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(ABSTRACT)

Mixture models were studied in an effort to predict the
microwave frequency permittivities of unidirectional-fiber-
reinforced thermoplastic-matrix composite materials as a
function of fiber volume fraction, fiber orientation relative
to the electric field, and temperature. The permittivities
of the constituent fiber and plastic materials were measured
using a resonant cavity perturbation technique at 9.4 GHz and
2.45 GHz. The permittivities of the composite specimens were
measured using a reflection cavity technique at 9.4 GHz and
2.45 GHz. Simple "rule-of-mixtures" models that use the
fiber and plastic permittivities have been found to
approximate the complex dielectric properties of the
composite for wvaried fiber volume fractions. The
permittivities of oriented composites were successfully
modeled at 9.4 GHz wusing a tensor rotation procedure.
Composite permittivities were modeled with temperature up to
the glass transition temperature of the thermoplastic matrix.
Good agreement was found between the mixture model and
experimental results for permittivity as a function of
temperature at 9.4 GHz.
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1 INTRODUCTION

Great demands upon the advanced materials community for
stronger, lighter, corrosion-resistant, economical, and
easily processed material systems have created increased
interest in fiber-reinforced polymer composites. The major
concern facing the emerging composites industry lies 1in
developing cost-effective, reliable, and versatile processing
methods. In many cases the critical processing step of
heating can be improved by using microwave power. Advantages
to microwave heating include reductions in process time due
to rapid heating and energy efficiency superior to that of
many conventional heating methods [1]. Microwave processing
also offers unique advantages in polymeric composites, such
as improved fiber-resin interface properties [2] and the
potential to process thick sections of material uniformly due
to inherent volumetric heating.

With the growing interest in microwave heating of
composites, there exists a need to model this process, taking
into account the microwave application system, the material,
and the interactions between the two. Therefore, it 1is

essential that the electromagnetic constitutive property of
the material, the complex permittivity €*, be characterized.

This entails modeling the relative complex permittivity €*=
€'-je" of the composite mixture with respect to fiber

orientation, fiber volume fraction, and temperature. Such a
permittivity model will facilitate heat transfer computations
and promote understanding of the electric field distribution
in the applicator and within the material. The ability to
estimate the permittivity will also assist process designers
in selecting and modifying materials for optimum heating

characteristics.



1.1 Aspects of Composite Permittivity Modeling

Prior to modeling the composite, the permittivities of
the component fiber and polymer materials must be determined.
While some general knowledge of e’ for some materials may be
obtained from tabulated data, these values must be used
carefully. Dielectric properties are functions of frequency,
temperature, and moisture content, and can therefore vary
greatly between different grades of the same material system.
Unfortunately, there are few comprehensive sources of
microwave frequency permittivity data and those that do exist
seldom delineate between material grades. Very few material
suppliers provide microwave frequency dielectric data for
specific systems; permittivity data as a function of
temperature is very rare. For these reasons a major part of
this study was dedicated to constructing a measurement system
to determine the complex permittivity of component materials,
including the capability of elevated temperature
measurements.

In order to consolidate the stacked plies of material,
the composite is heated and compacted, traditionally either
in a hot press or in a high-pressure autoclave oven. This
pressure consolidates the plies and pushes out excess
polymer, effectively enhancing the composite's strength-to-
weight ratio by leaving more of the stronger fiber component
to carry the load. The part of the total material volume
that is fiber, known as the fiber volume fraction v¢, is an
important parameter in the permittivity model. In most
composites the permittivities of the fiber and polymer matrix
are quite different, especially in their dielectric loss
characteristics. Permittivity mixture models combine the
knowledge of the properties of the component materials and vg
to predict the composite's permittivity.

Many high-performance composite materials make use of

stacked plies of unidirectional-fiber-reinforced polymer in



various orientations to achieve desired mechanical
properties. Thus, the permittivity model must account for
the orientation of the fibers relative to the components of
the electric (E) field. Once the permittivity of the
unidirectional-fiber-reinforced composite is determined in
its principal orientations, tensor rotation equations can
predict its permittivity at arbitrary fiber orientations.
Experimental verification of the permittivity models required
the development of a system that could be used to make
dielectric measurements of the composites as a function of
temperature and fiber orientation. The permittivity modeling
process discussed above is diagrammed in the flow chart of
Figure 1.1.1.

1.2 Literature Review

Efforts to measure and model the permittivity of fiber-
reinforced composites at microwave frequencies have increased
in recent years. These efforts are attributable in large
part to "stealth technology" research for high performance
aircraft and other military applications. In a recent review
of "stealth" composite technology, Stonier [3] provided room
temperature microwave frequency (10 GHz) complex permittivity
data for a variety of reinforcing fibers, common thermoset
and thermoplastic matrix resins, and selected compositeé of
these components. The permittivity data for some of the
component materials and most of the composites were given as
a range of values where the range varied up to 30% of the
real part €' and as much as 100% of the imaginary part g".
Since no explanation was given for presentation of data as a
range of wvalues, it 1is possible that vf and orientation
effects were accounted for in this manner. In a follow-up
article, Stonier [4] emphasized the importance of fiber
orientation relative to the electric field in reflection

loss, the inability of the material to absorb or transmit
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incident electromagnetic energy. Reflection loss was
tabulated at orientations of 0° 45° and 90° relative to E in
a graphite/epoxy composite.

