the carbon fibre loaded Figure 5-92. Imaginary permittivity of composite sample measured with hi-freq homs in free 4
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5.9. 16 - go GHMe, zsﬂ,scfion and transmission

As the frequencies increase, the effects of destructive interference become more difficult
to avoid. Whilst the single parameter extraction algorithms are affected by destructive
interference to some extent, when both sets of data are used to extract both permittivity and
permeability the effect is disastrous. The 4.5 mm thick Perspex sample has destructive
interference peaks in the reflected signal at about 20,7 GHz and 41.3 GHz. The influence of
these peaks is not confined only to those exact frequencies, but over the entire measurement
range. Figure 5-93 and Figure 5-94 show how the extracted permittivity values vary across
the frequency range, and never really level out to a constant value in either the real or the
imaginary component. The permeability values show the same trend, with large spikes

appearing at destructive interference points and a general shift of values with frequency.

Real permittivity of Perspex tested on wall in reflection/transmission mode
Hi-freq homs, 500 avg. 0.25ns span.

6 ——Config |
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—— Config 3
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Figure 5-93. Real permittivity of Perspex measured with hi-freq horns in free space using

reflection and transmission data
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Imaginary permittivity of Perspex tested on wall in reflection/transmission mode
Bi-freq homns, 500 ave, 0.25ns span. ——Conlig |
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Figure 5-94. Imaginary permittivity of Perspex measured with hi-freq horns in free space

using reflection and transmission data

Using the reflection data from the carbon loaded rubber samples to calculate permittivity
and permeability may appear at first to be a worthless task since the permittivity values
extracted from the reflection data were so different from those of the transmission only
results. While the results are not as bad as the reflection only results, the values extracted are

still seriously in error. The permittivity results are shown in Figure 5-95 and Figure 5-96.
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Average real permittivity of rubber standards 1ested on wall in reflection/transmission mode

Hi-freq homs, 500 avg, 0.25ns span. — A-A . . ee s . . . . .
25 — nal The imaginary permittivity for all the samples is decreasing faster with increasing
"”g“: frequency than what was observed in the transmission only case. This was observed in
20 4 - ~—E-A|- samples E and F over the range 7.5 — 18 GHgz, but the difference between these results and
T RAM

those from the 7.5 — 18 GHz measurements is that nearly all the samples are affected, not just

the high permittivity ones.

The extracted permeability values shown in Figure 5-97 and Figure 5-98 are close to that

Real pennittivity

expected at low frequencies, but become less accurate as frequency increases.

Average real permeabiity of rubber standards tested on wall in reflection/transmission mode
Hi-freq homs, 500 avg, 0.25ns span
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Figure 5-95. Average real permittivity of carbon loaded rubber samples tested with hi-freq

homs in free space using reflection and transmission data. 105

Real permeability

Average imag permittivity of rubber standards tested on wall in reflection/transmission mode
Hi-freq horns, 500 avg, 0.25ns span.
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Figure 5-97. Average real permeability of carbon loaded rubber samples tested with hi-freq

]
L
1

horns in free space using reflection and transmission data
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Figure 5-96. Average imaginary permittivity of carbon loaded rubber samples tested with hi-

freq horns in free space using reflection and transmission data.
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Average imag permeability of rubber standnrds tested on wall in reflection/transmission mode
Hi-freq borns, 500 avg, 0.25ns span
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Figure 5-98. Average imaginary permeability of carbon loaded rubber samples tested with hi-

freq horns in free space using reflection and transmission data

The ferromagnetic sample G is likely to have the same errors as the carbon loaded rubber
samples. The real permittivity is similar to that of sample B so we might expect the errors to
be of a similar magnitude. When the permittivity and permeability are calculated, we find the
real permittivity over 16 — 18 GHz is very close to that of previous measurements, and
decreases only slightly as frequency increases (see Figure 5-99). The errors in the imaginary
permittivity (Figure 5-100) increase with the position of the receive horn and hence the
diffraction magnitude. When the horns are far from the sample, the imaginary permittivity
becomes positive, which is a situation that should not occur indicating that the result is in
error. The real permeability drops below unity and settles at around 0.6 before showing signs
of increasing back to unity at higher frequencies, while the imaginary permeability maintains
a constant curve decreasing towards zero. Real permeability values very much less than unity
are typical for many magnetic materials at these high frequencies, such as iron, cobalt®® and
some microwave ferrites”™ " %2, The results shown in Figure 5-101 and Figure 5-102 probably
show the same errors as seen in the carbon loaded rubber samples, so we can probably assume
that the actual real an imaginary permeability of sample G is less than that shown in the
figures below.
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Real permittivity of Standard G-A tesled on wall m refllection/transmission mode
Hi-freq horns, 500 avg, 0.25ns span. -
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Figure 5-99. Real permittivity of sample G measured with hi-freq horns in free space using

reflcction and transmission data

Imaginary permittivity of Standard G-A tested on wall in reflection/transmission mode
Hi-freq borns, 500 avg, 0.25ns span.
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Figure 5-100. Imaginary permittivity of sample G measured with hi-freq horns in 1iee space

using reflection and transmission data
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Real permeability of Standard G-A tested on wall in reflection/transmission mode : permeability shows only small deviations from the free space result. The extraction process 18
Hifreq hiors, 300 ave, 0.251s span 4 aided by the fact that the diffraction removal process is highly effective, but the main reason
_ why the values obtained are so accurate is due to the accuracy of the reflected signal. The
—— Config 1 : permittivity values are shown in Figure 5-103 and Figure 5-104, and the real permeability can
— Config 2 P
- —— Config 3 be seen in Figure 5-105.
= —— Config4
g — Config § : Real permiltivity of Composite A-A tested on wall in reflection/transmission mode
E_ — Config 6 ! Hi-freq homs, 500 avg, 0.25ns span, with diffraction removed.
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Figure 5-101. Real permeability of sample G measured with hi-freq homs in free space using -- =
. . e = e ﬁ
reflection and transmission data g 1.8 - — ]
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Figure 5-103. Real permittivity of composite measured with hi-freq homns in free space using
.0.4 7 - L - - - -
2 reflection and transmission data, with diffraction removed
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Figure 5-102. Imaginary permeability of sample G measured with hi-freq horns in free space i s

using reflection and transmission data

The composite material shows none of the problems seen in the previous samples. The

SRR I e L

permittivity values are almost exactly the same as the transmission only results, and the
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Imaginary permittivity of Composite A-A tested on wall in reflection/transmission mode
Hi-freq hotns, 500 avg, 0.25ns span, with diffraction removed.
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Figure 5-104, Imaginary permittivity of composite measured with hi-freq horns in free space

using reflection and transmission data, with diffraction removed

Real permeabuty of Composite A-A tested on wall in reflection/iransmission mode
Hi-freq homs, 500 avg, 0.25ns span, with difftaction removed.
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| Figure 5-105. Real permeability of composite measured with hi-freq horns in free space using
reflection and transmission data, with diffraction removed

5.10. Summaw
The effects of diffraction were shown to have a very large effect upon the transmission

signal, sometimes rendering parameter extraction impossible across the full frequency span.
The solution to this was in the form of a mathematical subtraction of the measured diffraction
only paths. While subtracting signals does lead to some loss of dynamic range, it nevertheless
provides a simple but highly effective technique to increase measurement accuracy. While
moving the horns further apart was expected to reduce effects caused by testing in the near
field, it was found that the increase in the diffraction signal obscured any possible beneficial
effects.

When the specimen is not at precisely the same distance from the send hom as the
reflecting sheet used for calibration, the resulting phase shift in the reflection data produces
errors in the extracted permittivity and permeability. If the sample, the calibration sheet or
even the polystyrene foam stand is not flat, then phase emors of this sort can occur. The
degree of phase shift effect is found to be dependent upon the homs, as a homn with 2 lower
gain produces a larger lobe, effectively illuminating more of the specimen being tested. The
effective phase shift is weighted according to the magnitude of the incident beam.

As the reflected signal from the specimen increased, so too did the errors when extracting
permittivity using the reflection only method. The carbon loaded rubber samples marked “E”
and “F” showed errors from about 16 GHz when the permittivity values crossed over those
from lower permittivity samples. As frequency increased further, the permittivity of the other
samples too started to vary erratically. Since this effect was consistent with configuration
number, it was assumed to be caused by destructive interference effects rather than testing in
the near field.

The transmission technique was by far the most stable method for determining
permittivity in non-magnetic materials, once the diffraction signal was removed.
Measurements were consistent across the various frequency bands and the values obtained for
the standard materials were as expected. In contrast, the reflection only technique was quite
unstable and required much more effort. By combining the reflection and transmission
signals, the permeability could be determined accurately provided the phase shift caused by

specimen position was found.




C)/zafztsz 6. 305 mm éﬁmfz[&

The results from the 445 mm square samples clearly show that difiraction is a major cause
of error in the transmission signal. Therefore, when testing smaller samples, it is even more
important to reduce the diffracted signal, either by reducing the hom-to-samr le distances or
by properly measuring the amount of diffraction so it can be effectively removed. Of course,
the best way is to use both methods, and this was done in the measurement of the 305 mm
square samples. Since the effects of diffraction would be the same for smaller samples as it
was for the larger ones, it was not necessary to perform measurements in all nine
configurations. The only measurement done on the smaller samples was performed in
configuration 1, with the homns closest to the sample.

The specimens were cut to size and measured exactly as before. Extra mat:rials only
available in sheets 305 mm square were also tested to increase the material database. These
included Teflon, lead glass and the three standards supplied by Cuming Corp. with known
values of permittivity.

The range backed reflection method was also used to measure these smaller sized
samples, This technique was not trialed for the larger samples due to the unavailability of a
445 mm square vacuum plate.

Because only one configuration was used for each sample, and the measurement
techniques used were identical to those of the larger samples, the 305 mm data will be
presented in a more compact form. The results from each measurement for a particular sample
will be shown on a single set of axes, allowing comparisons to be more easily made.

The size of the samples is approximately the same as that of the longest wavelength, 300
mm at 1 GHz. 1t is therefore safe to assume that diffraction around the samples will be quite
significant, even when the homs are very close. A foil lined glass sheet was used to measure
the diffraction signal so that that part of the total measured signal for the sample could be
removed. The magnritude of the diffraction component, shown in Figure 6-1, is similar to
configuration 5 for the 445 om square samples. The effect of the wider gate and lower gain of
the gold horn measurement is clearly seen in the higher diffraction signal compared to that of

the silver horns over the same frequency range.
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Magnitude of diffracted signal around 305 mm foil lined glass plate in configuration 1
500 avg, standard gale span
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Figure 6-1. Magnitude of diffraction around 305 mm square foil iined glass sample measured

in configuration 1 with standard time gates

6.1. fpeu/ux
6.1.1. 1 ~ 18 GH-

The results from the Perspex sample show that the reflection, transmission and
reflection/transmission algorithms all give much the same values for the smaller sample,
although the average value is relatively high at about 2.65. The noise level is quite high,
leading to the cyclic oscillations around the mean as could be expected from a relatively wide
gate. The backed reflection method has not produced an accurate result at low frequencies
cither with or without the dielectric lens. The lens has marginally improved the result at
higher frequencies but the low frequency values are significantly different, as can be seen in
Figure 6-2. The average permeability measured with the reflection/transmission technique is

1.02 + 0.018i across the whole frequency band.
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Real permiltivity of 305 mm square Perspex tested i configuration 1 using different methods
Gold homs, 500 avg, 1.0ns span, with diffraction removed
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Figure 6-2. Real permittivity of Perspex measured with gold homs in free space using

different methods with diffraction removed

6.1.2. 7.5 — 18 Gz

The higher frequency range shows the same values as before, with a much reduced noise
level. This is due in part to the higher gain of the horns as well as the tighter gate span. The
real permittivity is around the 2.60 x 0.05 for the reflection and transmission measurements,
and a little higher as before for the backed reflection configuration as is shown in Figure 6-3.
The average value of permeability extracted from the reflection/transmission test is 1.01 —
0.0044.

6.1.3. 16 — go GH2

Figure 6-4 shows how the techniques perform over the range 16 — 40 GHz on the 305 mm
square sample. The transmission technique still gives excellent correlation to the expected
value across the whole frequency range, the reflection technique is a little off at the lowest
frequencies but is otherwise excellent, and the reflection/transmission technique shows the
customary spikes around the destructive interference frequencies but gives good performance
elsewhere. The backed reflection techniques again over-estimate the expected values. The

average permeability was measured at 1.01 - 0.05..
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Real permittivity of 305 mm square Perspex tested in configuration | using different methods
2g Silver homns, 500 avg, 0.5ns span, with diffraction removed
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Figure 6-3. Real permittivity of Perspex measured with silver homs in free space using

different methods with diffraction removed

Real permiiiivity of 305 mm square Perspex tested in configuration 1 using different methods
Hi-freq horns, 500 avg, 0.5ns span, wth diffraction removed
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Figure 6-4. Real permittivity of Perspex measured with hi-freq horns in free space using

different methods with diffraction removed

b.2. Ca’zﬁon [:oat{ez{ WEGE'I,

The rubber samples containing carbon black all have destructive interference peaks

occurring in the 16 — 40 GHz range. While not as intense as the ones from the low loss
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Perspex sample, they nevertheless cause problems in the permittivity and permeability vatues.

Two examples will be presented in detail to show examples of the effects that occur when

testing these lossy matenals.

6.2.1. é}unp[’e B, 1~ 18 Gz

The moderately lossy Sample B shows good correlation between the reflection and
{ransmission methods in both real (Figure 6-5) and imaginary (Figure 6-6) permittivity. The
backed reflection technique is again over-sstimating the real permittivity but gives reasonably
good performance in calculating the imaginary component above 7 GHz. The average
permeability was calculated to be 1.03 — 0.014i across the full frequency band, aithough the

average was raised somewhat by high values in the 1 - 2 GHz band. Elsewhere, the real

permeability stayed around unity.

Real permittivity of 305 mm square Sample B-A tested in configuration 1 using different methods
Gold horns, 500 avg, 1.0ns span, with diffraction removed
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Figure 6-5. Real permittivity of Sample B measured with gold homs in free space using

different methods with diffraction removed
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Imagiary permittivity of 305 mm square Sample B-A tested in config 1 using different methods
05 Gold horns, 500 avg, 1.0ns span, with diffraction removed
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Figure 6-6. Imaginary permittivity of Sample B measured with gold horns in free space using
different methods with diffraction removed

6.2.2. Sample B, 7.5 - 18 GH2

A very similar result to that of the Perspex sample was seen over the 7.5 — 18 GHz band.
The reflection and transmission measurements gave very similar results with much less noise
than was seen in the 1 ~ 18 GHz case. The presence of the dielectric lens is again aiding the
backed reflection measurements but the absolute values are still significantly different from
the non-backed techniques. The permittivity values are shown in Figure 6-7 and Figure 6-8.
The average permeability was determined to be 1.01 — 0.018i.
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Rea} permittivity of 305 rmmn square Sample B-A tested in configuration 1 using different methods
8.5 Silver homs, 500 avg, 0.5ns span, with diffraction removed
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Figure 6-7. Real permittivity of Sample B measured with silver homs in free space using

differen? :uethods with diffraction removed

Imaginary permittivity of 305 mm square Sample B-A tested in config I using different methods
Silver homns, 500 avg, 0.5ns span, with diffraction removed
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Figure 6-8. Imaginary permittivity of Sample B measured with silver homs in fiee space

using different methods with diffraction removed

6.2.3. Sample 1B, 16 — g0 GHz

Destructive interference at about 38 GHz is causing some problems for the

reflection/transmission technique over the 16 — 40 GHz range, but overall the results are
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reasonably consistent across the frequency band. The reflection only algorithm has a little
trouble in choosing the correct solution at about 27 GHz, resulting in the curves seen in

Figure 6-9 and Figure 6-10.

Real permittivity of 305 mm square Sample B-A tested in configuralion 1 using different methods
Hi-freq homs, 500 avg, 0.25ns span, with diffraction removed

7.5 ]
— Transmission

~—— Reflection

—— Reflection and Transmission

—— Backed reflection, no lens
Backed reflection, with lens

—_—— ]

Real permittivity
(=]

5.5 1

5 T T T T T T T

16 18 20 22 24 26 28 30 12 34 36 38 40
Frequency (GHz)

Figure 6-9. Real permittivity of Sample B measured with hi-freq horns in free space using

different methods with diffraction removed

Tmagmary permittivity of 305 mm square Sample B-A tested in config | using different methods
Hifreq horns, 500 avg, 0.25ns span, with diffraction removed
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Figure 6-10. Imaginary permittivity of Sample B measured with hi-freq horns in free space
using different methods with diffraction removed

We can see that the reflection and transmission result is significantly lower than the
transmission only result in absolute terms, especially at high frequencies. The algorithm gives
an average permeability across the range as 1.03 — 0.017..

The backed reflection results are similar to previous measurements; the real component is

over-estimated, while the imaginary component is close to the other results.

6.2.4. cs‘amﬁfz g, 1 - 15 g&)‘z

As permittivity increases, the errors in the real permittivity calculations for the backed
reflection technique become less. As can be seen in Figure 6-11, the values measured for real

permittivity are almost the same for all techniques above 9 GHz.

Real permittivity of 305 mm square Sample E-A tested i configuration 1 usig different methods
Gold homs, 500 ave, 1.0ns span, with diffraction removed
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Figure 6-11. Real permittivity of Sample E measured with gold homs in free space using

different methods with diffraction removed

The values of imaginary permittivity shown in Figure 6-12 are close for all unbacked
materials, but the backed reflection technique gives slightly increased absolute values in the
high frequency range. The average permeability across the whole frequency range is 1.00 —

0.033i.




Imaginary permittivity of 305 rom square Sample E-A tested in config | using different methods
Gold horns, 500 avg, 1.0ns span, with diffruction removed
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Figure 6-12. Imaginary permittivity of Sample E measured with gold homs in free space

using different methods with diffraction removed

b.2.5. cgam)&[e E, 9.5 - 18 ga'-;(z

The results over the reduced frequency range for the 305 mm square sample are very
similar to those of the 445 mm square sample, right down to the characteristic reduction in
real permittivity using the reflection only data. Comparing the results shown in Figure 6-13 to
those of Figure 5-53 and Figure 5-60, we can see that in both cases the transmission data
gives a gentle reduction of permittivity with frequency, but the reflection only data shows a
sharp transition. The imaginary permittivity for the 305 mm sample seen in Figure 6-14 also
shows a faster reduction for the reflection only result than those of the other techniques. The
result from the reflection/transmission technique closely matches the transmission only result,

with an average permeability across the range of 1.00 — 0.025;.
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Real permittivity of 305 mm square Sample E-A tested in configuration 1 using different methods
” Silver horns, 500 avg, 0.5ns span, with diffraction removed
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Figure 6-13. Real permittivity of Sample E measured with silver homs in free space using

different methods with diffraction removed
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Imaginary permittivity of 305 mm square Sample E-A tested in config i using differeat snethods
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Figure 6-14. Imaginary permittivity of Sample E measured with silver horns in free space

using different methods with diffraction removed

6.2.6, é‘amp[;: £ 16 - 40 ‘:Qj z

The trend of results from reflection only data shifting away from those of the other
techniques continues in the 16 — 40 GHz result. Figure 6-15 and Figure 6-16 show the real
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and imaginary permittivity extracted from the different measurements. The reflection only
calculations show a marked deviation from the other results, and the effects of the errors in
the reflection data are starting to affect the values from the reflection/transmission algorithm,

something seen only to a minor extent in previous measurements.

Real permittivity of 305 mm square Sampk E-A tested in configuration ! using different methods
Hi-freq horns, 500 avg, 0.25ns span, with diffraction removed
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Figure 6-15. Real permittivity of Sample E measured with hi-freq horns in free space using

different methods with diffraction removed

Imaginary permittivity of 305 rm square Sample E-A tested in config | using different methods
Hi-freq homs, 500 avg, 0.25ns span, with diffraction removed
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Figure 6-16. Imaginary permittivity of Sample E measured with hi-freq homs in free space
using different methods with diffraction removed
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The backed reflection data again shows larger magnitudes in imaginary permittivity, with the
real permittivity lower than the transmission only result. The average permeability was
determined to be 0.994 - ).185i, indicating the errors from the reflection data have manifested

themselves in the permittivity and imaginary component of permeability.

6.2.7. o‘/r?[[ carbon Loaded wbber .'swn/m&i

Placing all the carbon loaded rubber samples on the same set of axes for the 305 mm
square samples produces very similar results to those taken for the large specimens. With both
real and imaginary data shown in Figure 6-17 the values are a little more difficult to read, but
the trend for the permittivity extraction using transmission only data can be seen to mimic the

results for the larger samples (shown in Figure 5-83 and Figure 5-84).

Permittivity of 305 mm square carbon loaded rubber samples tested in transmission mode
Hi-freq horns, 500 avg, 0.25ns span, with diffraction removed
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Figure 6-17. Permittivity of carbon loaded rubber samples measured with hi-freq horns in free

space using transmission method with diffraction removed

In the case of the reflection only algorithm, unfortunately the trend found in the large
samples given in Figure 5-89 and Figure 5-90 continues in the 305 mm square specimens. The
results shown in Figure 6-18 are unpredictable over this frequency range using the reflection

data alone, and do not agree with those taken with the transmission method.
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Permittivity of 305 mm squere carbon loaded rbber samples tested in reflection mode
Hi-freq horn, 500 avg, 0.25ns span,
20 1

lsJ .
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Figure 6-18. Permittivity of carbon loaded rubber samples measured with hi-freq hom in free

space using reflection method

The use of 305 mm square samples has not appeared to alter the results of measurements
taken with any of the algorithms, and as such it is not deemed necessary to show all the

graphs over the various frequency ranges ror these materials.

6.3. C’azﬁo}zgl’ iron Loadsd U

Because electromagnetic properties of the . ;gnetic sample can only be calculated using
the reflection/transmission method, the results will be presented in a different form to the non-
magnetic materials. Placing the three frequency ranges on the same set of axes allows for a
compact method of displaying the data and ease of comparison across frequency ranges. The
measured permittivity for Sample G across 1 — 40 GHz is shown in Figure 6-19 and Figure
6-20, while the permeability values are shown in Figure 6-21 and Figure 6-22.

The first thing one notices when observing the following figures is how well the traces
line up with each other in the ovetlapping frequency ranges. While this of course should be
the case, it is nevertheless a good sign that even with all the differences between the various
meastrements such as homn size, gain, diffraction spread and gating effects the results still
show good agreement with each other.

The high frequency results from the previous carbon loaded rubber samples B and E

showed large absolute errors in the imaginary permittivity and imaginary permeability, and it
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appears that sample G is no exception. While the imaginary properties of sample G are
unknown, it is known that the imaginary permittivity is defined as having negative values, and
should never cross the €" = 0 line. The imaginary permittivity result leads to the conclusion
that the imaginary permeability resuit is probably also in error, and by comparing the result
shown in Figure 6-22 to the result of the 445 mm square sample (Figure 5-102), we can see
that the magnitude for the 305 mm sample is slightly too large. This effect is unsurprising

given the larger than expected values of imaginary permeability in samples B and E.

Real permittivity of 305 mm square sample G-A tested in configuration 1
Gating appbed, 500 avg, with diffraction removed
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Figure 6-19. Real permittivity of Sample G measured across 1 — 40 GHz in free space using

reflection/transmission method with diffraction removed
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Imaginary permittivity of 305 mm square sample G-A tested in configuration |
) Gating applied, 500 avg, with diffraction removed
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Figure 6-20. Imaginary permittivity of Semple G measured across 1 — 40 GHz in free space

using reflection/transmission method with diffraction removed

Real permeability of 305 mm square sample G-A tested in configuration |
Gating applied, 500 avg, with diffraction removed

-
in

+au
1

— 1-18 GHz
— 1.5-18 GHz
— 16-40 GHz

L
in
1

L
]

Real permeability
- O &

e
th
1

[—]

T ¥ T - -

10 15 20 25
Frequency (GHz) 30 3 40

=}
1%}

Figure 6-21. Real permeability of Sample G measured across 1 — 40 GHz in free space using
reflection/transmission method with diftraction removed
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Imaginary permeability of 305 mm square sample G-A tested in configuration 1
04 Gating applied, 500 avg, with diffraction removed
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Figure 6-22. Imaginary permeability of Sample G measured across 1 — 40 GHz in free space

using reflection/transmission method with diffraction removed

6.4. Gomfzositz material

b.g.1. 1 — 18 GHz

As was the case with the previous samples, the values calculated for the carbon fibre
loaded composite sample show good correlation between the reflection and transmission
techniques over this frequency band. The propeities calculated using backed reflection
techniques are similar for the real and 10% lower for the imaginary component above 5 GHz.
Evidence of a resonance around 3 GHz is clear from the imag.nv permittivity, and the data
fit for the 300 mm square sample follows the curve given in “quation 5-1 with parameters £o
= 53.56, £, = 1.60 and T = 59.46 ps, corresponding to a re,ynance at about 2.68 GHz. These
parameters are very close to those cbserved for the 445 mm square sample. The average

permeability across the frequency rangs was 1.01 - 0.010i.
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Figure 6-23. Real permittivity of composite sample measured with gold horns in free space

using different methods with diffraction removed

Imaginary permittivity
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Imaginary permittivity of 305 mm square Composite A-A tested in cfg 1 using different methods
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Figure 6-24. Imaginary permittivity of composite sample measured with gold horns in free
space using different methods with diffraction removed

6.4.2. 7.5 —~ 18 G4z
The errors in reflection observed over this frequency range for other samples have failed

to appear in the composite material case. The permittivity calculated from reflection and
transmission techniques is the same across the whole frequency range, and the average
permeability is calculated to be 1.00 + 0.000i. Figure 6-25 and Figure 6-26 show how the real
and imaginary permittivities vary with frequency for the different techniques. Only the
backed reflection results show any deviation from the rest of the curves, and the errors

involved with backed reflection technique have not reduced in magnitude.

6.4.3. 16 — go GHz
The composite material again shows different behaviour from that of the carbon loaded
rubber samples over the 16 — 40 GHz range. Both reflection and transmission techniques give
the same result over this range, and the average permeability using both sets of data is 0.998 —
0.0067. The backed reflection technique is still underestimating the permittivity compared to

the other techniques, as shown in Figure 6-27 and Figure 6-28.

Real permitivity of 305 mm square Camposite A-A tested in cfg 1 using different methods
Silver horns, 500 avg, 0.5ns span, with diffraction removed
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Figure 6-25. Real permittivity of composite sample measured with silver homs in free space

using different methods with diffraction removed
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Figure 6-26. Imaginary permittivity of composite sample measured with silver horns in free

space using different methods with diffraction removed

Figure 6-28. Imaginary permittivity of composite sample measured with hi-freq horns in free

space using different methods with diffraction remeved

6.5. Teflon

Real permittivity of 305 mm square Composite A-A tested in cfg 1 using different methods 6.5.1. 1 — 18 gc:‘fz
Hi-{req horns, 500 avg, 0.25ns span, with diffraction removed

3 The Teflon sample had been cut to 300 mm square for a previous measurement and so a
1 - _;mf:;m-sm : 300 mm square metal plate was used to measure the reflection calibration and diffraction
i — Refhtin : . . %
— Reflection and Transrission removal signals. Since the backed reflection technique uses a 305 mm square plate, the Teflon ;
22 oy i 1 t ed with this technique. The transmission only techmique gives an

221 Backed reflection, with lens sample was not measur que.

/ average permittivity vatue of 2.03 + 0.01 across the whole frequency range, which is very
_‘——-—\__\_ . .
e " . close to the expected value of 2.04. The reflection data has errors above 10 GHz, but this does
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1.6 not overly affect the values from the reflection/transmission algorithm, with the average
4 :-} permittivity value still 2.01 + 0.048;, with an average permeability of 1.01 - 0.019 calculated | :
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Figure 6-27. Real permittivity of composite sample measured with hi-freq horns in free space
using different methods with diffraction removed
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' The measurements over the rzduced frequency range correlate well with each other, and

! - 7—74 the reflection only results are better using these horns than the gold ones (the opposite to
- %] \\“*“: ’ previous results). The presence of a destructive interference peak at about 19.5 GHz is
é 1 : causing problems for the reflection/transmission algorithm above 16 GHz, but overall the
E.{ 1# * average results for all techniques are very close to those expected. The results are shown in
E 77 ramemisson L Figure 6-31 and Figure 6-32, and the average permeability is measured to be 1.00 + 0.0044.
161 — Reflection
Ls —— Reflection angd Transmission £ 6.5.3. 16 — g0 GHz ’
1.4 ———— T — 1T ——— Again, all three techniques give an accurate value for the permittivity and permeability of
1 2 3 4 5 6 7 sFrcq i - l((é Hz)ll 2 13 14 15 16 (7 18 Teflon, with the transmission only result averaging 2.02 + 0.001i and the other configurations

slightly less. Figure 6-33 and Figure 6-34 show the measured values, and the effects of the _
Figure 6-29. Real permittivity of Teflon sample measured with gold horns in free space using destructive interference peaks at 19.5 and 39 GHz on the exwacted values using both _:"._

different methods with diffraction removed reflection and transmission data. The average permeability over the range was 1.00—0.001.
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Figure 6-30. Imaginary permittivity of Teflon sample measured with gold homs in free space using different methods with diffraction removed

using different methods with diffraction removed

202
203

B T T
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Figure 6-32. Imaginary permittivity of Teflon sample measured with silver homns in free space
using different methods with diffraction removed
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Figure 6-33. Real permittivity of Teflon sample measured with hi-freq horns in fiee space

using different methods with diffraction removed

Iimaginary permittivity of 300 mm square teflon tested in configuration 1 using different methods
Hi-freq homs, 500 avg, gating applied, with dilfraction removed
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Figure 6-34. Imaginary permittivity of Teflon sample measured with hi-freq horrs in free

space using different methods with diffraction removed

6.6. LX-57B Lead glass

The sample of lead glass used was 7 mm thick, much thicker than the previous samples
tested. Combined with a low loss tangent and moderately large real permittivity, destructive
interference would be a significant problem over all frequency ranges. In addition, the time
gate would need to be individually set for each measurement. Rather than making multiple
measurements with different gate widths, the HP gate was not used for these measurements;
instead, the author’s (AA) gate was applied after the mezsurement was taken and before the
extraction algorithms were used to calculate the electromagnetic properties. Upon
investigation of the time domain traces it was found that configuration 1 was not appropriate
for this material, due to reflections between the receive hom and the sample overlapping the
transmission signal. Figure 6-35 shows the time domain response of the t_ransmission through
the lead glass sample. Using the expected permittivity values, the position in time of the
multiple internal reflections of the sample can be valculated and are shown as pink stars. The
time position from multiple reflections between the sample and the receive horn are shown as
green stars. The time gate required for inclusion of the most important peaks is too long to
exclude these unwanted peaks, so errors in the signal would occur. The solution was to move

the receive horn to a position that would not interfere with the transmission signal, whilst still




having the horn close enough that significant diffraction would be avoided. The effects of the

sample to horn reflections are clearly visible in the measured signal shown in Fi gure 6-35.

Time domain trace of $21 from 305 mm square kead plass sheet measured in config 1, 7.5-18 GHz
Measured result compared to theoretical response
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Figure 6-35. Time domain response of transmission signal through lead glass sample

measured in configuration 1, over the frequency range 7.5 - 18 GHz

The receive hom was moved to a distance of 0.25 m from the foam stand that the sample
rests on. This distance allows a maximum gate span of over 3 ns, which should be enough for
not only the lead glass sample, but also the thick C-Stock materials. When the sample was
measured in this new configuration (known as configuration 1a) the results were much closer
to that expected, with the time domain trace shown in Figure 6-36. Note how the peak
previously at the 0.65 ns mark has been shifted to 1.65 ns, and is no longer interfering with
the multiple internal reflection signal. Note also the increase in the diffraction signal from a

peak of about —55 dB to —41 dB. This is to be expected as the sample to hom distance
increases, but the influence is only minor.
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Time domain trace of S21 from 305 mm square lead glass sheet measured in config 1a, 7.5-18 GHz
Measured result compared to theoretical response
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Figure 6-36. Time domain response of transmission signal through lead glass sample

measured in configuration 1a, over the frequency range 7.5 - 18 GHz

The stray reflections between the sample and the horns can be removed using time gating,
For the thick lead glass and C-Stock samples, the width of the AA gate was applied as
deemed appropriate to allow for as many internal reflections as possitle while removing stray
reflections. This involved first taking an ungated measurement of S;, and S; with the
analyser, converting to the time domain and applying the optimum AA time gate before
converting the time trace back to frequency space and calculating the permittivity. Doing this
for each sample and each frequency range obviously takes more time and effort but the values

obtained are much more accurate.

6.6.1. 118 gal/z

Because of the thickness of the sample, destructive interference occurs throughout all
frequency ranges. The Sy magnitude is shown in Figure 6-37 where it is clear to see
destructive interference occurring at about 7 and 13.5 GHz. The AA gate width was 2.0 ns for
both the transmission and reflection signals over this frequency band. The permittivity values

are shown in Figure 6-38 and Figure 6-39.
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Reflection magnitude of 305 mm square fead glass tested in configuration ia
Gold homs, 500 avg, AA gate
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Figure 6-37. Sy, magnitude from lead glass sample measured in configuration la over the
frequency range 1 — 18 GHz

Real permittivity of 305 mm square lead glass tested in configuration 1a using different methods
Gold homs, 560 avg, AA gale, with diffraction removed
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Figure 6-38. Real permittivity of lead glass sample measured with gold horns in free space
using different methods with diffraction removed
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Imaginary permittivity of 305 mm square lead glass tested in config 1a using different methods
Gold horrs, 500 avg, AA gate, with diffraction removed
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Figure 6-39. hnaginary permittivity of lead glass sample measured with gold homns in free

space using different methods with diffraction removed

All methods except the reflection and transmission algorithm give similar values across
the frequency band. The result from the reflection algorithm is seemingly unaffected by the
strong destructive interference peaks in the reflection signal, even though they cause large
errors with the same data using the reflection/transmission model. The backed reflection
technique shows good performance over almost the whole band, only deviating from the

expected values below 2 GHz.

6.6.2. 7.5 — 18 GHz

The trend is continued over the reduced frequency range 7.5 — 18 GHz. The destructive
interference peak at about 13.5 GHz causes problems only for the reflection/transmission
algorithm; the other algorithms are only slightly affected. The results of Figure 6-40 and
Figure 6-41 show how the calculated values are all very close to one another-except those
using the reflection and transmission signals. Over this frequency range the gate width was set
at 1.8 ns for the reflected signal, 1.2 ns for the transmission, and 2.0 ns for the backed
reflection data.
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Real permittivity of 305 mm square lead glass tested in configuration 1a sing different methods interferences at 20.5, 27.5, 34.2, and near 40 GHz. It can be seen in Figure 6-42 and Figure
102 Siver homs, 300 avg, AA gae, with diffucton removed 6-43 that the backed reflection values are a little different from (he reflection and transmission
10 - \ values but are still fairly close over a wide range.
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Figure 6-43. Imaginary permittivity of lead glass sample measured with hi-freq horns in free
Over the 16 — 40 GHz range, the reflection and transmission algorithms give almost

space using different methods with diffraction removed

identica{ results; the reflection/iransmission algorithm is hampered by destructive
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6.9. 05-043{ xx sheets

These materials were bought specifically as reference materials, since the permittivity of
the samples was quoted as being accurate to + 3% of the value required. The standard
thickness that the samples were supplied was 3/8", approximately 9.6 mm, This caused
destructive interference across all frequency bands making permittivity extraction difficult
when the reflection/transmission algorithm was used, giving similar results to the lead glass
sample. For this reason the reflection/transmission extraction will not be shown, as very little
useful data can be obtained. Instead, the real permittivity results using the eitier transmisston
or reflection only algorithms are shown in Figure 6-44 and Figure 6-45. Over the full
frequency range the values obtained are reasonably consistent when using either method, and
there is no sign of frequency dependence. The results using the reflection only method show a
little more jitter than the transmission only ones, but the averages across all frequencies
(shown in black on the figures and in Table 6-1) are very similar. The gate span for these
measurements ranged from 1.5 ns for the CS-AK 7 material up to 3 ns for CS-AK 15. The

effect of widening the gate span can be seen as increased nois: 'evels on the permittivity

traces.
Real permiitivity of 305 mim square CS-AKixx samples testcd in configuration 1a
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Figure 6-44. Real permittivity of CS-AK xx samples measured in free space using

transmission method with diffraction removed
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Figure 6-45. Real permittivity of C-Stock AK xx samples measured in free space using

reflection method with diffraction removed

Material | Transmission } Reflection
CS-AK7 {792 7.88
CS-AK 12 | 16.77 10.69
CS-AK 151 13.55 13.75

Table 6-1. Average real permittivity of C-Stock materials measured using transmission or

reflection techniques.

The measured average resuiis are very different from those expected. The permittivity is
quoted as being the number in the material’s name to an accuracy of £ 3%, except for CS-AK
15 which is + 10%. The measured values are not only in a particular direction either, the AK
12 and AK 15 results are both about 10% less than expected while the AK. 7 material is about
10% greater. The imaginary components were low for all the sampies.

6.5. éwn)mwy
Testing of the 305 mm square samples produced some extra information about the

measurement techniques than the larger 445 mm square samples. Additional materials not
avsilable in the larger size were tested, and confirmed that the techniques were giving
accurate values for the permitiivity and permeability for the frequency ranges required. The
results of the Teflon, Lead glass and Perspex samples all showed properties very close to that
expected. Testing the CS-AK xx materials did not produce values that were expected from the
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manufacturer’s specifications, but were consistent across the frequency range with the various
methods.

An additional technique was introduced, using the backed reflection signal to determine
permiitivity. This method was a little inconsistent, sometimes giving values that compared
well with those from the other techniques and at other times underestimating the properties. It
was clear, however, that the backed reflection technique did not perform well below about 6
GHz, which was a little surprising considering the size of the specimens were of the order of
the wavelength at 1 GHz. Use of the dielectric lens appeared to have little effect on the results
from the backed reflection technique, with some measurements giving results that more
closely agreed with the other techniques, and at other times gave results further away,

Overall, it was shown that the measurements of the 305 mm samples did not vary greatly
from those of the larger 445 mm square specimens. Since the samples were exactly the same
except for their size it is perhaps not surprising that the results were similar. However, this
finding does indicate that once a sample becomes larger than 305 mm, there is not much to be
gained by using a larger specimen.
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Cgafztsz 7. 150 mm cgam/z[ss

As sample size decreases, the frequency range over which the electromagnetic properties
can be measured decreases also. Once the sample size is less than the wavelength of the
microwave signal, diffraction around the sample is high and the reflection is much reduced. In
order to see the effects of a smaller sample on measurement the samples were cut te 30 mm
square, which is the same size as the wavclength at 2 GHz.

Diffraction arcund such a small sample in configuration 1 is very high, as shown by
Figure 7-1, with the magnitudes shown relative to the impeded transmission signal. A flat
metal plate was used to measure the diffraction signal, and even with the horns in their closest
position it is clear that diffraction is going to be a problem in permittivity extraction if it is not
removed completely. In particular, the magnitude of the diffraction signal in the 1 ~ 18 GHz
configuration will be larger than that through the sample for a number of the carhon loaded

rubber materials at low frequencies.

Magniiude of diffracted signal around 150 mm square imetal plate in configuration 1
500 avg, st:ndard gate span
o
37 — Gold homns
.10 - — Silver horns
~—- Hi-freq homs
\% -15 1
3
“E_ '20 T
=
£
=30 1
—r——
-35 1
‘40 T T I T . 1 1
0 5 10 15 20 25 0 35 40
Frequency (GHz)

Figure 7-1. Magnitude of diffraction around 150 mm squarc metal sheet measured in

configuration 1 with standard time gates

215

i
i
o
%
!3.
Lt
r

"?

Ty
% ﬁ:-&% e




7.7. @sufz&x
7.0.1. 1 — 18 Gz

Because Merspex has such a low permittivity and loss tangent, it should be least affected
by the diffracted signal. However, it also has a low reflection coefficient and the small size of
the sample will reduce the reflection further. The values of permittivity extracted by the
algorithms displayed in Figure 7-2 aud Figure 7-3 show the effects of the reduced sample
size. At frequencies above 3 GHz both the real and imaginary permittivity show good
correfation to previous measurements. All the configurations give the average real
permittivity at about 2.6, with the imaginary component near zero. However, below 3 GHz all
the configurations start deviating away from the 2.6 mark and at the lowest frequency they are
significantly different from the accepted value. One might expect this behaviour since the
sample is simiiar io or smaller than the wavelength of the radiation. Nevertheless, despite the
small sample size, the permittivity extracted from these measurements is very close to that
expected for most of the frequency range. The average permeability across the range was
measured at 1.00 + 0.002i.

Real permitivity of 150 mm square Perspex tasted in configuration | using different methods
Gold homs, 500 avg, 1.0ns span, with diffraction removed

291
2.8
2.7 1

2.6
251

2.4 1 — Transmission

—- Reflection

—- Reflkection and Transmission
227 — Backed reflection, no lens

Real permittivity

2 T T T T T T T T T T T T T T T T

1 2 3 4 5 & 7 8§ 9 10 1 2 13 14 15 6 17 I8
Frequency (GHz)

Figure 7-2. Real permittivity of Perspex measured with gold horns in free space using

different methods with diffraction removed
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Imaginary permittivity of 150 mm square Perspex tested in configuration 1 using difTerent methods
Gold homs, 500 avg, 1.0ns span, with diffracton removed
0.5
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Frequency (GHz)

Figure 7-3. Imaginary permittivity of Perspex measured with gold homs in free space using

different methods with diffiaction removed

7.1.2. 7.5 — 18 GHfz

The measurement with the high gain horns over the reduced frequency range shows very
good performance for the small sample. Figure 7-4 and Figure 7-5 show that deviations from
the accepted values are small, and noise levels are almost non-existent. Even though the
sample is only about four times larger than the longest wavelength of the radiation, the
techniques are able to measure the permiitivity accurately at these frequencies. The average

permeability across the range was 0.999 + 0.001i.
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Real permittivity of 150 mm square Perspex tested in configuration ! using different methods
Silver homs, 500 avg, 0.5ns span, with diffraction removed

2.75
— Transmission
— Refkction
2.7 1 — Reflection and Transmission
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Figure 7-4. Real permittivity of Perspex measured with silver homns in free space using

different methods with diffraction removed

Imaginary permittivity of 150 nun square Perspex tested in configuration | using different methods
Silver homns, 500 avg, 0.5ns span, with diffraction removed
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Figure 7-5. Imaginary permittivity of Perspex measured with silver homs in free space ﬁsing

different methods with diffraction removed
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7.1.3. 16 — go GHz

Destructive interference conditions again dominate the high frequency region causing
problems for the reflection/transmission algorithm. Figure 7-6 and Figure 7-7 show how the
values obtained using both signals fluctuate near the destructive interference frequencies of
20.4 and 41 GHz. The values obtained from the reflection only measurement are also a little
in error at the frequency extremes which may be an effect of the destructive interferences. The
transmission and backed reflection values are very close to the expected values for Perspex.

The average permeability across the range was 0.998 + 0.006:.

Real permittivity of 150 mm square: Perspex tested in configuration 1 using different methods
Hi-freq horms, 500 avg, 0.25ns span, with diffraction removed
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Figure 7-6. Real permittivity of Perspex measured with hi-freq homs in free space using
different methods with diffraction removed
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Imsginary permittivity of 150 mm square Perspex tested in configuration 1 using different methods
Hi-freq homs, 500 avg, 0.25ns span, with diffraction removed
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Figure 7-7. Imaginary permittivity of Perspex measured with hi-freq horns in free space using

different methods with diffraction removed

7.2, C’a’tﬁon [om{sc{ wggs'z

7.2.1. c?mnf)& R 1 - 18 ga'*)(z

The calculated pemmittivity of the moderately lossy sample B is consistent across the
reflection and transmission techniques, as seen in Figure 7-8 and Figure 7-9. At the frequency
extremes the values start to move away from those expected, but this may be as much to do
with the time gating as the small sample size. The backed reflection results are again
significantly different, and the algorithm does not converge to a realistic solution below about

6 GHz. The average permeability across the range was 0.996 + 0.003i.
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Real permittivity of 150 mm square Sample B-A tested in configuration 1 using different methods

Gold homs, 500 avg, 1.0ns span, with diffraction removed
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Figure 7-8. Real permittivity of Sample B measured with gold homs in free space using
different methods with diffraction removed

fmaginary permittivity of 150 mm square Saniple B-A tested in config | using different methods

Gold homs, 500 avg, 1.0ns span, with diffraction removed
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Figure 7-9. Imaginary permittivity of Sample B measured with gold homs in free space using
different methods with diffraction removed
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7.2.2. Sample B, 7.518 GHH=

The reflection and transmission results over the reduced frequency span are very close to
each other, with only a minor shift in the real values, and small deviations in the imaginary
permittivity. The results are shown in Figure 7-10 and Figure 7-11.The backed reflection
technique again shows the largest deviations from the other results, especially in the
imaginary values. The technique again gives reduced values for the imaginary permittivity
even though the real values are not too different from the other results. The average

permeability across the range was calculated to be 0.996 + 0.024:.