In a recent effort to build a data base for radome
designers, MacDonald and Moore [5,6] measured the microwave
frequency permittivities of a large number of resins,
ceramics, coatings, and composites. This study examined the
effects of permittivity on several parameters including
frequency (8 to 60 GHz), moisture, UV light exposure, and
chemical (SO3) degradation. Only random fiber and honeycomb
core composites were studied, so orientation effects were not
important. A short section of the work referred to fiber
volume fractions and mixture modeling with primary concern
focused on moisture absorption effects. An Effective Medium
Theory [7] approach was used for random fiber composites to
successfully predict permittivity variations as a function of
ve. While this study was a valuable resource, it did not
address unidirectional-fiber-reinforced composites.

Lee and Springer [8,9] conducted one of the first
comprehensive studies 1into microwave processing of
unidirectional-fiber/polymer-matrix laminates. Permittivity
measurements were made in an effort to model the interaction
of the electromagnetic fields and the composite laminate,
i.e., the reflective, transmissive, and absorptive properties
of S2 glass/epoxy and graphite/epoxy composites [8].
Permittivity data for unidirectional laminates, oriented in
the principal directions parallel and perpendicular to the
electric field, were measured and entered into a model for
laminates consisting of many plies of arbitrary orientation.
The electromagnetic model was verified experimentally using
data measured from laminates of various stacking orientations

and thicknesses. Permittivity was not modeled as a function
of v¢ and temperature.



In continued research, Lee and Springer [9] coupled the
electromagnetic model with a conventional laminate
consolidation/cure model to predict microwave processing
profiles for the composites. Laminates of both the
glass/epoxy and graphite/epoxy were cured in a 700 W
multimode microwave oven using a polypropylene and teflon
platen press for consolidation pressure. They concluded that
glass/epoxy and unidirectional graphite/epoxy laminates could
successfully be cured using microwaves. Multidirectional
laminates of graphite/epoxy could not be cured successfully
because the conductive fibers in the outer plies reflected or
absorbed all of the incident energy. In this case fiber
orientation was shown to be a critical parameter. As in the
previous study, permittivity dependence on vVvf was not
considered. Instead, permittivity as a function of the
degree of cure, as predicted by the cure model, was of
primary concern; in a non-crosslinking system, temperature
would be the process parameter that would most influence the
composite permittivity.

In a feasibility study of microwave processing of
composites Assudre et al. [10] measured the permittivities of
PSP (polystyrylpyridine) thermoplastic resin and PSP/silica-
glass composites as a function of temperature. There was no
consideration of permittivity dependence on the fiber volume
fraction , nor was orientation a factor. The composites were
consolidated successfully, but no mention was made about
process modeling or optimization in the thermoplastic system;
a trial-and-error method was used to select the best cure
cycle. Clearly the use of an electromagnetic/cure model,
including a permittivity model with respect to the critical
process parameters, would facilitate microwave processing of

composites.



1.3 Overview

Chapter 2 introduces some basic concepts of permittivity
physics, including dielectric loss mechanisms and several
complex permittivity models for homogeneous materials.
Permittivity mixture models are developed describing the
dielectric properties of the fiber-reinforced composites,
followed by the permittivity tensor rotation equations which
form the basis of the orientation model. Chapter 3
introduces the electromagnetics of rectangular waveguides;
this waveguide geometry was chosen for the permittivity
measurements. The theory underlying the cavity perturbation
and reflection cavity measurement techniques is also
developed. The details of the specimen fabrication,
dielectric measurement procedures, and a description of the
test apparatus are outlined in Chapter 4. The results of the
measurements are compared to the permittivity mixture and
orientation models in Chapter 5 and several conclusions and
recommendations for future study are presented in Chapter 6.

While the main thrust of this work centered on modeling
the microwave frequency permittivity of unidirectional-fiber-
reinforced polymer-matrix composites, dielectric measurements
at these frequencies became a major component of the
research. There are currently very few commercially
available permittivity measurement systems in the GHz
frequency range and these are not applicable to composite
materials testing, especially at elevated temperatures. In
fact, high temperature dielectric measurement techniques for
low-loss materials are the subject of ongoing research in the
electrical engineering community [11,12]. The need to
understand the electromagnetic theory behind the dielectric
measurement techniques employed in this study, including the
assumptions made in and limitations of the technigues,
prompted a detailed derivation of the underlying equations.
Appendix A is an elementary summary of some of the important



points of electromagnetics and is often referenced in the
derivations found in the body of the thesis; this summary was
included as an aid to non-electrical engineers interested in
microwave frequency dielectric measurements. This work
provides not only a useful composite permittivity modeling
approach, but also describes in detail some dielectric

measurement techniques in the microwave frequency range.