7.2.3. cs‘am{;[s .‘B, 716 — 4o gc:l;(z

The presence of the destructive interference peak at about 28 GHz has an effect on the
permittivity extraction for the reflection and reflection/transmission techniques. The
permittivity values seen in Figure 7-12 and Figure 7-13 show that the transmission and
backed reflection techniques give very similar results, while the reflection/transmission
technique shows a customary reduction in real permittivity near the destructive interference
point and the reflection technique shows errors near 30 GHz. The average permeability across
the range was 1.003 + 0.002i.

Real permittivity of 150 mm square Sample B-A tested m configuration 1 using different methods
Silver hems, 300 avg, 0.5ns span, with diffraction removed
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Figure 7-10. Real permittivity of Sample B measured with silver homs in free space using
different methods with diffractivii i emoved
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Imaginary permittivity of 150 mm square Sample B-A (ested in config 1 using different methods
Siiver homs, 500 avg, 0.5ns span, with diffraction removed
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Figure 7-11. Imaginary permittivity of Sample B measured with silver homs in free space

using different methods with diffraction removed

Real permittivity of 150 mm square Sample B-A tested in configuration 1 using different methods
Hi-freq horns, 500 avg, 0.25us span, with diifraction removed
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Figure 7-12. Real permittivity of Sample B measured with hi-freq horns in free space using

different methods with diffraction removed

223




Imagimary permittivity of 150 mm square Sample B-A tested in config 1 using different methods
Hi-freq homs, 500 avg, 0.25ns span, with diffraction removed
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Figure 7-13. Imaginary permittivity of Sample B measured with hi-freq horns in free space
using different methods with diffraction removed

7.2.4. Sample £, 1 - 18 GH=2

With a low transmission magnitude and the high level of diffraction for such a small
sample, we mighit expect the transmission algorithm to have problems in obtaining the correct
values for Sample E. When examining Figure 7-14 and Figure 7-15 and comparing them to
the graphs from the 445 mm square sample, we find that both the transmission and reflection
techniques give a higher value for real permittivity than the larger sample at frequencies
below about 6 GHz. The imaginary permittivity values are reasonably close to the larger
sample down to about 2 GHz, before levelling off with values near —160 at 1 GHz. For
comparison the 445 mm square sample had an imaginary permittivity of ~380 at 1 GHz.

The values from the backed reflection technique match the other techniques above 6 GHz,
but at frequencies below that the solution is markedly different. The average pemieability

measured for this sample was 0.998 + 0.020/, and interestingly only deviated from 1 + 0i
below about 2 GHz.
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Real permittivity of 150 mm square Sample E-A tested in configuration 1 using different methods
Gold homs, 500 ave, 1.0ns span, wilh diffraction removed
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Figure 7-14. Real permittivity of Sample E measured with gold homs in free space using
different methods with diffraction removed

Imaginary permittivity of 150 mm square Sample E-A tested in config 1 using different methods
Gold homs, 500 avg, 1.0ns span, with diffraction removed

,/_\/’“—//é

w— TrarsHEssiON

—= Reflection

— Reflection and Transmission!
— Backed reflection, no lers

Imaginary permittivity

l23.456739101]121314151617_18
Frequency (GHz)

Figure 7-15. Imaginary permittivity of Sample E measured with gold homs in free space
using different methods with diffraction removed

7.2.5. 5@31,6[2 E 7.5 — 18 ga!)cz

Measurements with the higher gain horns over the reduced frequency range again give a

less cluttered permittivity spectrum, as can be seen in Figure 7-16 and Figure 7-17. The
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transmission, reflection/transmission and backed reflection results all give very similar
sofutions in both real and imaginary permittivity, with the reflection result a little different
across the range. There is little evidence in the raw data to suggest why the behaviour seen in
the reflection data should occur, given the fact that the reflection/transmission algorithm gives
permittivity values close to the transmission only result. The average permeability is 1.01 +
0.009i, indicating that the actual measured data is not too much in error, but that the reflection

only algorithm is not as robust as it could be.

7.2.0. .:S'mp[s £, 16 - go GH-

The problems with the reflection only algorithm continue with the 16 — 40 GHz data, as
seen in Figure 7-18 and Figure 7-19. It was the only technique to show significant deviation

from the other results. The average permeability across the high frequency range was 1.00 +
0.108:.

Real permittivity of 150 mm square Sample E-A tested i configuration 1 using different methods
Silver homs, 500 avg, 0.5ns span, with diffraction removed
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Figure 7-16. Real permittivity of Sample E measured with silver homs in free space using
different methods with diffraction removed
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Imaginary permittivity of 150 mm square Sample E-A tested in config 1 using different methods
Silver homs, 500 avg, 0.5ns span, with diffraction removed
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Figure 7-17. Imaginary permittivity of Sample E measured with silver homns in free space

asing different methods with diffraction removed

Real permittivity of 150 mm square Sample E-A tested in coafiguratiou | using different methods
Hi-freq homs, 500 avg, 0.25ns span, with diffraction removed
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Figure 7-18. Real permittivity of Sample E measured with hi-freq homs in free space using
different methods with diffraction removed
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Imaginary permittivity of 150 mm square Sample E-A tested in config 1 using different methods
Hi-freq hotns, 500 avg, 0.25ns span, with diffiaction removed
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Figure 7-19. Imaginary permittivity of Sample E measured with hi-freq horns in free space

using different methods with diffraction removed

It is difficult to ascertain measurement accuracy in isolation, so this section shows all the
carbon loaded rubber samples on the same set of axes over a fixed frequency range. Since the
effects are similar across each frequency F:xvt, only the results over the 7.5 — 18 GHz range

are shown since that was deemed to be rep: - ~utative of all three frequency ranges.

7.2.9. 04[1' mnp&a, fransmission on.@

The transmission only results have usua'lly been the most reliable of the four different
techniques so we will consider them first. Over the 7.5 — 18 GHz range the diffraction is
considerable without being excessive, so the diffraction removal technique is effective and
leads to accurate measurements with low noise. Observing the graphs shown in Figure 7-20
and Figure 7-21 we see that the values are very close to those measured with the 445 mm
square samples (see Figure 5-53 and Figure 5-54) with some small variations that could be
caused by some sample inhomogeneity. There is certainly nothing shown in the graphs that

immediately gives cause for any concern about the measurement accuracy.
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Real permittivity of 150 mm square carbon loaded rubber standards tested in transmission mode

Siver homs, 500 avg, 0.5ns span, with diffraction removed, —AA
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Figure 7-20. Real permittivity of carbon loaded rubber samples measured with silver horns in

free space using transmission only method with diffraction removed

Imag permittivity of 150 mm square carbon baded rubber standards tested in transmissior mode
Silver homs, 500 avg, 0.5ns span, with diffraction removed.
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Figure 7-21. Imaginary permittivity of carbon loaded rubber samples measured with silver

homs in free space using transmission only method with diffraction removed
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7.2.8. asl[[ mnfz[ss, uf[&cf:ion mz[‘i}

The reflection only technique is generally the least reliable of the methods used in this
study, and initially it was thought that reducing the size of the samples might have had a
favourable effect on the permittivity measurements. In fact this was found not to be the case,
and the results from the 150 mm samples are similar to if not worse than those of the larger
samples, especially as the permittivity of the samples increase. The results for all the carbon
loaded rubber samples using the reflection only technique are shown in Figure 7-22 and
Figure 7-23. The real permittivity values of the three lowest permittivity materials match the
results for the large samples, but as permittivity increases, the results move further from the
expected curves. The results from the thick, high permittivity sample F show little
resemblance to the transmission only results in both real and imaginary values. Sample E also
has problems in both real and especially imaginary permittivity, crossing over the curve of
sample D at high frequencies. The reflection only technique is especially sensitive to small
errors if the sample thickness used in the algorithm is incorrect, as will be shown in Chapter
11,

Real permittivity of 150 mm square carbon loaded rubber standards tested in reflection mode
Silver homn, 500 avg, 0.5ns span. — AA
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Figure 7-22. Real permittivity of carbon loaded rubber samples measured with siiver horn in

free space using reflection only method
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Imag pernittivity of 150 mm square carbon loaded rubber standards teste:d in reflection mode
Silver horn, 500 avg, 0.5ns span.
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Figure 7-23. Imaginary permittivity of carbon loaded rubber samples measured with silver

hom in free space using reflection only method

7.2.9. ALl mu[)&_-., wf&ation/twwuiuion tezgnqua

Combining the dubious reflection data and the more reliable transmission data gives a
result that shows small errors in the permittivity and permeability values but not as excessive
as for the reflection only result. The permittivity results shown in Figure 7-24 and Figure 7-25
are plausible, with the only concern being that the real permittivity of sample C and D seem a
little close together, although the imaginary permittivities calculated appear correct.

The permeability values shown in Figure 7-26 and Figure 7-27 are also reasonable, with
real permeability close to the accepted value of unity and the imaginary value near zero. This
result may be a little unexpected considering the errors observed in the permittivity extracted
from the reflection only results, but even using this rough data the error level can be estimated

as less than 10%, usually better than 5%.
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Figure 7-25. Imaginary permittivity of carbon loaded rubber samples measured with silver _:
homs in free space using reflection/transmission method with diffraction removed Figure 7-27. Imaginary permeability of carbon loaded rubber samples measured with silver

horns in free space using reflection/transmission method with diffraction removed
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7.2.10. AL samples, backed reflestion technique

In contrast to the unbacked reflection technique, the permittivity results from highly
loaded samples do not “cross over” those of materials with lower permittivity when using the
backed reflection technique. The curves seen in Figure 7-28 and Figure 7-29 show the
permittivity increasing regularly with carbon concentration, and the actual values almost
match those of other techniques. The reason why the backed reflection technique does not
match exactly is not fully understood at this stage, but edge effects and imperfect reflection
from the backing plate may be to blame. Another explanation involves the slight variation in
thickness of the specimens tested. It is known that the sg- :cimens are not perfectly flat, and the
alignment of the front layer is critival is determining the direction and phase of the reflected
signal.

When the unbacked reflection signal is used to calculate permittivity, it was observed that
the position of the front face needed to be exactly on the calibration plane in order to obtain
the correct result. Since the backed reflection technique fixes the back of the sample (rather
than the front as in the unbacked reflection technique), slight changes in thickness wil] affect
the position of the front of the sheet. The resulting phase shift could easily account for the

differences observed.

Real permittivity of 150 mm square carbon loaded rubber standards tested in backed reflection mode

Silver horns, 500 avg, 0.5ns span, with diffraction removed. — A
25 —BA—]
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Figure 7-28. Real permeability of carbon loaded rubber samples measured with silver homs in

free space using backed reflection method
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Imag permittivity of 150 mm square carbon loaded rubber standards tesied in backed reflection mede
Siver homs, 500 avg, 0.5n5 span, with diffraction removed.
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Figure 7-29. Imaginary permeability of carbon loaded rubber samples measured with silver

homs in free space using backed reflection method

7.3. C)a'r.gony[ {ton [oacfaf Pl

Since the properties of the magnetic sample G can only be calculated using both reflection
and transmission signals, all three frequency ranges will be shown on the one set of axes. The
physical attributes are similar to the carbon loaded rubber samples, and so the same phase
shift for reflection is applied for this specimen as was for samples A to F. The permittivity
values are shown in Figure 7-30 and Figure 7-31, and it can be seen that the traces are not as
smooth as they were for the large 445 mm sample. The frequency extremes in the 1 - 18 GHz
range show large errors, and the imaginary permittivity above 28 GHz crosses the frequency
axis and becomes slightly positive. This behaviour was also observed in the 445 mm square
sample, but in general the perinittivity curves were smoother for the larger sample.

The permeability curves of Figure 7-32 and Figure 7-33 show the same trend of increased
jitter across the frequency range and errors at frequency extremes, but generally the values are

quite similar to those of the large sample.
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Real permittivity of 150 mm square sample G-A tested in configuration 1
Gating applied, 500 avg, with diffraction removed
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Figure 7-30.

Real pemnittivity of Sample G measured in free space

reflection/transmission method with diffraction removed

Imaginary permittivity of 150 mm square sample G-A tested in configuration 1
Gating applied, 500 avg, with diffraction removed
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Figure 7-31. Imaginary permittivity of Sample G measured in free space

reflection/transmission method with diffraction removed

236

using

using

Real permeability of 150 mm square sample G-A tested in configuration 1
15 Gating applied, 500 avg, with diffraction removed
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Figure 7-32. Real permeability of Sample G measured in free space using

reflection/transmission method with diffraction removed

Imaginary permeability of 150 mm square sample G-A tested in configuration 1
0 CGating applied, 500 avg, with diffraction removed
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Figure 7-33. Imaginary permeability of Sample G measured in free space using

reflection/transmission method with diffraction removed
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7.4. @omﬁosiéz .'-amfzfs

7.4.1. 1-18 GHz

The 150 mm square composite sample shows lower permittivity values than the larger
specimens below 3 GHz. This behaviour is similar to that seen in the carbon loaded rubber
samples and is probably not surprising considering th: wavelength of the radiation is similar
to or greater than the size of the sample at these frequencies. This reduction has exaggerated
the resonance effect, as shown in Figure 7-34 and Figure 7-35. The data fitted has parameters
of &g = 46.00, £, = 0.773 and t = 48.36 ps, corresponding to a resonance at about 3,29 GHz,
Comparing these figures to those obtained for the larger samples we see that both g, and g,
are significantly less than previously measured, and this result is skewing the resonance
frequency to a higher value than seen earlier. At higher frequencies, however, the values
obtained are very similar to those measured carlier. The backed reflection method again
shows difficuity in obtaining the correct values below about 7 GHz, and the reflection

technique shows slightly more noise at higher frequencies. The average permeability was
calculated at 0.990 — 0.0154.

Real permittivity of 150 mm square Composite A-A tested in config 1 using diffevent methods
Gold horns, 500 avg, 1.0ns span, with diffraction removed
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Figure 7-34. Real permittivity of Composite sample measured with gold horns in free space

using different methods with diffraction removed

Imaginary permittivity of 150 mm square Composite A-A tested in config 1 using diffcrent methods
Gold homs, 500 avg, 1.0ns span, with diffraction removed
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Figure 7-35. Imaginary pemmittivity of Composite sample measured with gold horns in free
space using different methods with diffraction removed

7.4.2. 7.5 — 18 GHz

Over the reduced frequency range the results are much less noisy than the 1 - 18 GHz
range, with values for the 150 mm sample almost exactly the same as the larger versions.
Reflection values again show some errors at high frequencies, but in the main all the
techniques show similar values, as seen in Figure 7-36 and Figure 7-37. The average
permeability for this sample was 0.989 — 0.004:.
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Real permittivity of 158 mm square Composile A-A tested in config 1 using different methods 7.4.3. 16 — go ga'{z
Silver homs, 500 avg, 0.5ns span, w™a diffraction removed
9 The high frequency result continues the trend observed in the high gain 7.5 - 18 GHz :
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. — Reflection ' e 7-38 and Figure 7-39, all four methods give very similar values for both real and imaginary g
— Reflection and Transmission 24 e o ) ) ) ) H.
E — Backed reflection, no lens - permittivity across the full frequency range. The reflection only technique again shows a little 3
£ 67
E more structare across the frequency range, but only to a small degree. The average !
8. e
g5 permeability across the range was 0.991 + 0.01i.
= A
31 Real permittivity of 150 mm square Composite A-A tested in config 1 using different methods :
Hi-freq homs, 500 avg, 0.25ns span, with diffvaction removed @
2 T T T T T T T T T T 33 .‘
7 8 9 10 1 12 13 14 15 16 17 i8 31 - Trenonission i
requency (GHz) 2o - — Reflection ]
. b . I . ‘ ~— Reflection and Transmission B
Figure 7-36. Real permittivity of Composite sample measured with silver horns in free space ,27] — Backed reflection, no lems
using different methods with diffraction removed é 2s 4
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Figure 7-37. Imaginary permittivity of Composite sample mezsured with silver homs in free
space using different methods with diffraction removed
3
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Imaginary permittivity of 150 mm square Composite A-A tested in config 1 using different methods
Ri-freq homs, 500 avg, 0.25ns span, with diffraction removed
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Figure 7-39. Imaginary permittivity of Composite Lample measured with hi-freq horns in free

space using different methods with diffraction removed

7.5. Summany

These were the smallest samples tested using free space methods, and the effect of sample
size is starting to show in the results, especially at low frequencies. While the materials with
lower permittivities could be measured down to about 2 GHz with reasonable a:curacy, as
permittivity increased so too did the level of error. For transmission measurements this
crossover occurred where the magnitude of the diffraction signal was greater than that
actually transmitted through the material. At frequencies above 6 GHz, the 150 mm samples

have values approximately equal to those of the large samples.
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(]gafzﬁsz 8. Dicleotric Test Fixture

Since the permittivity values measured for the C-stock materials were outside the £ 3%
error bounds expected, it was decided to measure the permittivity with a completely different
method. An HP 4285A LCR meter was available, which used a 16451B Dielectric Test
Fixture to determine complex permittivity of flat specimens. This device was used to measure
capacitance and dissipation factor at seven frequency points from 1 to 30 MHz. While these
frequencies are obviously not the same as used in network analyser measurements, the
permittivity of the active ingredient in the C-siock material (Ti0;) does not change
considerably between 1 MHz and 26.5 GHz®. Other standard materials that also have
properties that do not vary considerably over this frequency range were also tested to confirm
the accuracy of the technique.

The permittivities were measured using the non-contacting electrode method, which is
considerably more accurate than the contacting electrode method with samples that are not
absolutely flat. The gap between the electrodes was set to be about 0.3 mm larger than the
thickness of the sample. The short/open/load calibration technique was used to remove the

effects of residual capacitance above 5 MHz, with the load calibration approximating the

- capacitance of the fixture with the sample inserted. The real permittivity results are shown in

Table 8-1, with imaginary permittivities given in Table 8-2.
Freq | Teflon | Perspex |Lead §AK7 |[AK12 |AK 1S

(MHz) glass
1 2.017 [2.764 19.972 |8.577 11.31 {1299
5 2.017 |2.716 }9.968 |8.515 11.22 [ 12.90

10 2.018 |2.702 ]19.989 |8.501 11.20 | 12.88
15 2.020 |2.697 |10.03 8510 11.22 11291
20 2.022 12.696 |10.10 |8.539 11.27 | 12.99
25 2,026 |2.700 {10.20 | 8.591 11.36 | 13.11
30 2.031 12.707 1035 |8.680 11.50 §13.32

Table 8-1. Real permittivity of materials measured with LCR meter
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Freq | Teflon Perspex | Lead AK7 |AK12 |AK 1S

(MHz) glass
1 6.62 x 10° | -0.0538 [ -0.0100 | -0.0574 | -0.0865 | -0.0869
5 -2.37 x 10 | -0.0406 | -0.0121 | -0.0674 | -0.105 |-0.108

10 6.11 x 107 | -0.0358 | -0.0132 [ -0.0715 [ -0.112 {-0.113
15 -5.94 x 10~ | -0.0339 | -0.0139 [ -0.0731 | -0.118 {-0.114
20 -7.97 x 10 [ -0.0335 [ -0.0136 [ -0.0719 | -¢.125 |-0.112
25 .1.26 x 10~ [ -0.0352 | -0.0160 [ -0.0698 | -0.137 | -0.108
30 -1.68 x 10~ | -0.0397 | -0.0200 [ -0.0676 | -0.160 | -0.101

Table 8-2. Imaginary permittivity of materials measured with LCR meter

The figures from Table 8-1 show that the measured values for the Teflon, Perspex and
lead glass samples are in close agreement with the expected results. The C-Stock materials
vary, with the AK 12 results showing a reasonably close match with that expected while the
AKX 7 and AK 15 samples are significantly different from the quoted values, All the results
show a systematic increase in the real component at the highest frequencies of 25 and 30
MHz. The cause of this increase is assumed to be from incomplete removal of the residual

capacitance,
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cgale‘,&’z o} Coaxial (Wausguicfs

Placing samples in the 7mm coaxial beadless airline is a standard technique used to
measure permittivity and permeability of materials. The technique is one that is recommended
by Agilent Technologies (Hewlett-Packard) for measuring the electromagnetic properties of
materials at microwave frequencies'®. It is especially useful for measuring materials with low
permittivities and permeabilities, and can give very accurate results if the specimen tested is

accurately machined.

a.n. g.c:ﬂ'on

Teflon is a well-known dielectric material, which can be easily machined to size, and so is
an ideal materiai to test in the coaxial waveguide. A 5.13 mm thick sample was measured
with the resulting electromagnetic properties shown in Figure 9-1. The average permittivity
across the full frequency band was 2.010 — 0.047i, with an average permeability of 1.002 +
0.021i. These values are very close to published resuits, except for the larger than expected
imaginary permiitivity value. Continual tightening and loosening of the connectors has caused
the connection to degrade as can be seen in the increased error at high frequencies, in both the

oscillatory behaviour and the increased imaginary permittivity.

Permiltivity and permeability of Teflon sample measured in coaxial waveguide
2.5
2 MM/\/\/
~— Real permittiviy
1.5 - ~— lmag permittiviy
. -— Real permeabiliy
E — Imag permeability
g 1 5 — ]
&
0.5 1
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Frequency (Gilz)

Figure 9-1. Permittivity and permeability of Teflon measured in the coaxial waveguide
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Q.2. 65'-041? xx .wmp[a

When the coaxial specimens were made from the C-stock AK xx sheets and tested in the
airline, the real pemmittivity values shown in Figure 9-2 were extracted. The values obtained
for the higher permittivity samples are lower than that expected from the dielectric test fixture
and the free space measurements, while the results of the AK 7 sample are close to those from

the other techniques.