2 PERMITTIVITY

2.1 Theory of Structure-Property Relationships
In order to understand how materials respond to
microwave irradiation, the fundamental mechanisms of
electromagnetic field-material interaction must be studied.
While a more complete review of electromagnetic propagation
through a general medium is presented in Appendix A, Section
(A.2), the discussion presented here will be limited to
complex permittivity in the cases of dielectric materials in
the homogeneous phase and in heterogeneous mixtures. These
cases represent conditions encountered in polymeric materials
and composites containing non-conducting fibers,

respecitvely.

2.1.1 Polarization

When an electric field E is imposed upon a material,
bound charges and charged particles within the material move
to align with the field. The movement, or alignment, of
these particles away from an equilibrium position, due to the
imposed field, is called polarization. The energy of the
electric field incident upon the material is partially stored
by the polarized charges or by polar molecules, called
dipoles, that have separate positively and negatively charged
regions. This storage phenomenon, which differentiates the
material from free space, is a constitutive property of a
specific material, and is described by the relative (real)
permittivity, or dielectric constant g&'.

The charge density arising from the aligned dipoles,
known as the polarization field P, only accounts for the
bound part of the charge density in a material. The total
electric charge flux density vector D is the sum of the free

and bound charge displacements due to E:



D =¢gE+P (2.1.1)
where €3 is the permittivity of free space. The constitutive

relation for a general material is

D = gle"|B (2.1.2)

so the polarization can be found by combining Eguations
(2.1.1) and (2.1.2)

P = eo([e ]—-[;])é (2.1.3)
where [€*] is the permittivity tensor and [;] is the identity

matrix.

There are several major polarization phenomena [13].
Dipoles fall into two categories: permanent and induced.
Permanent dipoles have electrical asymmetry of charge groups
in their molecular structure. Induced dipoles can result
from either the shift in the electron cloud around the
nucleus of an atom (electronic polarization) or from the
relative displacement of nuclei because of wunbalanced
distribution of charge in a molecule (atomic polarization).
Inhomogeneous materials can experience Maxwell-Wagner
polarization which is the build-up of charges at the

interfaces of dissimilar materials.

2.1.2 Complex Permittivity

As the electric field E oscillates at higher
frequencies, polarized groups and dipoles tend to displace
in-phase with E. These dipoles lose energy due to internal,
elastic, or frictional resistance and therefore begin to lag
the phase of E. This behavior gives rise to the complex
nature of the permittivity.

The fundamental quantities that relate E and the current

density J (a measure of displaced charge due to E) are

10



conductivity ¢ and the complex relative permittivity £*. Note

that the relative permittivity is a dimensionless complex
coefficient of the free space permittivity €g; all subsequent

references in this work to the permittivity €* imply that the

guantity 1is relative. The derivation in Section (A.2) yields

a relationship of the form

" c -
jwey| €' ~Jjleg + — | | E
0( [d ‘DSOD

-~

= jo)go(a' —jeeff) E

(a57}
I

. . - (A.19)
= jwegye E
where the complex permittivity is defined to be
* ] . n
€ = €& — JE eff (2.1.4)

Again, this complex permittivty is a relative quantity,
therefore €' and e€".ff are the dimensionless relative
dielectric constant and loss factor, respectively. Note
that, in Equation (A.19), the effective dielectric 1loss
factor €"eff (to be known simply as &€" hereafter) accounts for
both free-electron conductivity o6 and dielectric 1loss
mechanisms €"g. Furthermore, if all of the loss mechanisms,
including Maxwell-Wagner charging, induced polarization, and
dipole rotation, are considered to contribute to dielectric
loss in Equation (2.1.4), the form

€"= E"gp + "¢ + E"3 + E'myw - (G/ME,) (2.1.5)
is obtained, where the subscripts dp, e, a, and mw refer to
dipolar, electronic, atomic, and Maxwell-Wagner effects,
respectively. These effects are schematically illustrated in
Figure 2.1.1. Equation (2.1.5) represents the total
effective loss of the major polarization and conduction

11
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mechanisms at microwave frequencies. A commonly encountered
gquantity that provides insight into the "lossiness", or

dissipative quality relative to the storage capability, of a
material is the loss tangent tan 6. A discussion of tan 6 is

presented Section (A.2), leading to the definition

" (¢]
" sd +__|
£ WE
tan § = —eff = . (A.26)
€ £

In the case of a dielectric material where o= 0, tan 6 is the

ratio of the imaginary to the real part of the permittivity.

2.1.3 Loss Mechanisms in Glass

The component materials used in this study, glass fibers
and polymers, posses different dielectric loss mechanisms.
These loss mechanisms, represented by tan &, are generally a
function of frequency and temperature. It is important to
note that temperature and frequency effects on many loss
mechanisms are fundamentally related. As temperatures
increase, loss mechanisms that were more pronounced at lower
frequencies shift toward higher frequencies; this is directly
related to the increased mobility of molecular structures in
bulk materials at higher temperatures.