Real permittivity of C8-AK xx samples tested using coaxial waveguide

== i
. M\/\PW\/\/\/\W\/M

0 2 4 6 8 10 12 14 16 18
Frequency (GHz)

Real permittivity

Figure 9-2. Real permittivity of CS-AK xx samples tested in the coaxial waveguide
This example highlights one of the many problems inherent with the coaxial waveguide
technique. As has been stated previously, one of the disadvantages to this method is

incomplete filhing of the waveguide which allows some of the signal to pass around the

- sample untouched, leading to a lower value of effective permittivity extracted by the

algorithms.

In order to investigate this effect, a specimen containing 5% by weight of charcoal in
epoxy was produced and tested repeatedly in the coaxial waveguide, increasing the internal
diameter between measurements. The reflection/transmission algorithm was used in the
normal manner to extract the permittivity. The variation of real permittivity of the sample is

shown in Figure 9-3, together with a predictive curve proposed by Peter Jewsbury®.
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Effect on real permittivity of inconplele filling of the coaxial wavepuide

Real permittivity

l L] L] T 1 T

3 35 4 4.5 5 55 6 6.5 7
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Figure 9-3. Average real permittivity of charcoal loaded epoxy sample with internai diameter

increased

The curve follows the form

£ .
£ = qulatlon 9-1

‘ﬁ +(e? _ltd,. -3.04)
7-3.04

where ¢, is the measured permittivity, &, is the actual permittivity of the material and d; is the

internal diameter of the sample. This curve is based on a semi-empirical formulation using
knowledge of the endpoints and describing the mean field inside the waveguide.

The curve can be used to estimate the permittivity measured by the equipment for a
sample with a given permittivity and intemal diameter. With high permittivity materials, it
can be seen from Figure 9-4 that only very small increases in internal diameter are needed to

significantly reduce the value of permittivity measured with this equipment.
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Effect on real permittivity of incoenplete filling of the coaxial waveguide
Expected reduction from curve it with data points every 0.01 mm
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Figure 9-4. Effects of internal diameter changes on real permittivity using Equation 4-1,

crosses show 10 micron increases

The permittivities used were based on the free space results of the C-stock AK xx sheets.
It can be seen that with the highest permittivity sample (AK 15), it only takes a 10 micron
increase in the internal diameter to reduce the measured permittivity from 13.5 to around
11.0. When the internal diameter of the sample increases above a value 0.1 mm larger than the
inner conductor, the measured permittivity for all samples is very similar.

We can therefore infer from the results of Figure 9-2 that the internal diameters of the CS-
AKX 12 and 15 (and quite possibly the AK 7) specimens are slightly larger than the coaxial
waveguide, and some of the signal is passing around the sample rather than going through it.
In the case of the AK 15 material only a very slight increase in intemal diameter is required to
give the resuits observed. Although the samples felt tight on the ipner and outer conductors
when tested, there must nevertheless have been sufficient gaps in the sample to allow some
radiation to pass unaffected.

When testing these sorts of materials in the coaxial waveguide, one is caught in a catch-22
situation. Since the specimens used are rigid they will not fit inside the waveguide if they are
too small; however, if they are made large enough to fit inside the waveguide then the results
are in error because they are then too large. In the absence of a fully developed correction

technique, the sample needs to be measured using a better technique.
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9.3. Hexible whler samples

The flexible carbon loaded rubber samples do not have the sample problems inherent with
the rigid CS-AK xx samples. Being flexible they can be slightly larger than necessary, and
can then be pushed into the waveguide without causing damage to the gold plated conductors.
Specimens were produced by firstly drilling a hole in the rubber on a drill press, then using a
specially designed hole cutter to slice the outer ring. Previously it was found that this sample
preparation technique produces good results. However, in this case it was found that the
technique was causing damage to the secondary carbon black structures present in the
samples, thus lowering the permittivity values measured. It is believed damage is caused both
at the drilling stage and when the sample is placed czto the inner conductor when the hole is
too small. Three different drill bits were used to cut the holes in the samples, with the
resulting imaginary permittivity shown in Figure 9-5 (the real component showed similar
effects).

Imaginary permittivity of Sample E-A tested in coaxial waveguide
Specimens cut using different sized drills

e i | — 3.00 mm drill
T 40
E_ / ~— 3.175 mm endmill
-m -

g
$ ol
E -80

-100

'120 T T T ¥ i ¥ T T

1] 2 4 6 8 10 12 14 16 18
Frequency (GHz)

Figure 9-5. Imaginary permittivity of specimens cut from Sample E-A using different drills to

cut the internal hole

Sample E shows the greatest effect with drill size because of the high loading of carbon in
the system. The first attempt with the 3.00 mm drill was not very successful because the drill
did not bite into the rubber, instead tending to slide through the sheet. The endmills have a flat
end that cuts the mbber effectively but the 3.00 mm endmill still did not cui a hole large
enough for easy placement of the specimen on the inner conductor of the coaxial waveguide.

So when the specimen cut with these methods was to be placed onto the inner conductor, it
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was flexed quite harshly, and so damage occurred to the sample before it was even tested. The
3.175 mm (1/8 inch) endmill provided the best solution and hence the highest permittivity
measured, but it is still far below the values obtained with the free space measurements, as
shown in Figure 9-6. The specimen could be positioned easily on the inner conductor, but the
damage had occurred already in the drilling stage. The same effects are observed in the other

carbon loaded rubber samples in both the real and imaginary components.

Pezmittivity of rubber Sample B-A tested in coaxial airline compared to other techniques
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Figure 9-6. Imaginary permittivity of Sample E-A tested in coaxial waveguide compared to
other techniques

A better selution would be to cut the holes in the sample with circular hole cutters on a
press; however, these were not available in time for this thesis.

When it came to testing the carbonyl iron loaded polyurethane material, the results were
very different. The standard technique of drilling the hole with a 3.00 mm drill cut a very neat
hole in the polyurethane sheet, and since the process does not damage the additive the results
from the coaxial waveguide measurement are close to those from free space testing. Adding
to the ease of measurement is the fact that the specimen can be slightly oversize and still be
squashed inside the waveguide, so gaps should not occur inside the line.

The permittivity and permeability results are shown in Figure 9-7 to Figure 9-10. The
parameters match closely between the different techniques. Slight differences can be observed
especially at low frequencies where it is known the diffraction effects are large. Overall

however, the two techniques are giving consistent results for all four parameters.
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Real permittivity of Sample G-A tested in coaxial airline compared to other techniques
Refllection/transmission algorithm, 500 avg, standard gate for free space measurements
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Figure 9-7. Real permittivity of Sample G-A tested in coaxial wavegunide compared to free
space results from 445 mm square samples

Imaginary permittivity of Sample G-A tested in coaxial airline cormpared 10 other techniques
Reflection/trarsmission algorithm, 500 avg, standard gate for free space measurements
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Figure 9-8. Imaginary permittivity of Sample G-A tested in coaxial waveguide compared to

free space results from 445 mm square samples
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Real permeability of Samplke G-A tested in coaxial airline compared to other techniques
Reflection/transmission algorithm, 500 avg, standard gate for free space measurements
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Figure 9-9. Real permeability of Sample G-A tested in coaxial waveguide compared to free

space results from 445 mm square samples

Imaginary permeability of Sample G-A tested in coaxil airline compared to other techniques
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Figure 9-10. Imaginary permeability of Sample G-A tested in coaxial waveguide compared to

free space results from 445 mm square samples
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9.4. Nbre [oaded composite

The fibreglass composite containing 6 mm long carbon fibres was expected to show the
limitations of the coaxial waveguide technique; however, it was not expected to be as
diamatic as it turned out to be. Since the specimen is rigid the results suffer from the same
problems as the CS-AK xx samples, in that the sample must be slightly oversize to fit inside
the waveguide. However, the largest effect on the permittivity of the sample is the reduction
in the effective fibre length inside the specimen. Rather than being 6 mm long, the fibres have
been shortened by the act of actually producing the specimen. This shortening of the fibre

length has a dramatic effect upon the permittivity, as can be seen in Figure 9-11.

Permiltivity and permeability of Composite material tested in coaxial airline
500 avg, no gating applied
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Figure 9-11. Permittivity and permeability of Composite sample tested in coaxial waveguide

When this result was first observed, the specimen was checked to see that there were
actually any fibres present, and the result was not simply a fibre free region of the sheet. The
fibres were observed however, and two different samples tested produced similar results so
the measurement was confirmed. The permittivity has been reduced by at least an order of
magnitude at low frequencies compared to the free space result (shown in Figure 5-16, Figure
5-17 and elsewhere). It is clear that the coaxial technique is not suitable for this style of
material, because the sample size is too small for the 6 mm additives to be correctly

measured.
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9.5. Summayy

The coaxial waveguide method is a standard technique that can be used to measure the
permittivity and permeability of a wide mnge of materials; however, it does have its
shortcomings. Materials like the carbon loaded rubber that are fragile, or cannot be easily
machined to the correct size such as glass or the range of CS-AK xx materials need to be
measured using a non-destructive technique. Other classes of materials, such as ones
containing large inclusions like the carbon fibre loaded composites will produce very

inaccurate values for permittivity if tested using the coaxial waveguide method.
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In addition to the extended regimen of testing on the series of standard materials, various
“one-off” measurements were taken on some other materials. These included de-ionised water
(which has a well known permittivity) and a range of commercial fibreglass composite
materials with various loadings of carbon fibres. Some of the results shown here were
presented at the 2000 Asia-Pacific Microwave Conference®. |
10.7. Water

Water has very well known electrical properties at microwave frequencies, and has been
measured many times over the years with a variety of methods®. The free space techniques
described in this thesis are not ideal for measuring liquids; however, it is still possible if
measurements are taken carefully. The main problems in measuring the permittivity of liquids
in free space include making a transparent bath for the liquid to stay in, ensuring the container
is flat and level and measuring the depth of the test liquid. Since the permittivity of polar
liquids (such as water) change dramatically with temperature, it is also important to ensure
that the temperature is constant and measured accurately.

For the purposes of this exercise a 550 mm square bath was made, consisting of a
polystyrene foam base 50 mm thick with 6 mm thick MDF stuck to the sides as walls. A thin
acrylic sheet was stuck to the polystyrene base and sides to make a watertight container. The
acrylic sheet was sanded lightly to reduce surface tension effects with the shallow depths of
water used.

The bath was placed on a stand and the heights of the legs were adjusted so that the bath
was level over almost its entire base, with oniy 2 slight variation froin ievel in some areas.
The depth of liquid was to be calculated by weighing the entire bath to find the volume of
water and thereby the thickness to be used in the permittivity calculations. However, it was
later found that this method slightly overestimated the depth by an average of 0.1 mm, which
was measured by finding the weight of water required to just cover a sanded drill bit lying in
the centre of the bath. The surface tension of the water was lowered by the addition of a small
amount of a surfactant (Softano] 90) to lessen meniscus etiects on the drill for this test.

Transmission measurements were taken on freshly deionised water over the range 3 — 18
GHz with the gold homs, and 7.5 — 18 GHz with the silver horns. The temperature of the

water was measured with a Fluke type 52 thermometer as 19.3 °C for the wide frequency
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range, and 19.1 °C over the range 7.5 — 18 GHz. The pemmittivity results over 3 — 18 GHz are
shown in Figure 10-1 and Figure 10-2.

Real permittivity of 550 min square de-ionised water at dilferent depths
Gold horns, 16 avg, 1.2 ns span, water temp 19.3 degrees
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Figure 10-1. Real permittivity of de-ionised water measured with gold homs

Imagmary permittivity of 550 mm square de-ionised water at different depths
Gold homs, 16 avg, 1.2 ns span, water temp 19.3 degrees
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Figure 10-2. Imaginary permittivity of de-ionised water measured with gold horns

The theoretical results are taken from Kaatze®® using the Debye relaxation spectral

function shown in Equation 5-1 with parameters £, = 80.406, £, = 5.6 and T =9.598 ps.
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The parameters used were taken by constructing a line of best fit between those quoted by
Kaatze at 15 and 20 °C to give a value at 19.3 °C.

The send hom was 130 mm from the base of the water, with the receive hom about 250
mm away from the surface. The short hom to sample distances and large size of the sample
reduces the effects of diffraction to a large degree, but as has been shown in previous results it
always causes problems in transmission measurements if not properly removed. These
measurements were faken before the extent of the problem was known, and as such the
diffraction beam was not measured at the time. The diffraction beam is expected to be the
cause of the oscillatory behaviour of the extracted permittivity values at low frequencies. At
high frequencies the values again start deviating from those expected due to errors in the
measurement equipment. At around 14.5 GHz the transmission signal for the 6.25 mm thick
sample drops below ~50 dB and as such the sensitivity of the measurement is reduced.

Over the frequency range 7.5 — 18 GHz the values extracted are a lot cleaner as would be
expected from higher gain horns. The diffraction signal is much smaller at the lowest
frequency, and the signal level received at the highest frequency is increased. The results are
shown in Figure 10-3 and Figure 10-4. The theoretical trace shown is that calculated using
water data estimated for 19.1 °C. The deepest sample again is showing signs of deviation at
the high frequency end but overall the results obtained are in good agreement to those
expected from the literature.

Real permiittivity of 550 mm square de-ionised water at different depths
Silver homns, 16 avg, 1.2 ns span, water temp 19.1 degrees
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Figure 10-3, Real permittivity of de-ionised water measured with silver homs
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Tmaginary permittivity of 550 mm square de-jonised water at different depths
Silver homs, 16 avg, 1.2 ns span, water temp 19.1 degrees
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Figure 10-4. Imaginary permittivity of de-ionised water measured with silver horns

10.2. Carbon ﬁg’cs Loadsd comfzosits

The permittivity and permeability values from a number of fibreglass composite materials
with varying loadings of carbon fibre were also tested. Like the water samples above, these
samples were measured prior to the time the diffraction removal technique was developed, so
to reduce the effects of diffraction on the results a foil “window” was pladed on the foam
stand. The aluminium foil sheet with a 200 mm square hole cut in the centre was adhered onto
a piece of polystyrene foam, on which the sample was placed. Four rolls of carbon fibre
impregnated fibreglass tissue were bought from Technical Fibre Products in the UK, with
nominal weightings 0.05, 0.15, 0.20 and 0.25 wt% of 6.25 mm long chopped carbon fibre, A
fibreglass sheet with no carbon fibre added was also measured as part of the series.

Readings were taken over 2 — 40 GHz with the time gate span set at 1.0 ns for the
reflection measurements, and 0.75 ns in transmission. Using the aluminium foil window is not
as effective at removing diffraction as the direct measurement of the foil lined glass sheet, but
it still performs an adequate job. The results over 2 — 18 GHz are shown in Figure 10-5 and
Figure 10-6. As the concentration of carbon fibre increases so too does the transmission loss
through the sample and the effects of the foii window increase. The results over the 7.5 - 18
GHz range taken with the silver horns are very similar to those taken with the gold horns,

only with less noise as one would expect.
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Figure 10-5. Real permittivity of carbon fibre loaded composite materials tested in

reflection/transmission mode with gold horns

Imag permitivity ol 300 mm squarc carbon fibre loaded composites tesied with gold homs in refiftrans mode
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Figure 10-6. Imaginary permittivity of carbon fibre loaded composite materials tested in
reflection/transmission mode with gold homs

As frequency increases, the real permittivity of the carbon fibre loaded samples drops to

that of the unloaded composite material, while the imaginary component remains relatively
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high. Over the frequency range 16 — 40 GHz, the real component for samples with higher
loadings of carbon fibre drop slightly below the unloaded material indicating anomalous
dispersion, as can be seen in Figure 10-7, with the imaginary component shown in Figure
10-8.

Real permittivity of 300 nam square carbon fibre loaded conposites tested with hi-freq homs in refirans mode
500 avg, 0.75rs span, foil window
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Figure 10-7. Real permittivity of carbon fibre loaded composite materials tested in

reflection/transmission mode with hi-freq horns
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Figure 10-8. Imaginary permittivity of carbon fibre loaded composite materials tested in
reflection/transmission mode with hi-freq horns
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In the interests of clanty, the permittivity of the unloaded material over the range 16 — 40
GHz was calculated using the transmission only result, as destructive interference in the
reflection signal caused distracting peaks at about 35.5 GHz.

The average permeability values fcr the samples are shown in Table 10-1. The
permeability values for the unloaded sample include the effects of the destructive interference
peak.

Carbon | 2-18 GHz 7.5-18GHz | 16 — 40 GHz
loading | y' Ty Ty u" w u"

0% 0.992 |0.001 §0.999 | 0.007 { 1.025 | 0.002
0.05% 10977 [0.01510.988 | 0.007 ] 1.004 | 0.020
0.15% {0.952 |0.018]0.965 | 0.002 | 0.988 | 0.007
0.20% 10978 | 0.004 | 0.999 | 0.022 | 1.020 | 0.044
0.25 % [ 0.951 | 0.009 | 0.968 | 0.022 ] 1.011 | 0.031

Table 10-1. Average permeability values for the carbon fibre loaded composite materials over

;

three frequency ranges

70.3. gbiﬁcmcfion removal tsclz’mquza

Various techniques were investigated to remove the effects of diffraction around the
samples when performing transmission measurements. The first approach used the “window™
concept, where the radiation was free to pass through the centre of the window, but would be
vlocked from going around it by either an absorber or 2 reflector. The absorbing condition
was arranged by cutting a square hole in the centre of a commercial available convoluted
foarmn radar absorber. For this approach the calibration was performed with the foam absorber
in place, then the sample was positioned and the transmission measured. The absorber used
was optimised for the 7 - 18 GHz range and about 100 mm thick. In the case of the reflective
“window”, aluminium foil was adhered to a polystyrene ioam sheet with a square hole in the
cenire as before. This was a far cheaper solution than cutting holes in RAM, and had the
additional advantage of being less dependent on the frequency range used. The third approach
investigated relied on removing the diffraction signal mathematically by measuring the signal
of a foil lined glass sheet that was the same size as the sample.

Perspex samples 305 mm and 100 mm square were measured with the gold homs over the
range 1 — 18 GHz, with both horns 190 mm from the sample. Two foil windows were used to
investigate the effects of aperture size on the measurement, the sizes being 200 mm square
and 90 mm square. The foam absorber had a 250 mm square hole cut in the centre. Both the

foil lined foam and the absorbing foam sheets had outer dimensions of around 600 mm
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square. The metal sheets used for the mathematical removal process were the same size as the
S Comparison of difffaction removal technigues using transmiission only mode
sample tested. R 305 mun square perspex sheet, 500 avg, i ns span

All the methods investigated performed reasonably well at removing the diffraction

signal. The time domain response of the 305 mm sample is shown in Figure 10-9, where it 34 — Diffraction not remaved

can be seen that the diffraction component of the transmission response occupies the region

!..J
b
i

from 0.2 ns to 0.5 ns, after which time the gate removes the rest of the signal. The black line

Real permittivity
VS )

™~
o

\ ~— 305 mm metal plate
—— 200 mm foil window
250 mm abserber window
shows the expected time domain signal for the Perspex sheet. Since none of the diffraction
removal processes recover the theoretical curve it is difficult to say with any certainty which .
technique is superior; however, the graph of the mathematical removal of the diffraction _/% ]
A

signal has the smallest peak height above 0.2 ns.

&

The extracted permittivity results for the 305 mm square Perspex sample are shown in 24 — T T T T Tt T T T
) ) ) o P2 3 4 5 6 7 8 9 10 1 12 13 14 15 16 17 18
Figure 10-10 and Figure 10-11, where it can be seen that the results are very similar Frequency (GHz)

regardless of the diffraction removal process used. ) o
Figure 10-10. Real permittivity of 305 mm square Perspex sample measured with gold horns
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Figure 10-11. Imaginary permittivity of 305 mm square Perspex sample measured with gold i
horns showing a comparison of diffraction removal processes
When the 100 mm sample was measured, the results clearly showed that the mathematical
diffraction removal process was superior. The diffraction signal is a lot larger for this smaller i
: sample, and a lot less distinct in she tiine domain with the minimum path length difference
being only 13 mm, This leads to the blue trace show: in Figure 10-12.
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Comparison of diffraction removal techniques using transmission only mode
100 mm square perspex shect. 500 avg, ! ns span, Kaiser-Bessel window
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Figure 10-12. Time domain response of the transmission threwsgh the 100 mm square Perspex

sample.

In conirast to the previous result, the result is much improved when the diffraction is
removed mathematically when compared to the use of a much smaller foil window. Both
techniques restore the signal near the calibration plane (wheie e = 0), but the foil window
method does not remove the signal around the 0.4 ns mark. This result is reflected in the

permiitivity results, shown below in Figure 10-13 and Figure 10-14.
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Figure 10-13. Real permittivity of 100 mm square Perspex sample measured with gold horns

showing a comparison of diffraction removal processes

Companson of diffraction removal techniques using transmission only mode
100 mm square perspex sheet, 500 avg, 1 ns span

1.5

-
1

b=
W
1

g

— Diffraction not rermoved
— 100 mm metal plate
— ) mm foil window

-I.S T T T T T T T T =1 T T T L T T T

1 2 3 4 5 6 7 8 9 10 1 12 12 14 15 16 17 18
Frequency (GHz)

Figure 10-14. Imaginary permittivity of 100 mm square Perspex sample measured with gold
homns showing a comparison of diffraction removal processes

While still not perfect, the mathematical removal of the diffraction signal is giving a
relatively good estimate of permittivity above 3 GHz or so. The foil window gives oscillations
around the expected values, which is still a big improvement on the permittivity result when
diffraction is not removed. Meﬁsurements such as this one led to the adoption of the

mathematical diffraction removal technique used in this thesis.
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In order to show the effectiveness of the mathematical technique on a highly lossy
material, the results of rubber sample E with different sizes are presented over the frequency
range 1 — 18 GHz. The transmission loss through sample E is about —14 dB across this
frequency range, while the diffraction beam is dependent upon frequency and sample size.
The result fro: {he largest sheet tested (445 mm square) in configuration 1 is shown in Figure
10-15, together with the diffraction rueasurement and the difference calculated using the

diffraction removal technique.

Transrission magnitude from 445 mm Sample E-A compared to diffraction signal
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Figure 10-15. Transmission magnitude of 445 mm square Sample E-A compared to diffracted
magnitude

The effect of removing the diffraction signal is relatively small in this case, since the
transmission magnitude is considerably greater than the diffraction signal. As the sample size
decreases to 305 mm square, the diffracted signal is of a similar magnitude to that passing
through the sample which leads to the destructive interference peaks, nevertheless the

diffraction removal process extracts a relatively clean signal (Figure 10-16).
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Total transmission magnitude from 305 mm Sample E- A compared 1o diffiection signal
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Figure 10-16. Transmission magnitude of 305 mm square Sample E-A compared to diffracted
magnitude

In the case of the 150 mm square sheet, the diffraction signal dominates the total signai
acquired when measuring the response from the sample. However, the diffraction removal
algorithm is still able to extract useful information from the sample alone. At low frequencies
the signal increases above the --14 dB level, which is not surprising considering the diffraction
peak is of the order of 10 dB larger than the desired signal.

Total transmission magnitude from 150 mm Sample E-A compared o diffraction signal
Gold homs, 500 avg, 1.0 ns gate span
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Figure 10-17. Transmission magnitude of 150 mm square Sample E-A compared to difiracted
magnitude
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Placing all the results on the same set of axes shows how close the magnitudes of the three
different sized samples are afier the diffraction removal process has taken place. When
compured to the original data shown in the previous graphs, Figure 10-18 proves the worth of

the technique in obtaining a more accurate measure of the material’s electromagnetic

properties.
Transmission magnitude of Sample E-A with diffraction signal removed
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Figure 10-18. Transmissicn magnitude of the three sizes of Sample E-A with diffraction

removed

Using the resulting magnitudes and phases of the three samples to calculate the
permittivity of the material, we obtain the graph shown in Figurz 10-19. The effects of stray
reflections and diffraction are still presen: in all the traces; however, the deviations from the
average values are much lower using the mathematical diffraction removal technique. None of
the results can be said to be highly accurate below 2 GHz with large oscillations occurring for
even the largest sample; however, an average value can be estimated for both the 445 and 305
mm square sample at these frequencies. The results from the 150 mm square sample have
deviated considerably from the others at frequencies lower than about 6 GHz, and so it must
be concluded that samples with this degree of toss should be considerably larger than 150 mm
square to maintain accuracy. However, when one considers the original data it is somewhat
remarkable that the technique converges to any value at all, and to get an acceptable result

above about 6 GHz should be considered a success for the mathematical diffraction removal

techmique,
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Real permittivity of Sample E-A Iested in configuration 1 using mansmission method
Gold homs, 500 avg, 1.0ns span, with diffraction removed
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Figure 10-16. Real permittivity of different sized rubber E-A samples measured with gold

homs using transmission method with diffraction removed

10.4. Lensed transmission results

The large foam lens was tested using the range of 445 mm square samples to see if its use
would improve the measurements. The lens was placed on a 100 mm thick sheet of
polystyrene foam, which in turn was resting on a stee! frame 750 mm square attached to a
steel bar running verticaily along the wall. This bar is also used as the attachment point for the
homs. Originally, this frame was used to hold the sample itself before it became apparent that
the weight of the samples was causing the steel frame to bend slightly and so shift closer to
the send horn. The shifts were only of the order of a few tenths of miilitnetres, but as we have
seen eatlier this slight shift is enough to greatly affect the reflection measurements. For this
reason an aluminium frame was made to hold the samples steady. All metal parts were
covered in absorbing material to minimise sicay reflections.

Because the lens can only sit with its flat face down, the orientation of the measurement
needed to the changed. The send hom was on top with the receive horn undemeath the
sample. When using this orientation reflection measurements are more difficult, as the
calibration plane changes each time a sample with a different thickness is measured. While it
is possible to apply a calibraticn shift equal to the difference between the specimen and the
reflective plate’s thicknesses, large errors can easily result. For the purposes of the lens test,

only the transmission method was used.
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The measurement setup is shown in Figure 10-20, showing the configuration when the
high {requency homs are used. Because of the high transmission losses in flexible coaxial
cable, the run was kept as short as possible while maintaining a reasonable distance between
the cable and the area iliuminated by the hom. For the lower frequency measurements the
cable losses are smaller and the cables run behind the absorbing foam on the back wall.
Figure 10-20(b) shows how the yellow cable runs behind the foam absorber to stay as far
away as possible from the send horn. The sample slides between the 300 mm thick

polystyrene foam stand arid the 100 mm foam piece on which the lens is situated.

Figvre 10-20. Measurement setup used for lensed transmission measurements

It was found that the foam lens had very little effect on the extractec valvos of perm'i‘.:ivit.y
for the samples tested. Observing the measured S;; values for Perspex in Figure 10-21 and
Figure 10-22 over the range 7.5 — 40 GHz, it is found that no improvement in the magnitude
has been observed, and the phase traces are almost identical. Diffraction effects are prevalent
across the frequency band, which are causing the deviations from the theoretical line. When
these values are used to calculate permittivity, both sets of data are close to that expected with
no discernable improvement caused by the lens. The permittivity values are shown in Figure
10-23 and Figure 10-24.
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Very similar results were observed for all the carbon loaded rubber samples tested.
Occastonally one data set would show slightly different results for the lensed measurement of

the order of 5%, but the effect was not consistent across the entire set.

Transmission magnitude of 445 mm square perspex sample tested in transmission mode with Jens
500 avg, standard gates, diffraction not removed
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Figure 10-21. Magnitude of the S;, signal measured through the 445 mm square Perspex

sample with and without the lens

Trensmission phase of 445 mm square perspex sample tested in ransrrission mode with lens
500 ave, standard gates, diffraction not removed
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Figure 10-22. Phase of the S;; signal measured through the 445 mm square Perspex sample

with and without the lens
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Real permittivity of 445 mm square perspex sample tested in transmission mode with lens
500 avg, standard gates, diffraction not removed
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Figure 10-23. Real permittivity of 445 mm square Perspex sample tested in transmission

mode with and without the lens

Imaginary permiztivity of 445 mm square perspex sample tested in transmission mode with lers
500 avg, standard gates, diffraction not removed
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Figure 10-24. Imaginary permittivity of 445 mm square Perspex sample tested in transmission

mode with and without the lens

Due to the limited effect the lens was having, the difficulties in aligning and levelling it,
together with the added complications in performing reflection measurements and positioning
$0 as to avoid multiple reflections between the lens and the sample, it was decided that use of

the lens was not necessary to obtain highly accurate measurements and that its use would be

discontinued.
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Cgafzfs’z 17. Disaussion

A number of materials with very different electromagnetic properties have been examined
over a wide frequency range with the purpose of discovering the optimum technique for
accurate determination of the permittivity and pe:iaeability of the materials. Every technique
investigated had its own strengths and weaknesses for the various samples used, with material

properties often determining the best method to use.

1.1, Eviors in mmp[:s thickness

The most common source of error in determining the electromagnetic properties is
associated with the specimen’s physical dimensions. The coaxial waveguide method relies on
the sample completely filling the airline; however, both the free space and waveguide
methods rely on an accurate measurement of the sample’s thickness for reliable results. In
order to determine the relationship between sample thickness and permittivity accuracy, a
theoretical S-matrix was constructed for a non-magnetic material 1 mm thick, with a
permittivity of 10 - 5i over the frequency range | — 100 GHz. The S-matrix from this
hypothetical material was then used to extract permittivity and permeability while changing
the thickness used in the calculations. The thickness was changed by + 0.01, £ 0.02, £+ 0.05
and + 0.10 mm to form the graphs shown in Figure 11-1 to Figure 11-4, using the
reflection/transmission algorithm.

At very low frequencies it appears that the extracted permittivity values show a simple
linear relationship between the increase in thickness and the corresponding decrease in
permittivity, i.e. a 5% increase in thickness leads to a 5% decrease in pemmittivity. The
permeability values show little effect on thickness change at the lowest frequencies. However,
as frequency increases, all the parameters rise and fall in a seemingly haphazard fashion with
no discernable pattern. However, if one observes the reflection and transmission data shown
in Figure 11-5, it becomes clear that the peaks and dips present in the extracted permittivity
and permeability data line up with those of the reflection and transmission data.
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Figure 11-1. Real permittivity of theoretical material with incorrect thickness used in Figure 11-3. Real permeability of theoretical material with incorrect thickness used in

i

calculations using reflection/transmission algorithm, sample nominal thickness { mm calculations using reflection/transmission algorithm, sample nominal thickness 1 mm
Effect on imaginary permittivity with errors pliced in data ) Effect on imagi - .
Co . . . . n imaginary penmeshility with exrors placed in data
: Theoretical malerial with permittivity (10,-5), permeability (1,0) with sample thickness changes . Theoretical iad with permittivity (]ljo,- 5). i biliy (1, 0)p with sample thickness changes
%2 0.08
44 0.06 :
4.6 oot i
£ E 0.02 E:
E ] PN\
B -52- AN, S
-S E’ :\- .____,___“_..__.-—---——-ﬂﬂ“/ \/,/ —_— .;
& 54 1 £ 0.02
S e g :
-5.6 1 & o
5.8 1 : 0.06
0028w | -
.6 T T T T T T T T : .
— -0.05 mm ‘ "0 08 T T T T T T ik
: 0 10 20 30 40 50 60 70 80 | _ oiomm| 100 g -
; . 0 10 20 30 40 50 60 ¥
. Froquency (GH2) : Froquency (GHz)
Figure 11-2. Imaginary permittivity of theoretical material with incorrect thickness used in | Figure 11-4. Imaginary permeability of theoretical material with incorrect thickness used in f
:_. :_ calculations using reflection/transmission algorithm, sample nominal thickness 1 mm i calculations using reflection/transmission algorithm, sample nominal thickness 1 mm ;
1
3
276 | 277




g TR T HC SR LA 2 it e s b e T R

Reflection and transmission magnitudes of theoretical material 1 mm thick
with permittivity (10,-5) and permeability (1,0)
0
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Figure 11-5. Reflection and transmission magnitudes of theoretical material with known
properties
With these con- and destructive interferences removed from the trace (obtained by

producing a second S-matrix with the sample 0.1 mm thick) and performing the same

percentage changes in thickness as before, we obtain the results shown in Figure 11-6.

Effect on permittivity and permeability with errors placed in data, sample 0.1 mm thick
" Theeretical me.terial with permittivity (10,-5), permeability (1,0) with sample thickness changes
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Figure 11-6. Permittivity and permeability of 0.1 mm thick theoretical material with incorrect

thickness used in calculations
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The conclusion from Figure 11-6 is that far from interference effects there is a one-to-one
correspondence between errors in thickness determination and final permittivity results. Any
error in the determination of the thicknass of the sample leads to an equal percentage error in
the permittivity valucs. Near destructive interference conditions however, the result obtained
using the reflection/transmission algorithm can be quite unpredictable if thickness is not
accurately known.

The reflection/transmission algorithm is able to change all four parameters (real and
imaginary permittivity and permeability) to best account for an incorrect thickness when used
in the calculations. The reflection only and transmission only algorithms have just the
permittivity values to alter, and so respond differently to sample thickness errors. In order to
investigate the effects on these algorithms, the same changes to sample thickness were applied
with the results shown in Figure 11-7 to Figure 11-10.

The results from the transmission only algorithm show that errors in sample thickness
have only a minor effect on the final extracted permittivity values. Of course the absolute
values have been shified by the same percentage change that was present in the thickness, but
generally the extra effects are small. At around 25 GHz, the real permittivity shift increases
from a value similar to the change in thickness at low frequencies, to a value about 1.5 times
this value at high frequencies. Around this same frequency the imaginary values all tend
towards the correct value of —5. Away from the effects observed near 25 GHz, both the real
and imaginary values are relatively constant and have an error level approximately 1.5 times
that of the error in the thickness.

However, the reflection only result is a completely different story. This algorithm has
never been a particularly stable one when errors such as sample positional shifts are present in
the data, and it can be seen that thickness variations cause this algorithm problems too. At
frequencies of around 30 - 35 GHz, the algorithm has trouble staying on the comrect solution
and if the thickness errors are large enough, the program shifis the solution to one that has a
lower permittivity. This occurs again at around 75 GHz with all the curves now shifting to a
solution with lower values. Exactly what is causing these problems is not known precisely,
but it probably has to do with the effects of multiple internal reflections inside the sample.
Since the thicknesses are slightly incorrect, the program is expecting these effects at different

frequencies to those expected, with the outcomes shown in the figures below.
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" Effect on real permittivity with erors placed in data, transmission only algorithm B o o , , )
Theoretical material with permittivity {10,-5), permeability (1,0) with sample thickness changes Fffect on real permitivity with errors placed in data, reflection only algorithm
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Figure 11-8. Imagin ermittivity of theoretical material with incorrect thickness used in " . . oy . ) e . ] . 1
gu ginary p y N Figure 11-10. Imaginary permeability of theoretical matenal with incorrect thickness used in
calculations using transmission only algorithm, sample nominal thickness 1 mm : . , . ; . .
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When a very thin sample is used in the analysis, both single parameter algorithms show
similar shifts to those observeéd for the reflection/transmission algorithm resuits of Figure :
11-6. The algorithms produce similar resuits when the thickness used does not produce con-

or destructive interference conditions.
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n.2. Calibration plane shifts

The importance of sample placement on to the calibration plane when measuring
reflection is critical, and is one of the major reasons why permittivity and permeability
measurements are so difficult in free space. Other researchers® have constructed elaborate
vertical stands with micrometers on worm gears to position the sample or homs to exactly the
right location, but this technique is complex, only useful if the sample is rigid and requires
focussing lenses to reduce the effects of the sample holder. Placing the sample horizontally on
a foam stand is a much easier measurement, but the technique assumes that the sample will
not compress the foam, the foam is transparent and that the surface of the foam is flat. For
these reasons 300 mm thick polystyrene foam was used as a sample holder for this study. It
can easily be cut reasonably flat, is almost transparent to microwaves and is stiff enough to
stop the sample deforming it. The properties of flexible samples can be measured using this
technique and the specimens will conform to the shape of the foam block, but rigid samples
may have inbuilt stresses causing them to be deformed slightly. Since the materials used as
reflection standards in this study were rigid, some slight shifting of the calibration plane is
almost inevitable., However, if the shift is known (and can be measured) the effect can be
countered somewhat by shifting the calibration plane in the computer program.

The effect of shifling the calibration plane by a fixed distance is frequency dependent,
with higher frequencies being more affected than lower ones. This is because a fixed distance
is a higher percentage of the wavelength at high frequencies than lower ones. Using the same
theoretical material as before it is possible to see the effect that even a small shift in the
calibration plane has on the extracted permittivity and permeability.

With the thickness of the sample set at 1 mm, the efiects of altering the calibration plane
on the reflection/transmission algorithm are shown in Figure 11-11 to Figure 11-14. It is
interesting to note that for all but the largest shifts the real permittivity does not alter
éigniﬁcantly until the frequency climbs above 30 GHz whereas the imaginary component
moves off its correct value much earlier. When testing non-magnetic materials the
permeability can be used to find the correct shift required, where it can be seen that shifts as
small as 50 um can cause the real permeability to shift by 5 % at frequencies below 20 GHz.
A good method of determining the correct shift is to apply the value that removes the
frequency dependence of the imaginary permeability; this usually corrects the real

permeability also.

Effect on reat permittivity with ewvors plced in data, reflirans slgorithm
Theoretical material with permittivity {10,-5), permeability {1,0) with calplane shift

—
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Figure 11-11. Real permittivity of theoretical material with calibration plane shifted using

reflection/transmission algorithm

Effect on irnagnary permittivity with errors placed in data, reflitrans algorithm
Theoretical material with permittivity (10,-5), permeability (i,0) with calpbae shift
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Figure 11-12. Imaginary pemittivity of theoretical material with calibration plane shifted
using reflection/transmission algorithm
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Effect on real permeability with errors placed in data, refVirans algorithm each parameter differentiy, with sample thickness being no reliable indicator as to whether the

ical material with permittivity (10,-5), perineability (1,0) with calplane shif . . . ) o .
Theorencal materiz] with p (10,-5), penneabilty {1,0) with calplane s effect is large or small. Were a different phase shift applied, the calibration plane shift would
alter the parameters differently again.
Effect on real permittivity with errors placed in data, reflitrans algorithm
Theoreiical matenial with permittivity (10,-5), permeability (1,0) with 0. lmm calplane shif
12
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Figure 11-13. Real permeability of theoretical material with calibration plane shifted using 851
reflection/transmission algorithm 8 - - . . . . . . .
: 0 10 20 30 40 50 60 70 80 9 100
Frequency {GHz)

Effect on imaginary permeability with errors placed in data, reflrans algorithm

Theoretical material with permittivity (10,-5), permeability (1,0) with calplane shif Figure 11-15. Real permittivity of theoretical material with various thicknesses and

0.6
calibration plane shifted 0.1mm using reflection/transmission algorithm
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Figure 11-14. Imaginary permeability of theoretical material with calibration plane shifted 37
using reflection/transmission algorithm -6 : 1,0 2-0 3-0 4-0 5-0 6-0 -;0 8.0 9.0 .

The phase shift caused by moving the calibration plane affects the permittivity evaluation _ Frequency (GHz)
differently for samples with different thicknesses. Figure 11-15 to Figure 11-18 shows how . Figure 11-16. Imaginary permittivity of theoretical material with various thicknesses and
the permittivity and permeability varies with thickness after a constant phase shift 2 calibration plane shifted 0.1mm using reflection/transmission algorithm
corresponding to 0.1 mm of air has been applied to the data. The calibration plane shift affects
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Effect on resl permeability with errors placed in data, refVtrans algorithm
Theotetical material with permittivity (10,-5), permieability (1,0) with 0.1mm caiplane shift

Frequency (GHz)

Figure 11-17. Real permeability of theoretical waterial with various thicknesses and

calibration plane shifted 0.1mm using reflection/transmission algorithm

Effect on imaginary permeability with errors placed i data, refl/trans algorithm
Theorstical material with permittivity (10,-5), permeability (1,0) with 0.1mm calplane shift |
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Figure 11-18. Imaginary permeability of theoretical material with various thicknesses and
calibration plane shifted 0.1mm using reflection/transmission algorithm

Because the effects upon the permittivity and permeability are so sensitive to sample
placement, it is good measurement practice to measure a known non-magnetic standard with
similar physical properties at the same time as measuring the unknown material. If, for

instance, the unknown material were flexible then this would require a flexible standard to be
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measured in the same configuration. Rigid materials would be more difficult as inbuilt
stresses may bend the sample in irreproducible ways; however, one should attempt to produce
a non-magnetic version of the sample to be used as a standard. Failing that, the surface of the
material may be machined flat in order to minimise errors. Every effort should be made to
maintain a flat surface on the foam sample holder, and obtain a flat metallic sheet for

calibration purposes.

11.3. Sty weflection and diffraction peaks

Extraneous signals are usually present in the measured signal, be they reflections from the
test fixture or from the homs themselves. In order to gain some insight into the effects of
these reflections, the time gating program was modified to add an echo with a known
magnitude, phase and delay to a measured data file. The file chosen was the transmission
through a Perspex sample measured with the silver homs over the range 7.5 — 18 GHz.
Perspex was chosen because it has properties that are independent of frequency and because
the transmission loss is low, less than 1 dB across the full frequency range. The sxtraneous
peak (echo) applied had the following form,

_ (-5

Peak_, =M xe "7 cos(42¢) Equation 11-1

!t-s)z

Peak, . =M xe 7 sin{42¢) Equation 11-2

imag

where M is the linear magnitude of the peak, ¢ is time and s is the positional shift in time of
the peak in nanoseconds. The constants in the equations maintain the correct form of the peak
size and shape. When the peak is added, the effect in the time domain is shown in Figure
11-19, where the peak has a magnitude of —40 dB and a time shift of 0.5 ns. The 3-term
Blackman - Harris window was used for the time domain conversion. When the time domain
data is transformed back into the frequency domain the peak causes a sinusoidal error term in
the measured signal for even very weak extrancous peaks. The effect on the magnitude is
shown in Figure 11-20 for an added peak with a magnitude of 40 dB and time shifts of 0.2

and 0.5 ns.
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Time domain trace of transmission through perspex sample measured with sitver homs
Extra peak added at t= 0.5 ns, 3 term Blackman-Harris window used

-10 1
Extra peak

Magnituce (dB) .

-2 -L.5 -1 .5 0 0.5 1 1.5 2
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Figure 11-19. Extraneous peak added to Perspex transmission data in the time domain

Transmission through perspex sample measured with silver homs
Peak added with magnitude -40 dB and time shift as shown
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Figure 11-20. Effect of extraneous peak added to Perspex transmission data in the frequency

domain

The effect on the signal is very pronounced and leads to a sinusoidal behaviour in the
extracted permittivity values, with the frequency of the oscillation increasing with the

displacement in time of the added peak. The extracted real permittivity values using the
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transmission only method for the Perspex sample with a number of different extra peaks are

shown in Figure 11-21.

Real permittivity for Perspex sample with extra peak
Peak added with magnitude and time shil as shown

7 3 9 10 3] 12 13 14 15 16 17 18
Frequency (GHz)

Figure 11-21. Real permittivity of Perspex sample with extra peak added

The effect on the permittivity for such low intensity peaks is quite large, considering the
maximum level of the additie:...i neak is around 1 % of the original signal, The peak 20 dB
below the main signal is sh\ » to cause error levels of £ 15% over this frequency range.
Similar levels are observed in the imaginary component. One interesiing point about Figure
11-21 is the time position of extraneous peaks can be inferred by the period of any oscillations
in the permittivity trace. If the oscillation is rapid across the frequency span, the user can
determine that a stray peak is present some distance away from the main peak. If the
oscillation is slower, then the error peak may be closer to the desired one.