The major microwave frequency dielectric loss mechanisms
in glass are ion jump phenomena, ion vibrations and
deformations, and dipole relaxation [14]. Ion Jjump
mechanisms are best illustrated by the example of a
substitution ion and related vacancy forming a dipole pair in
a crystal lattice, as shown in Figure 2.1.2. This pair will
behave like a molecular dipole and will reorient and relax
under an applied electric field. Ion Jjump losses are
important primarily at lower (kHz) frequencies, but at high
temperatures they may have importance microwave freqguencies.

13



Similarly, the effects of ion vibration and dipole
relaxation will have a greater effect at higher temperatures.
Ion vibration, a major loss mechanism at microwave
frequencies, involves the drift of ionized dopant atoms or
contaminants under an applied field. This 1is especially
important in crystalline materials where dopant ions migrate
to the grain boundaries where they can move more easily than
ions locked into the atomic lattices [14]. A summary of loss
mechanisms as a function of frequency is presented in Figure
2.1.3. It should be noted that, in general, tan & for most
glasses is very small at room temperature; those glass
systems with ionic dopants or contaminants will display a
higher loss.

2.1.4 Loss Mechanisms in Polymers

The complex nature of polymers, which can include long
chain-1like structures of wvaried backbone segment lengths,
polar side groups, and semicrystalline phases, 1leads to
several dielectric loss mechanisms. Each of these mechanisms
will have an associated peak on a plot of tan 6 as a function
of temperature or frequency. A schematic diagram of loss
peaks for amorphous and semicrystalline polymers as a
function of normalized temperature at 1 Hz 1is presented in

Figure 2.1.4. A naming convention is employed where the
highest temperature loss peak is denoted as the o peak, the

next peak in descending temperature is the P peak, followed
by Y. 6 and so on [15,16]. 1In semicrystalline polymers the «
peak occurs near the melt temperature Tp and is associated

with the long range motion of chains as they gain more
freedom of motion in the melt. The P peak is associated with

chain motion near the glass transition temperature Tgq. Polar

side group rotation, which can occur to some degree even in
the glassy state, is responsible for the Yy peak. The 8 peak,

and any subsequent peaks, are the result of increasingly

14



Figure 2.1.2: Reorientation of a lattice wvacancy pair [14].
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Figure 2.1.3: Effect of different dielectric loss mechanisms
on tan & at room temperature [14].
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Figure 2.1.4: Schematic diagram of dielectric or mechanical
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smaller polar group relaxation. In an amorphous polymer
there is no 0 relaxation related to crystal melting, so the

first peak is the P peak is associated with the main chain
relaxation near the glass transition temperature [17]. The ¥
peak is associated with local segment or side group motion
below T4y and subsequent peaks result from smaller polar group
relaxation.

The effects of temperature and frequency on loss
mechanisms are directly related. Figure 2.1.5 illustrates
the complex permittivity components of a polar amorphous
polymer as a function of temperature in three frequency

ranges. At low frequencies (DC to 1 kHz) the o peak,

associated with main chain motion in this figure, exists just
above the main chain T4 of the polymer. A B relaxation peak,

due to local segment motion, distinctly exists above the
local chain Tg' but below Tgq. At very high temperatures, in
the softening region, a A peak occurs associated with ionic

conduction. At intermediate frequencies {1 kHz to 100 kHz),
the o and B peaks shift upward in temperature, with the

separation between the peaks narrowing. The narrowing of the
temperature gap between the o and P peaks is a result of the
difference in activation energy behavior in the two 1loss
mechanisms as the frequency increases [16]. The general
upward shift of loss peaks along the temperature axis 1is a
result of the need for greater molecular mobility for chains

to rotate and relax under the influence of higher frequency

excitation. This increased mobility is achieved at higher
temperatures. Note that the ionic loss peak A is greatly
diminished at higher frequencies. At microwave frequencies

(GHz) the loss peaks have broadened and merged into a single
relaxation peak beginning in the temperature range near Tg.

This single peak is the result of increased free volume in

the bulk allowing polar chain segment relaxation. Note that

17



ionic 1loss contributions at microwave frequencies are

negligible.
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2.1.5 Physical Models of Permittivity and Loss

Molecular reorientation due to polarization of dipoles,
also known as Debye dipole loss, is the dominant electric
field coupling mechanism at microwave frequencies [13]. The
dominance of this mechanism is attributable to the fact that,
for many common molecules, the time constant for rotation and
relaxation (return to original position) are on the same
order as the period of oscillation of E. A guantitative
approach to this phenomenon was developed by Debye in 1929,
assuming spherical dipolar molecules in a viscous medium,
results in

. B + (&5 — Eu)
(1+m212) (2.1.6a)

o (&s - g0

£ = (1 n wztz) (2.1.6b)

where &g ang €~ are the dielectric constants at very low
frequency and very high frequency, respectively, ®is the
circular frequency, and7T is the relaxation time constant
[18]. These equations will now be interpreted qualitatively.
When the electric field oscillates at very low frequency
(w > 0),e' = €5 and " = 0 . This condition implies that the
low frequency rotation of dipoles allows nearly total energy
conservation, since the dipole can easily remain in-phase
with E. At high frequencies (0 — o), €' = €, and €" = 0. 1In
this case, E oscillations are so rapid that dipoles cannot

begin to reorient, consequently a lower 1limit on the
dielectric constant, €. ,1s reached. This condition 1is

analogous to diffraction in the optical region where the

electric field merely changes velocity while traveling
through a lossless (g¢" = 0)medium [13].