This effect can be seen in the measured transmission data by comparing the transmission
results for the samples when the diffraction signal is not removed. In the case of the measured
Perspex data when the diffraction peak is not removed, we find the time domain response
shown in Figure 11-22. As the distance between the horns increases, the time difference
between the diffraction peak and the main one decreases, and so we would expect to find the
period of the oscillations in the frequency (and hence permittivity) spectrum increase. Sure
enough, this effect is observed in the real and imaginary permitiivity values across the

frequency range, where the real values are shown in Figure 11-23.
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Time domain response from 445 rmm square Perspex lested on wall in transnission mode
Gold homs, 500 avg, Ins span, diffruction nol removed.,
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Figure 11-22. Time domain transmission response of 445 mm square Perspex sample

Real permittivity of Perspex tested on wall in ransmission mode
Gold homns, 500 avg, 1as span, diffraction not removed.
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Figure 11-23. Real permittivity of 445 mm square Perspex sheet measured with gold horns
using transmission only algorithm, with diffraction peak not removed

It can be seen that as the diffraction peak moves closer to the main peak, the number of
dips in the trace reduces from seven in the case of configuration 1, to four when tested in

configuration 5, to finally 2 or 3 when the homs were in configuration 9. It is interesting to
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see the secondary structure in the configuration 9 result caused by a second peak situated at
about 0.45 ns in the time domain.

The transmission data measured over 7.5 — 18 GHz with the silver homs in configuration
I does not have a large diffraction peak interfering with the main peak. However, if we place
a peak with the same magnitude, phase and time shift that was present in the measurement
over 1 — 18 GHz, we would hope to measure a similar response. In the case of the
configuration 1 measurement, the diffraction peak had a magnitude of about —44dB and
shifted by 0.41 ns. By appropriately adjusting the phase of this peak to 100 degrees, the real
pemnittivity values of the measurement taken with the silver homs were adjusted to those
shown in Figure 11-24. There was already some structure in the measurement taken over 7.5
— 18 GHz, but the presence of the artificial pcak added to the time domain data has
transformed the signal to match the resuit over 1 - 18 GHz.

Real permittivity of Perspex tested on wall i transmission mode
Config 1, 500 avg, gate span applied, diffraction not removed.

2.66
—1-18GHz

2.65 — 7.5 - 18 GHz, with peak added
~— 7.5 - 18 GHz, as measured

Real permittivity

I

2 8 8 2
4

=
Z

2- ss T Li L] T L T 1 1 ] 1

7 8 9 10 n 12 13 14 15 16 17 18
Frequency (GHz)

Figure 11-24. Real permittivity of 445 mm square Perspex sample measured on wall with
exira diffraction peak added to transmission data

The same effect can be seen when comparing the measurements taken with the different
horns (and hence gate widths), The time gate used for each measurement was set to the
minimum possible whilst maintaining a full wave at the lowest frequency used. So as the gate
width decreased, more of the stray reflections/diffraction peaks were excluded from the trace.
This leads to a more even permittivity spectrum with the high frequency oscillations absent
from the permittivity values. So when comparing the results from the gold, silver and high
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frequency horns, the magnitude and period of oscillatory behaviour in the permittivity values
is expected.

We can also expect this behaviour when directly comparing measuremenis on different
sized samples. As sample size decreases, the time difference between the diffraction signal
and the main signal is reduced and so the period of the oscillations across the frequency band
increases. Effective removal of the diffraction peak has already been discussed, but the
techniques are not 100% successful so oscillations are always present but details as to the

source, size and frequency can be explained.

17.4. é‘amp[e size sffsct.&.

One of the main aims of this project to find the optimum sample size for free space
measurements, and the minimum size one requires for an accurate determination of
permittivity and/or permeability. Naively one would expect that when performing
transmission measurements that the bigger the sample, the better the measurement would be.
While this statement is essentially true, it does not give an estimate of the sorts of errors one
expects from a sample with a finite area. Other factors such as near field effects also come
into play here, since one would expect that as the distance between the homns and the sample
increases, the wavefront flattens out and the accuracy should increase. However, this means
the sample must also grow in size to accommodate the increase in beamwidth from the horn,
if the sample is of fixed size then the diffracted beam may introduce errors larger than those
of the near field effect, which may not be able to be completely removed. As the sample size
decreases, it becomes more important to effectively remove the diffraction signal.

The easiest way to directly compare the resuits of similar measurements on different sized
samples is by placing the results on a single set of axes. Due to the amount of data involved
only selected graphs will be presented here. It is useful to show how the extracted permittivity
values of Perspex change with sample size over the three frequency ranges, as the other
samples follow similar trends.

The real permittivity results for the three sample sizes using the transmission algorithm
over the three frequency ranges are shown in Figure 11-25 to Figure 11-27. Small differences
are observed in the 1 — 18 GHz range, with the largest of these occurring below 2 GHz in the
150 mm square case. In this area the wavelength of the radiation is larger than the sample so it
is not surprising the results are in error; however, in this region even the 445 mm square

sample is not error free. In the higher frequency ranges the size of the sample has little
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discernable impact on the results, there is a slight increase in permittivity with smaller

samples but the effect is less than 2 % of the actual value.

Real permittivity of Perspex tested in configueation 1 using transmission method
Guold homs, 500 avg, 1.0ns span, with diffrection removed

3 2.4 ~— 445 mm sheel
23 — 305 mm sheet
—— |50t mm sheet
22
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2 L T T L) T T T T T T T T T T

| 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Frequency (GHz)

Figure 11-25. Real permittivity of different sized Perspex samples measﬁred with gold homs

using transmission only method with diffraction removed

Real permittivity of Perspex tested in configuration | using transmission method
Silver homs, 500 avg, 0.5us span, with diffiraction removed
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Figure 11-26. Real permittivity of different sized Perspex samples measured with silver horns
using transmission only method with diffraction removed

293




Real penmittivity of Perspex tested in configuration 1 using transmission method
Hi-freq horns, 500 avg, 0.25ns span, with diffraction removed
268
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Figure 11-27. Real permittivity of different sized Perspex samples measured with hi-freq

homs using transmission only method with diffraction removed

When the reflection only measurements are compared, the effects are not insignificant.
Possible thickness etrors in the sample may be causing probiems near destructive interference
points as seen earlier in the constructed material (see Figure 11-9). Sample flatness and
alignment also plays a part, since large samples reflect a relatively narrow lobe that must be
accurately directed back to the source. Smaller samples reflect a wider lobe that do not require
the same level of pointing accuracy. So it is not surprising to see the effect of sample size on
permittivity shown in Figure 11-28 and Figure 11-29. In both cases the real permittivity of the
445 mm square sheet drops below the value expected, while the 305 and 150 mm square
sheets stay close to the value of 2.6 across most of the frequency band.

Due to the presence of destructive interference effects for this sample, results from the
reflection and transmission algorithm are difficult to interpret since there are large spikes
across the frequency bands of interest. For this reason samples other than Perspex will be used

to investigate the effects of sample size on the reflection/transmission results.
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Reeal permittivity of Perspex lested in configuration 1 ysing reflection method
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Figure 11-28. Real permittivity of different sized Perspex samples measured with silver horns

using reflection only method

Real permittivity of Perspex tested in configuration 1 using reflection method
Hi-freq horns, 500 avg, 0.25ns span
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Figure 11-29. Real permittivity of different sized Perspex samples measured with hi-freq

homs using reflection only method

Moving to the results of the carbon loaded rubber samples, it is possible to view all the
data from a particular measurement on a single set of axes and still make sense of the resuits.
Observing the transmission method results as before, we find that this method again gives

good correlation between sample size and frequency band. The results of Figure 11-30 and
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Figure 11-31 show that for all but the 1 — 18 GHz measurement of the 150 mm square sample
at the frequency extremes, the size of the sample has very little effect on the permittivity

values. The results from the smallest sample are in error at the lowest and highest frequencies

When the reflection method is used to measure the permittivity of the samples, errors can

occur because the technique has the added complication of maintaining the correct calibration

plane. When the appropriate shift is applied, the results for sample B-A are shown in Figure

when measured using the gold homs,

Figure 11-30, Real permittivity of different sized rubber B-A samples measured with various

homs using transmission only method with diffraction removed

Figure 11-31. Imaginary permittivity of different sized rubber B-A samples measured with

various horns using transmission only method with diffraction removed
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11-32 and Figure 11-33.

Figure 11-32. Real permittivity of different sized rubber B-A samples measured with various

horns using reflection only method

Figure 11-33. Imaginary pcrmittivity of different sized rubber B-A samples measured with

various homns using reflection only method
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It can be seen that the measurements up to 18 GHz show good correlation with each other
and those using the transmission only method. Only the 150 mm square sample deviates at
low frequencies, where the wavelength of the radiation approaches the size of the sheet. At
these low frequencies the reflection from this sample is of the order of 15 — 20 dB lower than
that of the (already small) reflection from the similarly sized metal plate. This reduction in the
signal causes a loss of resolution in an already error prone measurement, and so it is perhaps
not surprising the results are in error.

Above 18 GHz, the reflection algorithm is introducing a peak in the imaginary component
which was not present using the transmission method. This peak is more pronounced in the
results taken from the larger sized samples but some evidence still remains in the 150 mm
square material. Using the permittivity extracted from the transmission only result we can
calculate the reflection signal expected, and compare it to the signal actually measured. These

results are shown in Figure 11-34 and Figure 11-35 for the 445 and 305 mm square sheet.

Reflection magnitude from Sampk B-A compared to that
expected from transmission only measurement

0
2 — Calcubited from transmission
A —— Measured (305 mm)
— Measured (445 mm)

Magnitude (dB)
So

16 18 20 22 24 26 28 30 32 34 36 k-3 40

Frequency (GHz)

Figure 11-34, Magnitude of reflected signal from sample B compared to value calculated

from transmission only result
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Reflection phasc from Sampk: B-A compared to that
expected from transmission only measurement

200
190 +
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180 =-— Measured (305 mm)
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Phase (degrees)
3

g

16 18 20 2 24 26 28 k)] 32 4 36 Kt 40
Frequency {(GHz)

Figure 11-35. Phase of reflected signal from sample B compared to value calculated from

transmission only result (phase wrapped over 180 degrees for ease of viewing)

Apart from the slightly reduced magnitude between the measured value and the expected
one (which would probably tend to cause a slightly larger imaginary component to be
extracted), there is very little difference between the expected and the measured values.
Certainly nothing in the measured data indicates the sort of problems one sees in the derived
permittivity values of Figure 11-32 and Figure 11-33. By slightly altering the value of the
calibration plane shift, the magnitude of the peak in imaginary permittivity can be increased
many-fold, but cannot be removed completely. The artefact is probably a feature of the
sensitive nature of calculations in (he complex plane.

When using both sets of data for the reflection/transmission algorithm, there is no doubt
that the reduced values of reflection are causing errors in the permittivity calculations but the
effect is minor. When viewing the graphs of Figure 11-36 and Figure 11-37 it is clear that the
peaks present in the imaginary permittivity data when using the reflection data only have all
but disappeared, being replaced by the normal variations caused by the destructive
interference peak at about 38 GHz. The low frequency response of the 150 mm square sample
still shows the same high frequency oscillations caused by the large diffraction signal close to

the main peak, which the program cannot remove completely.
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Real permittivity of Sample B-A tested in configuration | using reflectiontransmission method
Vatious horis, 500 avg, gate span applied

—= 445 nwn sheet, gokd homs
«— 305 mm sheel, gold horns
== 1 50 mm sheet, pold homs
—— 445 wm sheet, siver homs
--— 305 mm sheet, siver homs
—— 150 rom sheet, siver horne
—— 445 mm sheet, bi-freg horrs
305 mm sheet, hi- feq horms
— 150 rmn sheet, hi- freq homs

Real permittivity

Frequency (GHz)

Figure 11-36. Real permittivity of different sized rubber B-A samples measured with various

horns using reflection/transmission method

Imaginary permitiivity of Sample B-A tasled in configuration 1 using reflection/transmission method
Various homs, 500 avg, gate span applied
° /
y
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E_] 5 — 445 mm sheet, goki hons
E. — 305 mm sheet, goM horms
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Figure 11-37. Imaginary permittivity of different sized rubber B-A samples measured with

various homs using reflection/transmission method

The permeability data corresponding to the above permittivity results can be seen in
Figure 11-38 and Figure 11-39. The low frequency response of the smailer samples again
show oscillations caused by incomplete removal of the stray reflections and diffraction, but in

the main the average values for all results stay close to the values expected for non-magnetic
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materials. Only at the highest frequencies to the values stray, and this can be accounted for by
the presence of the destructive interference at 38 GHz.

Real permeability of Sample B-A tested in configuration 1 using reflectiontransmission method
Various horns, 500 avg, gate span applied
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Ls | — 305 mmsheet, god homs
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1.4 1 — 445 mm sheet, sther homs
| - =305 mm sheet, siver boms
1.3 . ~=- 150 mmsheet, silver homs
:L_: 1.2 - — 445 mm sheet, hi-freq homs
£ 305 mm sheet, hi- freq homs
E 1.1 - -——lSOmshect.li-Eeqtnus//_\
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09 - } \
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0 5 10 15 20 25 k') 35 40
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Figure 11-38. Real permeability of different sized rubber B-A samples measured with various
horns using reflection/transmission method

tmaginary permeability of Satmpie B-A tested in configuration | using reflectiow/transmission method
Various homs, 500 avg, gate span applied

—— 445 mm sheet, gold homs
0.8 - -— 205 mnsheet, gold homs
~—— 150 mmsheet, gold horms
—— 445 mn shee, siver homs
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(=]
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Figure 11-39. Imaginary permeability of different sized rubber B-A samples measured with

various homs using reflection/transmission method

The effects noted in the discussion of rubber sample B apply more or less equally to the
other carbon loaded rubber samples, with the understanding that the effects tend to increase
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with sample permittivity. As permittivity increases, the transmission magnitude decreases and
so the effects of diffraction increase. As can be seen from Figure 11-40 and Figure 11-41, not
even the 445 mm square sheet is immune from incomplete cancellation of the diffraction
wave at low frequencies, with the diffraction beam only 4 to 5 dB lower than the total
transmission signal. The smaller sheets are even worse off with the diffraction beam around
10 dB /arger than that travelling through the sample in the case of the 150 mm square sheet.
When this is taken into account it is perhaps surprising that the al gorilhm converges at all, but
the fact that it gives a consistent value is a testament to the effectiveness of the diffraction
removal process. Below about 6 GHz the results from the 150 mm square sample do not
follow those of the larger samples, instead the value of the real component increases markedly
with a corresponding decrease in the imaginary component. In terms of constructing
guidelines for good measurement practice, it should be stated that the sample should be large
enough so that the magnitude of the diffraction beam be no larger than the transmission loss
through the specimen. Of course one never knows for certain the transmission loss expected
from a material with unknown electromagnetic properties until it is actually measured;
however, after measurement procedure has taken place the user will be in a better position to
state a level of accuracy for the sample. If the diffraction signal measured is large- than that of
the specimen, then a new sample should be produced or the diffraction removed using some

other method (such as by using higher gain homs or a lens focussing technique).

Real permittivity of Sample E-A tested in configuration ! using transmission method
500 avg, gate span applied, with diffraction removed
55 l — 445 mmsheet
50 — 305 memisheet
— 150 mmsheet
45 1 ~— 445 mom sheet
2 —— 305 mensheet
2 40 1 — 150 mmsheet
’535 —= 445 men sheet
305 mmsheet
g 30 7 — 150 ms}cﬂL
-4
25 -
20
————
15 1
]0 L} L} T T ¥ L} L}
O 2 4 6 8 10 12 14 6 18 20 22 24 26 28 30 32 34 36 38 40
Frequency (GHz)

Figure 11-40. Real permittivity of different sized rubber E-A samples measured with vartous

horns using transmission method with diffraction removed
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Imaginiry permittivity of Sample E-A tested in configuration 1 using transmission method
500 avg, gale span applied, with diffraction removed

Imaginary permittivity

I 16 18 0 XN M 2 M 3 N M I 3 40
T T L) T

0 2 4 6 8 10 12 M4 16 18 20 22 24 26 28 30 32 34 36 38 46
Frequency (GHz)

Figure 11-41. Imaginary permittivity of different sized rubber E-A samples measured with

various homns using transmission method with diffraction removed

11.5. FHowm to muﬁfz distances

Many results were taken in order to determine the optimum distances between the horn(s)
and the sample. The effects of diffraction have already been discussed at length, and since it is
the major source of error in the measurement process, every effort should be used to minimise
its effects. However, there are several reasons why the sample should not be simply placed
adjacent to the horns, including

¢ muitiple reflections between the homn(s) and the sample

. 'multiple reflections between the two horns

o effective time gating.

The effects from multiple reflections between the homns and the sample have been
presented earlier, but some further discussion is necessary. The microwave hom is a device
that is designed to match the impedance between the waveguide and air at the appropriate
frequencies as best as possible; however, there will always be mismatches causing reflections
by the horn. Calibration techniques can remove some of these effects, but because the
calibration process requires the test sample to be removed, it is not possible to completely
eliminate the reflections_between the sample and the hom(s). Time gating is often used to
eliminate these reflections, but is only effective when the undesired signal is outside the gate
width. When frequencies are high, it is possible to gate very tightly around the required signal
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(within in the limits of multiple internal reflections) to remove the unwanted reflections. Of
course at very high frequencies, compact high gain horns are easy to manufacture and so
diffraction effects are less, which means the horns can be further from the sample to start
with. At frequencies below 3 GHz, the wavelength is larger than 100 mm and many
difficulties all combine to reduce measurement accuracy. High gain horns become harder to
produce and are much larger, diffraction increases and the minimum time gate required to
include the entire wave grows. The horns must therefore be further apart so that effective time
gating can be used, the side effect being that the diffraction is increased.

Sometimes the minimum distances are fixed for other reasons, such as was the case in the
reflection and transmission techniques investigated. Because the sample was positioned
horizontally and the algorithms used were so sensitive to the sample’s vertical position in
space, a thick sheet of polystyrene foam was required to avoid the weight of the sample
bending the holder. Originally, the sample was placed on a 100 mm thick sheet of polystyrene
foam on a steel frame that was attached at the rear on the same vertical pole used to fix the
homs. The weight of the samples caused a bending moment on the frame sufficient to
extinguish any hope of measuring permeability accurately. The sheet was then adhered to a
purpose built frame that was separate from the pole, but some of the samples were bending
the foam sheet in the centre. The foam sheet was replaced with a 300 mm thick foam block,
and the vertical position problem was solved. This meant that at least one of the homs was
going to be a minimum of 300 mm from the sample, and since the send horn was positioned
undemeath this was the closest it could be from the sample. This increased the diffraction
signal which might otherwise be smaller had the send horn been closer.

The effect of testing in the near field has been a largely unknown quantity prior to this
study. Due to the complex nature of the mathematics involved in solving the equations when
the incident wave is actually spherical in nature, the effect is usually just ignored and the
plane wave solution used to extract the permittivity and permeability. While none of the
measurements taken in the course of this study have satisfied the strictest definition of “far-
field”, it is nevertheless useful to note any differences in parameters when the distance
between the homs and the sample is increased.

Using the reflection results of rubber sample E as an example, we find that the effect of
sample to horn distance is negligible, as shown in Figure 11-42 and Figure 11-43. The results
from configuration 3, where the sample to horn distance is greatest, shows more room echo
clutter than the others, presumably because the actual signal strength received by the hom is

lower in comparison to the fixed clutter. However, there is no indication of a systematic shift
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in permittivity as the distance between the homs and the sample increases which might result
from more “plane wave like” behaviour.

Real permitivity of 445 mm square Standard E-A tested on wall in refiection mode
Gold horns, 500 avg, Ins span.
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Figure 11-42, Real permittivity of 445 mm square rubber Standard E-A samples measured
with gold horns using reflection method

Imaginary permittivity of 445 mm square Standard E-A tested on wall @ reflection mods
Gold horns, 500 avg, Ins span.
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Figure 11-43. Imaginary permittivity of 445 mm square rubber Standard E-A samples
measured with gold horns using reflection method

305




11.6. fomfm'ziaon to standoxd tecgmquea

One of the original aims of this project was to confirm that the free space techniques were
at least of similar accuracy to the standard techniques currently employed. One common
method used to measure lossy materials is with the coaxial waveguide, and results shown in
Chapter 9 have shown that similar results are obtained for materials that can be measured
using both techniques. The coaxial waveguide technique completely fails to accurately
measure samples containing long fibres, and has difficulty measuring rigid materials with
permittivities over 10 because of the problems involved in machining a sample to fit inside
the waveguide without leaving gaps. The measurement of the carbon loaded rubber samples
also proved troublesome for the coaxial waveguide technique due to the damage that occurs to
the carbon black structure when producing a specimen for test.

The measured permittivity of Teflon is consistent over all the measurement techniques
and frequencies used in this study. From the lowest frequency of 1 MHz right up to 40 GHz
the properties of Teflon did not change, and so gives a good indicator as to the accuracy of the

techniques. The measured values are shown in Figure 11-44.

Real pemittivity of Teflon sample tested using different techniques
Transmission method used for free space, 500 avg, normal gate, with diffraction removed

2.1
— Free space transmission
2.08 1 — Coaxial waveguide n
X Dielectric Test fixture
2.06 -
g
& 204 -
X
§ x
o
2
{
1.98 1
1-96 L] 1] ¥ L3
0.001 0.01 0.1 1 U] 100

Frequency {GHz)

Figure 11-44. Real permittivity of Teflon measured using various techniques

The Perspex and lead glass samples also show a good match between the dielectric test
fixture results and thoss from the free space techniques.

In the case of the CS-AK xx materials, the results from dielectric test fixture and the free
space techniques closely match over the wide frequency span, whereas the coaxial method

underestimates the permittivity. The extent of this underestimation is seen in Figure 11-45,
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where the measured real permittivity of all the samples is shown on the same set of axes

across a wide frequency band.

Real permittivity of CS-AK xx samples tested using different techniques
s Transmission method used for free space, 500 avg, AA gate, with diffraction removed
— Free space transmission
14 4|— Coaxial waveguide
X _Dieleatric test foawe |, |CS-AK 15
13 % X x x X%
g’ 12 4
z | x
g x  x xxX
Eu CS-AK 12
z 10 -
%] X
X X % xxX
g CS-AK 7
i
? T T T T
0.001 0.01 0.1 1 HE 100
Frequency (GHz)

Figure 11-45. Real permittivity of CS-AK xx samples measured using various techniques

One thing that is quite clear from these measurements is that none of them match the
values quoted by the manufacturer, Cuming Corporation. CS-AK 7 is higher than quoted, and
AK 12 and 15 are both significantly lower. The accuracy of the dielectric constant was quoted
as being + 3% of the value in the name, except for AK 15 which had an error level of + 10%.
This sample just barely made it into the lower bound; however, based on the results it appears
that the other samples may well have been mislabelled CS-AK 8 and AK 11.