There must exist an intermediate frequency range where

the amount of polarization-rotation phase-lag is a maximum.
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This condition exists when @t = 1; at that frequency, the
dielectric loss factor is a maximum (€" = €"pax ). At this
frequency, the incident energy that was "stored" by a higher
€' at lower frequencies is now dissipated by loss mechanisms
(i.e., a larger g"). Figure 2.1.6, a typical plot of the
components of €*over the frequency spectrum, illustrates the
preceding arguments for €., €g, and the intermediate loss
range [13].

For the Debye model of Equations (2.1.6a) and (2.1.6Db)
to adequately model solid dielectric materials, 1t must
account for the polarization effects due to adjacent
molecules [13]. In order to apply the Debye equations to
solids, one must consider the activation energy necessary to
rotate a polarized molecule against the potential gradients

of the surrounding molecules in the material. A Debye time
constant (Tgp) can be introduced into Egquations (2.1.6a) and

(2.1.6b) in place of 7t

1(eg — 2
T, = —(—S—]e(—Ua/ksT) (2.1.7)
vie, +2

where (1/V)is the period of one oscillation in the "potential
well"® of the surrounding molecules, U, 1is the activation
energy, Kkp 1s the Boltzmann constant, and T 1is absolute
temperature. Note that the temperature dependence of this
relaxation time constant is assumed to be statistically based
and is of an Arrhenius form.

The only material specific parameter in Debye's simple
model is the activation energy U,. This single parameter
limits the model to narrow and asymmetric relaxation spectra
not consistent with actual polymer behavior [16]. Another
well known relaxation model is that of the 2-parameter Cole-

Cole equation [19]
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s Beo t (85 = €a) 2.1.8)
1+ (Gor)t° o

where Tis still the dipole relaxation time constant, and a

new parameter 6 1is a measure of the interaction between the

dipoles. This interaction is important in polymers where
dipoles from the same chain, or from different chains, might
strongly interact. This model yields more satisfactory
results for polymer relaxation spectra. A more advanced
model that accounts for both the width and skewness of
polymer relaxation spectra is the 3-parameter Havriliak-
Negami model [20]; this model accurately describes Tg
relaxation spectra. The Havriliak-Negami model has the form

* € + (&g — E)
= (2.1.9)

(1 + (j(o*c)l'“')_ﬁ'

where o' and B' are the dispersion width and skewness

parameters, respectively.
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2.2 Permittivity Mixture Models

The effective permittivity of unidirectional-fiber-
reinforced composite materials can be modeled in two ways.
An approach analogous to layvered capacitor dielectrics
provides very simple limiting values of permittivity for
composites oriented parallel (|]) and perpendicular (1) to
the electric field E. A more rigorous averaged field
approach leads to similar results having somewhat more
complicated forms. An elementary description of averaged
field models will be given since they are the basis for
modeling a wide variety of composite material mixtures beyond

unidirectional-fiber composites.

2.2.1 Layered Dielectric Model

Assume that the fiber/matrix mixture in a composite
material behaves electrically like layered dielectrics
between the plates of a capacitor, as illustrated in Figure
2.2.1. The dielectrics have dissimilar permittivities
denoted by €3 and &3 and are oriented parallel and
perpendicular to the applied electric fieldE.

Congider first the capacitance of the layered dielectric
parallel (C;,) to E. The capacitance of each layer is
additive, or 1in series, resulting in a total parallel
capacitance of

Cip =C1 + C2 (2.2.1)
where C; and C; are the capacitances of the layers of
permittivity 1 and 2, respectively. From elementary
electrostatics of parallel plate capacitors, the overall

capacitance is [21]

C =¢€S / d (2.2.2)

where S = the surface area of the plates
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permittivity modeling in fiber reinforced

composite materials.
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de = separation of the plates
€ = the permittivity of the dielectric between the

plates
It follows that for each component dielectric, Equation
(2.2.2) becomes

Ci = €181 / dei (2.2.3)
where Si = the area of the surface of the ith dielectric

parallel to the plane of the plates
dei = the thickness of each dielectric along the

normal to the plates
€i = the permittivity of ith dielectric

The total volume of the heterogeneous dielectric (Vp) is

Vp = S dg (2.2.4a)

and the volume of the ith component is

Vi = Si dei (2.2.4Db)

The volume fraction of the ith dielectric relative to the
total dielectric 1is

vi = Vi/Vp (2.2.5)
An effective permittivity for this parallel orientation (g);)
is computed by substituting Equation (2.2.2) and Equation
(2.2.3) into Equation (2.2.1) to arrive at

d 8151 8252
g = — + (2.2.6)
S dsl d£2

When Equations (2.2.4a) and (2.2.4b) are substituted into
Equation (2.2.6), and the fact that dg = dg1 = dgz 1is

employed, the result is

€| = €1v1 + €&2V2 (2.2.7)
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where Equation (2.2.5) is used to write Equation (2.2.7) in
terms of volume fractions.
The layered dielectric oriented perpendicular to E, or

electrically in series, results in a total perpendicular
capacitance Cj| of

Cy = 1/C1 + 1/Cs (2.2.8)

An effective permittivity of this perpendicular orientation
(8)) can be determined using a solution method similar to that

for g;. Substituting Equations (2.2.2) and (2.2.3) into

Equation (2.2.8), solving for volumes using Equations
(2.2.4a) and (2.2.4b) where S = S; = Sy, and using Equation

{(2.2.5) to convert to volume fractions, leads to

1

g, = (2.2.9)
Vi|gf¥2
€ €

Equations (2.2.7) and (2.2.9), which have the well-known

forms of "rule-of-mixtures" models, provide upper and lower
bounds, respectively, on the permittivity of binary mixtures
[22]. Each equation is easily adapted to an n-component
mixture by expanding the preceding derivation.

2.2.2 Averaged Field Model

Consider an element of volume Vp comprised of a host
medium containing particles of material with dissimilar
dielectric properties, placed between the plates of a
capacitor. Assume that the local electric flux density D and

local electric field E can be defined with an isotropic
permittivity (€x) for each component material as

D = g E (2.2.10)

The effective electric flux density and electric field that

could be measured in the capacitor would depend upon the
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effective permittivity of the material mixture. Thus the
equation

D=¢E (2.2.11)
defines the effective electric field E, effective flux
density @, and the effective mixture permittivity Eg.

If the quantities in Equation (2.2.11) are considered
over the volume of the element, then the contributions of the

host medium and the particles would be evaluated separately
as [23]

VpD = [eyEAV + 3 [eyEQV (2.2.12)
Vg J vy
where €y = permittivity of the host medium

€y = permittivity of the j*h material comprising

the particles

Vg = that part of the total volume occupied by the
host medium
V45 = that part of the total volume occupied by the

jth material
Note that D is the effective flux density while E is local.

Since Vp = Vg + V4, Equation (2.2.12) can be rewritten,

employing the effective electric field for the host medium,
as

VpD = VeygE+ X [(g5 — gg)EQV (2.2.13)
3 vy

Recalling Equation (2.2.5) for volume fractions vy, and
dividing Equation (2.2.13) by Vp, leads to

D

I
m
e
23]
+
™M
._.<
™
.
|
™
o
<
Sy
&3]
Q,
<

(2.2.14)

where €y and &4 have been assumed to be uniform over the jth
material volume. Substituting D from Equation (2.2.11) into
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Equation (2.2.14) and dividing by the effective electric
field E leads to

§=EH+2_,vj(ej—eH)
J

(2.2.15)

"
|txjt'J.‘“’
S~

where (Ej) is a wvolume averaged electric field over the

volume of all of the jth particles. This equation holds

exactly for a j component system if the effective field is

assumed to be uniformly impoéed upon the volume Vp [22].
Since the composites used in this study are composed of

only two materials, Equation (2.2.15) can be rewritten

€ =€ + (&3 - &1) vy 3 (2.2.16)
where €1 = host (or matrix) material permittivity
€y = particle material permittivity

vy = the volume fraction of particles

(E)

fy = ; the average field ratio

I3

The averaged field factor f; 1is the key quantity that
differentiates between the approaches used in several models.
Since fi can be determined exactly only for regularly shaped
particles in very low concentrations, approximations of the
geometries and field distributions must be made in general
mixtures.

The geometric approximation most often made in practice
assumes that the particles have an ellipsoidal shape, since
closed form field ratios can be found for this geometry.
Assuming very low concentrations of ellipsoidal particles
having permittivity €3 in a host medium of permittivity e€;,
the field ratio (equivalent to fi in this case) is given by
[22]
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3 C052 ax
= 3 (2.2.17)

(1) T (B-1)n

where ax 1s the angle between the E field vector and the kth

ellipsoidal axis, and Ax is the depolarization factor. Note
that (El) has replaced E since, for low concentrations of
particles, the mean field (E) is assumed to be very close to
the field in the matrix phase (El)