It was found that the fibre loaded composite sample also couldn’t be accurately measured
in the coaxial waveguide. Although it is in theory possible to place a 6 mm long carbon fibre
in a coaxial specimen without it being cut (the actual maximum is about 6.3 mm based on
simple geometry), this would rarely happen in practice, and in any event the average length of
carbon fibres would be much lower. A comparison befween the values obtained from testing a
specimen in the coaxial waveguide to those in {ree space is shown in Figure 11-46. Real and
imaginary permittivity have been shown on a single set of axes, with real permittivity having

positive values, and itnaginary permittivity negative values.
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Pemittivity of Composite sample tested in coaxial airline compared to free space technique
500 avg, standard gate for fiee space measurement
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Figure 11-46. Measured permittivity of Composite sample using coaxial and free space
techniques

The carbon loaded rubber samples used are particularly sensitive to damage. Just how
sensitive they were was not known prior to this study, but their highly lossy behaviour is
important for a number of applications. The high loss is attributed to the secondary structure
of the carbon black, being almost fibrous rather than a simple sphere. This extent of this
structure can be represented by a measure of the surface area of the particles. Standard filling
grades of carbon black have a surface area of between 30 and 80 m%gram, whereas the
Printex XE2 black has a surface area around 600 — 650 m%/gram. When the coaxial specimens
were produced and tested, some of this secondary structure was damaged, leading to the
results shown in Figure 11-47, Real and imaginary permittivity have again been shown on a
single set of axes, with real permittivity having positive values, and imaginary permittivity

negative values.
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Pecmittivity of Sample C-A tesied in coaxial arline compared to other techniques
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Figure 11-47. Permittivity of rubber Sample C-A measured in free space and in the coaxial
waveguide (hole cut with 3.175 mm endmill).

There is an obvious difference between the two results, and the fact that the permittivity

increased with greater inner hole dimension leads to the conclusion that the specimen is being
damaged whilst being placed on the inner conductor. Since the cut hole is significantly
smaller than the drill size, placing the smaller specimens on the inner conductor can be quite
difficuilt and requires a fair degree of force. This action can cause damage to occur in the
specimen.

71.7. TThe best Laa.gmquz?
Many techniques have been trialled and reported on in this study, While it is difficult to

say precisely which method is the best, there are definitely areas where some techniques
should be avoided if possible. In cases where the material to be tested has magnetic inclusions
(for instance iron, cobalt and some ferrite powders), either the coaxial or free space reflection
and transmission techniques could be used provided the sample is flexible. If the material is
rigid or cannot be destroyed, then the free space technique is preferred due to the problems
involved in accurately machining a coaxial specimen for testing. This advice should be given
with the proviso that a similar non-magnetic material should be tested in the same
configuration, so that any shift in the free space calibration plane can be observed and
corrected. In addition to this, it is noted that the test specimen should be as large as possible
so that diffraction effects can be minimised. It was shown that the uncertainties in the results
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of the 150 mm square samples at frequencies lower than about 5 GHz are quite severe in
materials with a large permittivity.

For non-magnetic materiais the free space transmission technique is preferred for
materials with a size greater than twice the longest wavelength of interest. The transmission
technique is not affected by destructive interference, and providing the transmission signal
through. the sample is greater than the diffraciion signal, highly accurate results can be
obtained using the mathematical diffraction removal technicque described in this thesis. Since
the size of the diffraction peak is affected by the hom to sample distances, these should be
reduced as much as possible whilst maintaining sufficient space so that time gating techniques
can be used to remove the multiple reflections between the sample and the horns.

In cases where there is limited material available for testing, or the wavelength of the
longest frequency required is greater than the sample size, then the coaxial waveguide
technique is preferable. If care is taken to accurately machine the specimens for test then the
results are highly accurate. The transmission or reflection only algorithms can of course be
used for coaxial measurements to eliminaie any destructive interference problems (assuming
the sample is non-magnetic).

Frequency bands also play a part in the selection of the best technique. The homs used in
this thesis have a lower limit of 1 GHz, and so should not be used below this value. The
coaxial waveguide can be used down to 45 MHz with the system currently in use. Above 18
GHz however, the coaxial method cannot be used and free space techniques are the easiest
ones available for measuring the electromagnetic properties. While is still possible to use
rectangular waveguide at these high frequencies, the number and sizes of different specimens
required make the testing difficult.

The reflection only technique suffers from problems caused by the slight shifts in position
due to the specimen’s weight or shape. It is vitally important that the front of the sample lies

on the calibration plane, since significant errors can occur if the sample is only tens of

microns from the correct position. The shift can be easily corrected for if it is accurately
known, but this step adds further complications to the procedure. The size of the sample also
affects the reflection only technique, and it is recommended that samples should be at least at
large as the longest wavelength.

Further problems with the reflection only technique occur when the reflection signal from
the sample becomes very high. It was observed in the carbon loaded rubber samples that the
permittivity curve for the material with the highest loading (sample E) “crossed over” the
other curves at high frequencies. The same effect occurred with the thicker rubber material (F)
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that had a permittivity similar to that of sample D. In the 16 — 40 GHz range, very few of the
results using the reflection only algorithm showed values similar to those from the
transmission only algorithm. It appears that the reflection only algorithm is only of limited
use in extracting permittivity data,

By contrast, the reflection and transmission technique is quite robust in that it can use the
seemingly highly error prone reflection data to produce permittivity and permeability results
that closely match the results expected. In most cases the permeability data is within + 5% of
the free space result for non-magnetic materials, and closely agrees with the results taken
inside the coaxial waveguide for the magnetic material investigated. With careful sample
placement and use of a known material to correct for any calibration plane shifis, the
reflection/transmission technique described in this thesis should give accurate, reliable
measurements.

The backed reflection technique showed some promise as an accurate measurement
technique, especially at high freqpiencies. At frequencies below about 6 GHz this technique
did not produce an accurate d:vermination for either the 305 or 150 mm square specimens. At
high frequencies, however, ti¢ wuhuique matched the results obtained for the other
techniques, giving accurate valucs for the materials with well-known properties. The use of
the dielectric lens appeared to have little effect on the extraction process for the 305 mm
square samples, with similar values obtained for lensed and unlensed measurements. This
technique should only be used in cases where the transmission only technique is not
appropriate, such as materials that are inhomogeneous in their thickness or have an integral

backing applied that cannot be removed.

11.8. Suture work

The measurements at lowest frequencies showed the greatest inaccuracy because of the
low gain of the microwave horns {of the order of 6 — 8 dBi below 3 GHz) contributing to the
large diffraction signal in transmission measurements, and reducing the dynamic range for
reflection measurements. Larger low frequency homs have been purchased that have gain
levels of the order of 17 dBi over the range 3 — 8 GHz, so measurements will be taken using
these horns and then compared to those taken with the lower gain horns. It will be interestirig
to see if the accuracy improves using these high gain homs at the lower frequencies.

At the other end of the scale is the millimetre wave band higher than 40 GHz. The
network analyser can be outfitted to measure phase and magnitude up to 110 GHz with

appropriate mixers and modifications to the test set. These modifications are quite expensive
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(even when compared to microwave equipment which is not cheap) but as technology
advances to include the mm-wave bands, the techniques investigated here could be used to
measure material properties at these frequencies.

Currently the algorithms developed here use the measured phase and magnitude of the
either reflection or transmission (or both) to determine the permittivity. Since the
measurement of phase is usually the most difficult part, it would be easier if permittivity
extraction could be performed using scalar measurements of reflection and transmission.
Assuming the matenial is paramagnetic, it is possible to determine the permittivity of the
material based only on reflection and transmission magnitude”. Alternatively, the
measurement of phase alone could be used to extract the values. The accuracy and stability of
alternate algorithms such as these could be investigated in the future.

[t had been suggested that the measurement procedure might be medelled using
simulation software such as Ansuft’s HFSS program. This was not attempted during this
study, primarily because the program was not available (and with a price tag of A$120,000
plus A$18,000 per year for support it was too much to justify purchasing), and also because it
was felt that measuring the error terms directly would lead to a better solution. Direct
measurement of the diffraction signal did contribute to a highly accurate result, however if the
software ever did become available it would be interesting to simulate the diffraction and

error terms, and compare the results with the direct measurement approach.
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Cona[uiéon

This study has concenirated on improving the accuracy available to the free space
techniques using a wide variety of methods such as time gating, antenna position, diffraction
removal, specimen size and calibration plane shifis. It has also shown that the effects of
testing in the near field were not as great as first imagined, which improves the ease of use of
the techniques. With flat samples that are larger than aboui two wavelengths at the lowest
frequency of testing, measurements of the electromaglletic parameters can be taken with an
accuracy level of greater than £ 5%, and usually better than + 2% over the full frequency
band.

The frequency range that the measurements were performed was over 1 to 40 GHz, but
theoretically the techniques used could extend in either direction provided the microwave
antennas were of the correct type, and the network analyser system was able to interrogate the
incoming signals.

The largest source of error in transmission measurements is caused by interference from
the diffraction signal, which passes around the sample without going through it. It has been
shown that the effects can be readily removed by directly measuring this path, and then
mathematically subtracting it from the combined signal. This method can be successfully
applied even when the magnitude of this diffraction signal is large ' than the transmission
signal, This very useful result allows small samples to be tested using the technique without
loss of accuracy.

The overall conclusion that can be drawn from this work is that highly accurate
permittivity and permeability measurements can be made on dielectric materials in free space
using techniques that do not require complicated calibration methods, focussing lenses or
specially designed reflectors to reduce near field or diffraction effects. The technique is less
suited to materials with extremely low loss tangents when highly accurate values of imaginary
permittivity are required, but will give accurate values for low to high loss materials when

using the methods outlined in this thesis.
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04/2/25)%[5): Oq.dl/lia’cowaus Lenses

Two lenses were made for use in this study. One was to be used for compact range
measurements, the other on the reflection/transmission test setup. The formula used to

calculate the shape of the lenses is derived below™,

Source 0

R, ST >

Figure A - 1 Arrangement of the lens, source and target.

"The front surface of the lens is formed so as to produce a plane wave at the back (flat)
surface of the lens. With the setup as shown above, the phase of the wave travelling through
the lens must equal the phase of the free wave. The phase at the edge of the lens is equal to
koR, where ko is the free space wave number 2n/A. The phase of that part of the wave that
travelled through the lens equals Roko + kT and must equal the free space wave for plane

wave behaviour, Therefore
Rk, = Rjk, +k]T Equation A - |

For every value of D there is a corresponding thickness T that results in plane wave behaviour
behind the lens. To calculate the thickness at any point on the lens we remember that the

refractive index n is the ratio of the wave numbers and Pythagoras’ theorem. Continuing on

we obtain the following;
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R=R,+nT
J(R,+T) +(D/2)* = Ry+nT
(Ry +TY +(D/2)? = (R, +nT)’

2

R} +2R,T+T? +DT = R} + 2R T +n’T?

D?
2,2 —_ _——
T (n ‘1) +2Ry(n -DT 4 0 Equation A - 2

which can be solved easily with a calculator or computer.

04.1. Lens fot ange meastrementa

The lens constructed for the radar range was made from syntactic foam that incorporated
lightweight microspheres in an epoxy matrix. The aim was to produce a thin, light and strong
lens that would give minimal return reflection whilst producing plane wave behaviour at the
target. The permittivity of the material was tested in the coaxial waveguide and was found to
be 1.81 — 0.038i, with a corresponding permeability of 1.00 + 0.006i. The fact that the
permeability was measured to be so close to that expected gives a high degree of confidence
in the measured permittivity. Using a permittivity of 1.81 (giving refractive index = 1.345), Ro
= 2.4 m and the effective radius of the lens = 0.375 m (the diagonal distance of the square
lens) we get the formula for the thickness 7" (m) of the lens at a radius R (m) from the centre

as

1.65774—+/2.7481 + 3.24R?
1.62

T =0.08157766 +[ ] Equation A - 3

The Iens was milled on a numerical computing machine using this formula.

H.2. Lens foz 'zsﬂ’scfiorz/f'zmamiﬂion head

This lens was made of an even more lightweight material, polyurethane foam with a
density of 250 kg/m®. This material has a permittivity of 1.32 (so n = 1.1489), Ro= 1.0 m and

the size was 520 mm square. The machining formula for this lens was

T =0.33403 +1.5615(0.298 — +/0.0888 +1.2808R?) Equation A - 4

Because this lens had a lower permittivity and smaller focal length, the lens is much thicker

than the previous lens.
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It is sometimes useful to express data measured in the frequency domain as a series of
equivalent pulses in the time domain. In this way, the measurement technique can be
investigated more fully as the source of contributions to the data measured can be identified:
In the reflection/transmission set-up for instance, one can readily see sources of unwanted
reflections of the microwave field. These include the stands holding the either the horns or the
sample, reflections the horns and the sample, waves bouncing off the walls, the floor and the
ceiling. Some of these possible reflections can be dealt with by a calibration technique, or by
directly measuring the set-up without the sample and subtracting the result from the actual
measurement of the sample. However, not all the usiwanted sources can be removed in this
way such as the reflections between the sample and the horns. For reflections such as these,
time gating offers a solution.

In order to use time gating, the signal must first be converted to the time domain.
Normally a Z-transform is used to convert a finite series of equally spaced data points from
one domain to another. When converting from frequency space to time space using the Z-
transform, the full time domain is generated. If the area of interest in the time domain is small,
a very large number of calculations must be performed so that the required resolution is
attained. The Chirp-Z transform allows the user to only calculate that part of the time domain
required’™. '

The Z-transform of a sequence of numbers x, is defined as

X@@)= Y xz" Equation B - 1

==

in terms of the complex variable z. In general, both x, and X{z} can be cuinplex. Restricting

the equation to a finite series of N non-zero points we can write Equation 8 - | s
N
X(2)= Zx,,z"‘ Equation B - 2
n=0

In the same way we can calculate X for a finite series of points, say z;
N-l

X = X(z,)=2x,,z;" EquationB - 3

n=0
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The normal way of performing the transformation is using points equally spaced around the

unit circle in the z-plane

@2k .
zy=e N, k=0,12,....N-1 Equation B - 4

for which

N i
X, = Zx”e N , k=0,1,2,...,N-1 Equation B - 5

n=0

This is the known as the discrete Fourier transform. It has some limitations that the Chirp-Z
transform can eliminate. By defining a more general curve over which the transform operates

of the form,
z, = AW, k=0,12,....,M-1 EquationB - 6
where M is an arbitrary integer and both A and ¥ are arbitrary complex numbers of the form
A= Aoeizwo W = I’Voenmﬂh Equation B - 7

The case of 4 = 1, M = N and W = /™ corresponds to the discrete Fourier transform. The
general z-plane contour begins with the point z = 4, and depending on the value of W, spirals
in or out with respect to the origin. If ¥, = 1, the contour is an arc of a circle. The angular
spacing of the samples is 2 7d,. Figure B - 1 shows how the arbitrary curve is described 01 the

complex plane starting at z = 4.
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Figure B - 1 An arbitrary curve on the z-plane over which the Chirp-Z transform is calculated.
Along the contour of Equation B - 6, Equation B —- 3 becomes
N-1 ‘
X, = Zx,,A'"W" , k=0,1.2,....M-1 Equation B - 8
n=0

which appears to need NM complex multiplications and additions thereby reducing the

effectiveness of fast Fourier techniques. However, performing the substitution
Y RINT! 2 .
nk=—\n® +k —(k-n) Equation B - 9

for the exponent of W in Equation B — 8 produces
N-l

X, =Y x pr Aty -eatiz - p=g10 . M-1 EquationB - 10

nxN

which looks even worse than before. However, this series can be solved using a three step
process. Firstly, a new sequence y, is formed by weighting the x, values according to the

equation
y,=x,A"W"'"?,  n=012,..,N-1 EquationB-11

These y, values are convolved with the sequence v, defined as
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v =W Equation B - 12
to give a sequence gk

N=1
gl‘ =Zynvk—n * k=091)2s-",M'] EquationB" 13

=0

and then multiplying g by W* '? to give X;.
X, =ggW*2f2, k=0,1,2,..., M-1 Equation B - 14

The first and third steps require N and M multiplications respectively; the second step s a
convolution which may be computed using high speed techniques.

Some of the advantages of using the Chirp-Z transform are:

e the number of time samples does not have to equal the number of samples of the z-

transform

e neither N nor M need to be composite numbers

o the angular spacing of the z; is arbitrary.
What this means in practice is that the time domain calculated can start and stop at any point
in the range without the need to calculated those points not required. Additionally, the number

of points in the transform can be as many or as few as required.
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Whenever electromagnetic waves encounter an interface between the medium they were
travelling in to a different medium, reflection and transmission can occur. Figure C - 1 shows
the effect of an electromagnetic wave incident on a dielectric slab in air. Multiple reflections

occur inside the sample, with each adding to the total signal received but shifted in time.

¢ Calibration
:p!ane t=0)
]

Reflected
zl Z|
air air

Figure C - 1. Reflection and transmission of an electromagnetic wave through a dielectric
material

Based upon the material’s thickness, permittivity and permeability, it is possible to
estimate the position in time of each of these parts of the signal, together with their
magnitude. This will enable us to determine how many reflections are required for an accurate
determination of material properties. The calibration procedure usually sets the front of the
slab to be at the calibration plane, meaning that time is set to be zero. All timing is calculated
relative to the calibration plane, corresponding to where the incident wave arrives at time
7€10.

The reflection coefficient I" is defined for semi-infinite slabs as

c %%

g = m EquationC -1

where the wave is travelling from medium /i t0 medium j. Similarly the transmission
coefficient T is defined as
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Figure C - 2. Positions and intensities of muitiple interference peaks over 1 — 18 GHz
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Transmission 7.5-18 GHz