The depolarization factor describes the effect of the
geometry of a body on the difference between the E fields
external to that body and the internal E field [24]. For an

ellipsoidal particle, the depolarization factor is written

8

_ X1X2X3 du
B = 2 2 2 3 (2.2.18)
2
x + u Xy +ullxs; + ulix3z + u ] e
) (0] [(oF + w)(o3 + u)(F + w)
k=1,2,3
where Xj,3,3 are the semi-axes of the ellipsoid. It can be

shown that A7 + A2 + A3 = 1 [23]. The inclusion geometry of
primary concern to those working with fiber-reinforced
composites are prolate spheroids with very large aspect
ratios (Ya); this geometry is very similar to that of needles.
If a prolate spheroid of circular cross-section in the plane
of minor dimension has an aspect ratio of Y; > 15, then it can

be shown that [22]

A1 = 0
(2.2.19)
Ay = A3 = (0.5
If the composite in question contains fibers with Y5 < 15, the
depolarization factors can be computed using the following

[25]:
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—ya(ep - tanh_lep)

Ay = 3 (2.2.20a)
(Yaz - 1)2
where e, is the eccentricity of the spheroid:
1
27z
1
ep = 1-(—} (2.2.20Db)
Ya

The perpendicular-direction depolarization factors can

subsequently be determined from

Ay = A3 = (1-Aq4)/2 (2.2.21)
With the knowledge of the depolarization factors from

Equation (2.2.19) or Equations (2.2.20) through (2.2.21), the
field ratio f» from Equation (2.2.17) can be determined for a
specific particle orientation, and Equation (2.2.16) can be
solved for an effective permittivity given component
permittivities and volume fractions. The resulting formula
is limited to very low concentrations of included particles
since E has been assumed to be close to (El) For oriented

ellipsoidal inclusions the composite permittivity is

€1
g + (82 - 81)Ak

Equation (2.2.22) 1is a useful starting result; but real

e =¢ + (e —g1)vy (2.2.22)

composite systems necessitate corrections that allow for
higher inclusion volume fractions in the model.
One approach to modeling the permittivity of mixtures

with higher concentrations of particles assumes that Equation
(2.2.17) still holds with one further assumption: (El) in

Equation (2.2.17) is replaced by a weighted average (E) of

the mean E fields in each component. If the weighted average
relation
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(E) = vi{E1) + vo(E;) (2.2.23a)

is employed, the effective mixture permittivity equation
becomes

§(E) = Vlal(El) + V2€2<E2) (2.2.23Db)
Using Equation (2.2.23), Equation (2.2.17), and the Ay
definitions, Wagner derived a mixture model for spherical

inclusions that was expanded to oriented ellipsoids by
Sillars [22,26]:

el(l - vz)(l - Ak) + 82(v2 + Ak(l - vz))
g1 + A (1 - vy)(ey — 1)

This method of approximation is known as the "mean field"

£E=8g

(2.2.24)

method with Equation (2.2.24) known as the Wagner-Sillars
formula.

Another method commonly used to model mixtures assumes
that, for a two-phase system, the ellipsoidal particles are
surrounded not by just a matrix phase, but by an “"effective
medium" that accounts for the permittivities of the matrix
and other surrounding particles. This approach is therefore
known as the "effective medium theory" model. If the

effective medium external to the included particles has
permittivity €&, then it follows that, at low inclusion

concentrations, €, = €] since the matrix predominates. Thus,
for low concentrations, Equation (2.2.22) still applies. At
higher concentrations, however, &, begins to take on the
appearance of the effective permittivity g€ itself, hence gy =
€. Substituting g for €17 in Equation (2.2.17) and employing
Equation (2.2.16) leads to, for oriented ellipsoidal
inclusion,

(2.2.25)
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This method was first derived for spheres by Bottcher and was
extended to oriented ellipsoids by Hsu [22,27].

The mean field model of Equation (2.2.24) and effective
medium model of Equation (2.2.25) have been presented here as
examples of widely used, rigorously derived models, but they
are only two of many approaches.

Other theories employ polarizabilities of ellipsoids in
an effective medium [28], confocal ellipsoids that are
analogous to inclusion/matrix interfaces [29,30], and pair-
correlation methods for conductor/insulator particle
composites [31]. These models, among others, are discussed

and tabulated in several excellent references [22,30,32].

2.2.3 Model Comparison and Evaluation

The focus of this study is upon unidirectional
continuous-fiber reinforced, two-phase composites. Thus,
Equations (2.2.24) and (2.2.25) have been posed in oriented-

particle form instead of random-particle form. Furthermore,
the aspect ratio (Yya) of the fibers in these composites 1is

very large, so that the Ay values in Equation (2.2.19) apply.
It becomes apparent, upon substitution of Ar from Equation
(2.2.19) into Equations (2.2.24) and (2.2.25), that the
effective permittivity of parallel-oriented particles, g,
reduces to the rule-of-mixtures, Equation (2.2.7). The
predicted effective permittivities for perpendicular oriented

particles €| are, in general, different. The averaged field

model Equations (2.2.24) and (2.2.25) predict larger values
of €] than does the reciprocal rule-of-mixtures model,

Equation (2.2.9), making the latter a lower bound. The
permittivity predicted by previously detailed mixture models

are shown in Figure 2.2.2 for a composite with fiber
permittivity of €%, = 5.2 - j0.035 and a matrix permittivity

of €*1= 2.72 - j0.0034. Because of their simplicity and their
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5 1 Models: Wagner-Sillars,
Bottcher-Hsu

|| Models: Rule-Of-Mixtures,
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o0
W

Figure 2.2.2: Comparison of complex permittivity mixture
models for a unidirectional continuous-fiber-

reinforced polymer-matrix composite.
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prediction of bounding values for €*(ve), the rule-of-mixtures

models will be the primary models studied in this work.