e
s Sempie A I @ [ c B I E ] F | G I
e Ave perm thicknessfAve perm _ thicknessiAve perm thickness|Ave perm thickness|Ave perm _thickness|Ave perm
) 4.27-0.26i 1.632]6.91-1.58i 1.612]13.59i 1.09]17-22i 1.101]21.6-29.6i 1.152117.1-19.7i
- Peak _{Time fa Time (n)_[Wag (dB) [Time [r9) |Wag (@8) _|Time ns)|Mag (dB)[Time jng) _[tiag (d
W 1=t 0.01 0.01 6.74{ 0.01 -11.11 D02 1335 0.02 -13.97 1 A
g 2nd 0.03 0.04] -21.01] 0.05 -20.91 0.06]__ -33.13 0.07] <3569 04 2.4
8 3rd 0.05 0.7 -3.29] 0.05 -46.71 0.1 5291 0.12 £8.22 D.05 .
= 4th 007 0.09]  -4948 0.12 -64.51 0.14] 72691 3.17] _ -80.75 0.09]  -74.01
g‘ 5th 0.10 0.12[ -63.83 0.15 £2.31 0.18[ 9247 0.23] 10327 0.12] _-9%6.79
]
8 Sample_JPerspex |Campasite [Tefion CSAK7 CSAK 12 CS.AK 15 Lead glass
=% Lve perm thicknessjAve perm _ thickness|Ave per thickness|Ave penmn thickness]Ave perm _thickness]Axe perm thicknessjAve permn _ thickness]
oy [26-1E.002i 25041111 1922.041F _ - 1060221 96I6|I3646E 0001 9779195 AE 002 7.134
= Poak__ [Time (ns) |Mag (af) |Time (ns)[Mag (dB) ITIme © Time (s} [Mag (dB) [Time [Mag (dB) [Time (e5) [Mag (d8)
8 15t 0.01 05 o001l 1% C. 007]  -365 om 326 0.05] 272
=®, |2nd D.06 -25.79] 0.05 -36.90] 0. 0.28] -16.06 D.33]  -12.69 0.20] -14.63;
= 3rd 011]__ 51081 G08| 6255 0.1 0.49] -28.47 057) 2182 D.34] 2654
5 it 16| 7631 o2 68.20 0.95 0.71]_-40.58| 0813125 0.9 .45
'?h 5th 0.20 -101.58 D.16 -113.85] g.21 052] -53.29] 1.05{ .20.58] 064 5036
3
E
=
=
e. Reflection 7.5-18 GHz
=3 Sample A i B C D E I F G
& Ave parm thicknesslAve perm  thickness]Awe perm thicknessfAve parm thickness]Ave perm thickness]Ave pemn thickness}awe perm  thickness
a 4.27-0.26i 1.632'@;: 1-1.58i _1.B12113.59i 1.0917-22 1.101]21.6-29.6i 1.152117.1-19.7} 1.65919.2.0.41i 1.350]
) Poak___|Time ins;  |Mag {dB) [Time (nsi—lﬁag {98) [Time (ns)  [Maqg (d6) [Time {ns) $ag (dB) _1Time ¢ !Mag {dB)|Time (ns} |Mag {¢B} | Time (n} {Maqy (d
8 s 00 2.6 0.00! -5.60 0.00 -4.18 0.00 -2.26 0.00 -256 0.00{ -3.11 0.00 -7.15
w |2nd 0.02 -10.75 0.03 -11.01 003  -13.06§ 0.3 -20.01 .04 -23.24 0.05] _-24.43 0.0  -17.05
o 3rd 0.04 -29.54] 005 %84 0.05 -28.15) 0.07 -37.81 0.08| -43.02 0.10]  -45.96] 0.07 -39.84}
E_ 4th 007 -48.33 0.09 -42.67 0.08] -42.42 010 -£5.61 0.12] 6280 0.15 -£9.48 0.10; 6262
%] Sth 0.08 67,121 0.11 -56.491 011} 5569 0.14 -73.41 0171 -62.50 g2t -92.H 0.13] -85.40
=
& Sample_[Perspex [Compesite Teflon CSAK? [Gos 12 CSAK15
= Aye perm thickness{Ave perm __ thickrissfAve perm  thickness|Ave parm thicknezalAva perm _thickness|Ave perm __ thickness|
= 2610031 25]43-11 1922 04-1E.002i 5.393.?.9-4&-0023 9634{103.092 __ O616[136466.002 __ 9.779]9.
"!" Peak _ |Time {ns) [Mag (dB) [Time @Iuaa (38) |Time (ns) |Maq (dB) {Time (ns} [Maq (dB) [Time (.g_}&l@ Time {ns) Iuag (d0) [Time (ns) _[Mag (d5)
— ist 0.00 -12.60 0.00 -4.12 .00 -15.07 0.00 6.45) 0.00 -5.48 4.20 -4.85 ! A
oo 2nd 0.05 12,18 0.04 2407 0.05 -15.43 0.18 -9.00) 0.2i 8.86 0.24 -7.92 0.15] -8.68
o)) Ird 0.10 -29.42 007 -49.72 D.10] _ -45.65] 0.36 2B Py R 0.48]  -17.25 0.29] -2059
o Ath ~15 -63.6 0.11 -15.37 0.15 -75.89 0.54 -35.49 “ad _ -34.68 0.72 -26.58) 0.44 -32.50
™ 5th .19 £8.95 014 -101.02 0211 .106.12 .72 -48.74 0.84; -47.09 0.96 -25.51 0.59] -44.4)
0.90 £1.58) 1.05] 5840 1.20] 4524 0.73} -5632|
1.44] 5457
p—— _— i = _____
Transmission 16-40 G_LHZ
Sample A | 3] ] C D _ E ) F 1 G
Ave perm __ thickness|Ave perm __thickness)Ave perm  thicke::r |Ave parm thickness}Ave perm _ thicknessfAve perm  thickness]Ave perm thicknessq
4.1-0.25i 1.632|6.2-1.3i 1.612]11.55.5i 1.03}14.7-9.6i 1.101]18.3-16.8i 1.152{14.3-11.5i 1.658]8.8-0.15i 1.356
{Paak __ |Time {ns) [Wag (48} [Time (ns)[Mag (dD) [Time (as) [Maq (dB) |Time {ns) lMag (d Time (ns) [Maq (dB) [Time (ns) _[$daq (4B} [Time (ns) {Mag (dB))
15t 0.01 -1.57 o -3.90 0.01 -7.61 0.01 -10.85 001 -15.48 002 -16.11 0.01 9.32
|2nd 0.03| -21.36 D.03 -2265 03] .26.08] D.04 -32.52 005]  -4286 0.06] -47.89 004) 3404
3rd 0.05 -41.15 0.06 -41.41 006  -14.54 0.07 -54.20 003 70.24 011] 7967 008] -58.77
4th 0.07 -61.94 0.09 -80.15 0.08) -63.01 0.10 -75.87 .12}  -97.62 0.15} -111.45 0.09] -B3.49
5th 0.09| -80.73 0.12]  -78.91 0.111  -B1.47 0.13 -97.54 0.16} -125.00} 0.20) -143.23 0.12] _-108.21
Sample | Perspex Composite Teflon C3AKT CS.AK 12 CS.AK 15 Lead glass
Axe perm thicknessjAve perm _thicknessfAve perm  thickness]Ave perm ihicknessiAve perm _thickness|Ave perm  thicknessjAve permy thickness|
2.6-1-002i 4.612.4.7i 1.92§2.04-1€-002i 5‘3‘38!?‘9-8E-m2i 9.634|10.60.28i 9.616]13.6-3E-002 9.77319.4-8E-002i 7.134
{Peek __ |Time (ns} |Mag (dB) {Time (ns) Maq (dB) |Time (ns} [Mag {dB) [Tima ¢ne) [Mag (48] |Time (ns) |Mag (dB)[Time (ne) _|Mag (dB) {Time ( Mag (d
st o 0.55 0.01 -12.96 0.01 0.37 0.06 -2.92 a.07 -4.97| 0.03 -3.66 D.05 -3.07,
|2nd 0.06 -26.90} 0.03 -43.88 0os!  -30.71 0.24 -17.24 0.8 -0 0.33]  -13.73] 0.19]  -15.78
3rd 0.11 51 21' 0.0 -86.76 0.11  61.04 .42 -31 5_7| 0.49] -35.44 D.57} -2360 0.34)  -28.43|
dth 0.15 -76.58 008 -12366 015 91.37 0.60 -45.89] 0.70| _ -50.68 081 3387 0.49] -41.20
[4th 0.20]  -101.93 0.101 __ -160.57] 0.21f -12i.71 0.78] -60.21] 0621 6592 1.05{  -43.94 0.83] -53.91
129 5400
Reflection 16-40 GHz
Sample A | B | 3 | ) E | F G |
Ave perm thickness]Ave perm  thickness|Ave perm thickness|Ave perm thickness)Ave perm __thickness|Ave perm __thickness|Ave perm _ thickness
4.1-0.25i 1.632{6.2-1.3i 1.612{11.55 5i 1.09]14.7.9.8 1,101}15.3-16.5i 1.162{14.3-11.5i 1.65918.8.0.15i 1.356
Paak Time (n3) Iﬂa! (dB) |Time Mag (dB} [Time (ns} |Mag {dB} jTime (nsj Ilias (dB} {Time Mag (dB) |Time Mag (dB) [Time Mag (dB)
1st 0.00 -9.33 B‘IIII -7.24 0.00 -4.85 0.00| -4.01 0.00 -3.23 0.00 -3.86 0.00 5.45
2nd 0.02 -11.47 0.03 -13.28 0.03 -16.65] 0.03 -21.59] 0.04 -29.17 .04 -32.00 D.02! -21.681
3rd 0.04 -31.26! 0.05 -32.03 005 -35.31 006 -43.3% 0.07| 5555 003| -B378 0.05 4_8;4_0!
[4th o0u7 -51.05 0.08 -50.78 003 -53.78 0.09 -55.03] 0.11 -83.93 0.13 -95.56; 0.07 -71.13
5th 0.09 -70.84 0.1 -69.53 010 7224 0.12 -86.71 0.15] -111.31 0.19] -127.34 0.10] _-95.85}
Sampie |Perspex Compasite Teflon CSAK7 CS.AK 12 CS-AK 15 |Lead glass
Ave perm thicknesslAve perm  thicknessjAve perm thickness{Ave permn thickness]Ave perm _ thicknegsiAve perm thicknessiAve perm thickness
j2.6-1E-002i 4.512-4.7 1.9212.04-1E-002i 5.338{7 9-8E-Q0Zi 9 634]10.6-0. 23 9.616{13.6-3E-002i 9.77919.4-BE-O02i 7.134]
1Peak Timo (as} [Wag (dB) [Time (ns) |Meg (6B) {Time (ns) |Mag (dB)} {Time (ns) [Mag {dB) |Time {ns} jMag (4B} | Time ¥aqg (4B} [Time Mag {dgl
st 0.00] -12.60 0.00j 5.26 000  -15.07 0.C0 646 0.00 -5.51 D.00 -4.83 0.0 -5.68
2nd 0.05] -13.23 D.02 -31.41 0.05 -1 5.55i 0.18 -10.08} 021 -12.59 024 8.70{ 0.15, -9.42
Ird 0.10| -38.57 0.05 -68.31 0.10 -45.87| .36 -24.40} .42 -27.63 0.43 -18.77] 0.29 -22.13
4th 0.15] -63.91 0.07 -105.21 0.15 -76.21 054 -38l3_| .63 -43.061 072 -2n.83] D.44 -34.84
Sth 0.19] -89.26 0.10 -142.11 021 -106.54] 0.72 -53.05 0.83 -58.30§ 0.95 -38.90 0.58 -47 55
120 4897 073 -60.5%|
1.44} 5804
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Free Space Microwave Permittivity and Permeability Measurements

Andrew Amiet
Supervisors: Dr. Greg Cambrell and Dr. Peter Jewsbury (DSTQ)

Statement of the problem

+ Current measurement techniques use waveguides which require
sample destruction

+ Some materials can give misleading results if tested using
standard techniques

DAL ;0

WAL,

- 2 %
Analyser shown using 10cm coaxial line.

Vector Network

Free space measurements
Advantages
s+ Non destructive testing of samples so can be used in 2 Quality
Assurance role
+ Requires little preparation of the sample
v Ability to test materials at very high frequencies

+ Ability to test inhomogeneous materials and those with large
additives {such as long fibres)

+ Sample preparation fime consuming and very small flaws in
specimen lead to large errors in deduced perminivity/permeabilicy

$ 304 mm | 700 mm

Sample size for coaxial line

Disadvantages
» [ntroduces other errors to the measurement such as diffraction
and near field effects
» Difficult to perform a full calibration of network analyser

Free space transimission, metal backed reflection and off normal angle reflection measurements

Results
- Teflon {(£'52.04} Water Carbon fibre impregnared
real »n .] 51 ﬁbreglass ———
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Permittivity results for Teflon, water and carbon (ibre impregnated fibreglass measured in free space.
Summary

+ Free space techniques can be used to measure permittivity to £5% accuracy
+ lterative technique developed to extract permittivity values from transmission only data

¢+ Currently investigating sources of error and their magnitudes

+ Extension of technique for permeability measurements of magnetic materials




The following paper was presented at the 2000 Asia-Pacific Microwave Conference, held in
Sydney, Australia in December 2000.
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Statement of the problen:

Free Space Microwave Permittivity and Permeability Measurements

Andrew Amiet
Supervisors: Dr. Greg Cambrell and Dr. Peter Jewsbury (DSTQ)

+ Current measurement techniques use waveguides which require

L]

sample destruction

Some materials can give misleading resulis if tested using
standard techniques

L LR

Vector Network Analyser shown using 10cm coaxial line.

Free space measurements
Advantages

Non destructive testing of samples so can be used in a Quality
Assurance role
Requires little preparation of the sample
Ability to test materials at very high frequencies
Ability to test inhomogeneous materials and those with large
additives (such as long fibres)

¢ Sample preparation time consuming and very small flaws in
specimen lead to large errors in deduced permittivity/permeability

13.04 mm | 7.00 mm

o

Sample: size for coaxial line

Disadvantages
+ Introduces other errors to the measurement such as diffraction
and near field effects
+ Difficult to perform a full calibration of network analyser

Free space transmission, metal backed reflection and off normal angle reflection measurements

Results
o Telon (£'=2.04) Water Carbon fibre impregnated
1 real ] — fibreglass | yu
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Permittivity results for Teflon, water and carbon fibre impregnated fibreglass measured in free space.
Summary

Free space techniques can be used to measure permittivity lo £5% accuracy
iterative technique developed to extract permittivity values from transmission only data

Currently investigating sources of error and their magnitudes

Extension of technique for permeability measurements of magnetic materials
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FREE SPACE MICROWAVE PERMITTIVITY AND PERMEABILITY
MEASUREMENTS

A. AMIET
DEFENCE SCIENCE AND TECHNOLOGY ORGANISATION
P.O. Box 4331, Melboume, 3001
E-mail: andrew.amiet@dsto.defence.gov.au

P. JEWSBURY
DEFENCE SCIENCE AND TECHNOLOGY ORGANISATION
P.O. Box 4331, Melbourne, 3001
E-mail: peter.jewsbury@dsto.defence.gov.au

Measurements of permittivity and permeability at microwave frequencies using a free space
technique are presented for some well known materials and a series of absorptive samples. Free
space pmeasurements are especially useful for non-destructive evaluation, and are sometimes ihe
most appropriate method for some composites that may contain large inclusions such as fibres, or
over frequency bands where waveguide measurements are impractical to perform.

1 Introduction

The measurement of permittivity and permeability of materials at microwave frequencies can be
performed in many ways. Waveguide methods are popular, where the sample is precisely machined to
fit inside the waveguide. Both rectangular and coaxial waveguides are used, rectangular samples are
easier to produce than coaxial ones, however they can only be used over a limited frequency range.
Coaxia! waveguide allows extremely wide-band measurements but sample preparation is difficult. A
vector network analyser is generally used to collect the reflected and transmitted signals, and
permittivity and permeability values can be extracted from the results.

Waveguide measurements suffer from errors caused by incomplete filling of the waveguide by the
sample. Corrections for this have been proposed with some success {1], but are not perfect. Sample
preparation is destructive and often time consuming. Some materials are not suitable for waveguide
measurements, such as those containing long fibres, or foams with large voids. High frequency
measurements are especially difficult due to waveguide size. Free coace techniques overcome many of
these problems.

Free space measurements of microwave reflection and transmission of materials have been performed
for some years [2]. Dual ridged horn antennas can extend over wide frequency bands, reducing the
number of measurements required. Errors associated with diffraction around the sample have been
overcome by some investigators with the use of lenses to focus the beam to a small spot, however this
technique requires specialised equipment and is not ideal for inhomogeneous samples. In these cases, a
large area average can give a more accurate value for the material as a whole.

2 Experimental

Measurements in free space were taken using a Hewlett Packard 8510C Vector Network Analyser
with an 83651B Synthesized Frequency Source and 8517A S-parameter Test Set. Data is collected by
a computer controlling the system over 401 points across the frequency range of interest. Three
different sets of microwave horn antennas were used to cover the frequency range of 2 —- 40 GHz. The
horns cover the frequency ranges 2 — 18 GHz, 7.5 — 18 GHz, and 16 — 40 GHz. The horns were
mounted vertically on a table facing each other, with the sample lying between them on a thick piece
of low density polystyrene foam. Re fiection and transmission can be measured in this way, using the
lower horn as the send/receive and the upper horn as receiver only. Measurements are taken in the near
field, sample to hom distances vary with horn size, but are generally between 20 to 40 cm.
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Transmission measurements are taken by placing the samples on the foam sheet and recording the
magnitude and phase of the transmitted signai. The system is calibrated using the 8510C’s “Response”
calibration technique. Diffraction around the sample leads to small errors which can be removed either
through time gating or with the use of a foil “window” surrounding the sample. The foil window
introduces errors when the size of the opening is similar to the wavelength of the signal.

Reflection measurements are a little more difficult to perform. The calibration used is the
“Response/Isolation” type since the reflections from the apparatus are larger than those for the
transmission measurements. Convoluted Radar Absorbing Materiai (RAM) is used to reduce back
reflections from the measurement stand. A isolation measurement is taken with only the RAM placed
on the table, then the reference “short” consisting of a square metal sheet the same size as the sample
is placed on the table, and the reflection measured with the RAM placed on top. In this way,
reflections from behind the calibration plane are reduced. When the sample is measured, the RAM is
again placed over the top of the specimen to reduce unwanted reflections.

Time gating is used when performing both reflection and transmission measurements. This removes
the effects of waves rebounding from the horns to the sample and back again. Care must be taken
when gating so as to not remove multiple internal reflections within the sample. The gate must be kept
as wide as possible to include these effects while being small enough 1o reject false signais. For this
reason the technique is more suited to lossy materials where the magnitude of multiple bounces is low.

Once the reflection and/or transmission signals are measured, the permittivity and/or permeability can
be calculated using well known formulae [3). For some samples, reflection measurements are too
difficult to perform and so transmission only is measured. However using this technique, it is
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impossible to calculate both permittivity and permeability with one measurement. For non-magnetic ‘3%
materials, an optimisation technique can be used to extract the permittivity only. LE
i
3 Results i
2
'551‘“‘
3.1 Teflon

The electrical properties of teflon are well known and as such it is frequently used as a standard
reference material. Teflon has a real permittivity of 2.04 [1] with a very low imaginary component at
microwave frequencies, and is non-magnetic. Reflection and transmission measurements were taken
on a 30cm square sheet of teflon, 5.40 + 0.08 mm thick. From these measurements permittivity (€) and
permeability (1) values were calculated and shown in Table 1. Also shown is the average permittivity
using the transmission technique only. The frequency spectrum of the permittivity using transmission

measurements is shown in Fig, 1. 20
| g
l g | g" I u' I “'" 20- e N TNt

Reflection / transmission ]
2~ 18 GHz 205 |-0.03 | 0.99 | 0.02 £ 19- _;‘;:f?m
75-18GHz | 2.05 | -0.05 { 0.99 | 0.03 - 1640 GHa
16--40 GHz 202 | -0.14{ 099 | 0.10 ; g o

Transmission only - ) g" _
RSO 202 T 0.00 - - ol it o
75-18GHz | 2.02 | 0.00 - - 1 _
16—40GHz | 2.02 | 0.00 | - - ¥ 3 1613 141s 19 30 23 24 26 28 30 93 34 36 38 %0
Frequency (GHr)

Table 1. Average permittivity and permeability Figure 1. Frequency spectrum of permittivity

of teflon measured in free space. for teflon using transmission alone.




Due to the thickness of the teflon sheet, destructive interference occurs at about 19.7 and 39.7 GHz
and the reflected signal drops below -40 dB. This affects the calculations and is evident in the average
values of £" and p" in Table 1. Transmission is not adversely affected by destructive interference and

so the permittivity calculated using transmission only results is more or less constant in the 16 - 40
GHz range, as seen in Fig. 1.

3.2 Water

Another material with well known properties is water. Water has a high permittivity at microwave
frequencies and shows resonant behaviour at about 17 GHz at 20 °C. The properties of water are
highly temperature dependant and so this needs to be accurately measured along with the microwave
readings. The water is poured into a plastic lined polystyrene foam bath, 55 cm square. The plastic
lining has been roughened to minimise surface tension effects, and care has been taken to ensure the
bath is flat and level. The depth of the water is calculated by measuring the weight and correcting for
meniscus effects. This causes the depth in the centre of the bath to be about 0.1 mm shallower than the
weight would otherwise indicate. The results for deionised water at 19.3 degrees at a number of depths
compared to the theoreticat result from [4] is shown in Fig, 2 and 3.

+
a

”'\h\ii

T r L2 T T L2 T i ‘-| '40 h L v L] v L v T v ] L L | v T v ¥ LA i |
2 4 6 8 10 12 M 16 18 7 8 9 10 I 12 13 @4 1S 16 17 18
Frequency (GHz) Frequency (GHz)
Figure 2. The permifttivity of deionised water Figure 3. The permittivity of deionised water
over the frequency range 2 — 18 GHz. over the frequency range 7 — 18 GHz.

The results show a good agreement with a calculated curve using a Debye relaxation formula with
parameters ! g = 80.41, €.= 5.6 and T=9.598 ps.

3.3 Absorbing material

Fibreglass tissues containing 6mm carbon fibres at various loadings were obtained from Technical
Fibre Products Ltd in the UK. These were infused with resin using a vacuum process and measured
over the frequency range 2 — 40 GHz. Reflection and transmission measurements were used to
calculate both permittivity and permeability for these materials. The use of permeability values gives a
good astimate of the accuracy of the measurement. The permittivity results are shown in Fig. 4 and
average permeability results are given in Table 2. The loadings shown are weight percent carbon fibre.

The carbon fibres on the fibreglass sheet tend to lie parallel to the rolling direction, so the samples
were made by alternating the orientation of each layer. To further remove any effects of alignment, the
samples were tested in both orientations and the results averaged. It can seen that both real and
imaginary permittivity decrease exponentially with frequency, and that the real permittivity has all but
flattened out to the unloaded fibregiass result above 15 GHz.

! values calculated fitting a straight line between values at 15 °C and 20 °C using data from [4].
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meeees 0,05 %
018 %
g 025 %
Carbon [2-18GHz [16-40GHz |
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0% | 1.00 | 0.00 [1.02 [0.00 | i
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0.15% | 095 |-0.02 | 1.00 | 0.02
0.25% 1095 | 0.01 | 1.01 |0.03 20l .
"5 1 15 20 25 30 35 40
Frequency (GHz)

Table 2. Measured average permeabilities Figure 4. Permittivity of loaded fibreglass
of loaded fibreglass across frequency bands.  as a function of frequency.

4 Discussion

Accurate measurement of permittivity and permeability of materials is possible using this method.
There is little if any sample preparation required for the test procedure other than ensuring the sample
is flat and large enough to cover the foil window (if required). The effects of the foil window can be
seen in Fig. 4 — results over 2-18 GHz show oscillatory L ehaviour especially at the lowest frequencies
where the wavelength is similar to the size of the opening.

Using the transmission data alone to calculate permittivity is easy to perform and does not suffer from
destructive interference effects than can occur when using reflection data. For non-magnetic materials
it is an excellent method of permittivity measurement. Magnetic materials still require reflection data
to be taken, however if the samples can be made thin enough te avvid destructive interference effects,
permeability can still be measured accurately.

The technique is especially suited for moderate to high loss materials, where interal reflections within
the sample are attenuated. Since the apparatus is not situated in an anechoic chamber, stray reflections
from parts of the stand can interfere with the desired signal and need to be removed using time gating.
The gate removes these unwanted signals but can also remove the reflections from inside the sample.
Reducing the stray reflections using RAM will increase accuracy of the measurements.

Conclusion

The permittivity and permeability of some materials tested in free space are presented. The method
yields results that are very close to those expected for some well known materials, Both electric and
magnetic properties can be evaluated when reflection and transmission are measured, transmission
measurements alone can be used to calculate permittivity of non-magnetic materials.
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Introduction

Measurement of permyittivity and permeability of

materials in the microwave band can be performed in
free space. [ is a very effective non destructive mechod

but the absence of an enclosed waveguide leads to some

serious ervors il the measurement is not carchully

petfonmed. Researchers have been using the techrique

for many years but a thorough investigation of the

sourees of emors, together with their resolution has not
been performed. Htis more difficult to calibrate a free
space system becanse of the absence of appropriate

suandards. Emrors can occur from stray reflections,

diffeaction if the sample is not sufficiently targe, near-

field effects, sample positioning and flatness, and
destructive interference effecis.

Reflection

S] [
where

a-Tr -Tr
-7t

The technique invelves incasuring the reflection and/or
transmission from 2 sample over the frequency nmge 1 to 40 GHz.
The sample is placed bevween two microwave borm sniconas s
shown on the left A vector network analyzer controls the frequency
generation and data collection, the information is then sent to a PC
for analysis. The network analyzer measures S-parameters, which
are related to the permiltivity (£} acd permeability {8 by the
formulas below.

d = thickness of sample, ¢ = speed of light, & = angular frequency

Transmission
- -THT
S = 1-T*
and

ol {57

Refiection effects

Removing errors involved with the technigue
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Destrugtive intetference is common when measuring the reflection from
1 |ample When the microwave radiation encouniers the dielectric
sample under fest, some is refleaied from the surfice and some is
transmitied into the maierial, reflects back again om ihe rear ofihe
sarphe and destructively interferes with the retwrn reflection. The
measured reflection from a $.Anim thick sample of TeDon is shown in
the uppet teft figure. When the permiuivity is calculated using the
Pormulas above using both reflected and transmitted data, the trace
shows spikes at dostructive inttericrence fiequencies, scen on the lowet
Jef Apore. However since the permcability is known be equal to that ol
Ece space, the ontulas above can be rearmanged to remove 5, and use
only the trasotied signal $0 extract pmmuui)r. The equmon used 1o
extrect permitivity is shown beiow, nole that an #erative techni

I!
used to extract the solution.
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