2.3 Orientation

The mixture models of Section (2.2) provide a means of
predicting the permittivities of a unidirectional-fiber-
reinforced composite, oriented either parallel or
perpendicular to an applied electric field component. The
objective of this section is to model the permittivity of the
compesite at any orientation relative to an electric field
component using principal direction permittivities. The
orientation model predicts the general permittivity tensor
based upon the results of the mixture models; the inputs to
this model are the component permittivities, vg, and the
angle of orientation 0.

2.3.1 The Permittivity Tensor and Orientation

A general anisotropic material must be characterized by
a permittivity tensor [€*] as indicated in Equation (2.1.2).

This wvector equation, in an arbitrary set of rectangular

coordinates (x,v,z), takes the form

Dy Exx Exy Exz Ex
Dyt = |8&yx &y Eyz | By (2.3.1)
DZ E:ZX 8Zy EZZ EZ

where each permittivity term may be complex. In the case of

an electromagnetic wave propagating along the z-direction in
an orthotropic composite plate, one in which there exist

three distinct permittivities 1in the three orthogonal
directions, the [e¢*] tensor takes the form
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Figure 2.3.1: The rotation of axes through an angle 6 about

the normal to the plane of the composite. The
solid axes are those of the principal
permittivity components. Fiber orientation

relative to each direction is also shown.
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obtained by considering the rotation of the axes
corresponding to the principal permittivity tensor of
Equation (2.3.3) through the angle 0 about a normal to the
plane of the composite into some arbitrary orientation, as
shown in Figure 2.3.1. The tensor rotation formula for this

planar geometry can be written

€911 cos? @ sin® @ 0 .
€922 | _ sin® @ cos? @ 0 EH
€g33 | 0 0 1 el (2.3.4)
€912 —cos0sin® cos®sinb O =

where the principal permittivity tensor has been expressed in
a contracted notation as a column vector [34], and €g11, €g22.

and €g33 are the permittivities in the rotated orientation
corresponding to the axes shown in Figure 2.3.1. The cross
term €g12, which is assumed to be equal to €g21 in this case,
relates the electric flux density in the l-direction to the
electric field component in the 2-direction.

The rotated permittivity tensor of Equation (2.3.4) can
be written as

€911 €g12 O €911 €912 O
[86] = | €912 €022 0 = | €912 Eg22 O (2.3.5)
0 0  gg33 0 0 g

This is the desired result that predicts the permittivity of

an orthotropic planar material oriented at an arbitrary angle
0 relative to an electric field component, in terms of the

principal permittivities. Note that Equations (2.2.7) and
(2.2.9) can predict the principal permittivities €|, and €1

based solely upon the permittivities of the fiber and matrix

materials and the fiber volume fraction.
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2.3.2 Experimental Considerations

In order to verify the tensor rotation relation given in
Equation (2.3.4), a technique described in Section (3.3),
known as the reflection cavity technique, has been used to
measure the microwave frequency permittivity of composite
material samples in various orientations. This measurement
technique employs a resonant cavity that supports only a
single electric field E component considered to be oriented
along a principal axis. The energy Ug stored in an
orthotropic dielectric of arbitrary orientation and of volume

Ve must be determined as a part of the analysis used in

formulating the reflection cavity technique. Referring to
Section (A.3) in Appendix A, Equation (A.28a) defines Ug as

Ug = : je'lﬁlzdv (A.28a)
4y

This definition can be written in more general terms, for a
planar orthotropic dielectric material with a single E; field

imposed throughout its volume, as

*

€'1 8'12 0 E:x Ex
UE =—4‘ 8'12 8‘22 0 0 ® 0 rdv (2.3.6)
0 0 8'33 0 0

VE

where the * superscript denotes the complex conjugate. When
the permittivity tensor is multiplied by the single electric
field component and the inner product is taken of the
resulting vector and the conjugate electric field component,
Equation (2.3.6) becomes

g = 2L ||, [av (2.3.7)
VE

Note that only the €'j; term remains; the reflection cavity

technique, therefore, will measure only the permittivity
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component oriented in the direction of the electric field.

Referring back to Equation (2.3.4) for an orientation angle
of 8, £'17 from Equation (2.3.7) can be written

' —_ ] — 1 2 ) 2
£'11 = €'9y1 = €, cos” B + £’ sin (2.3.8)
Following a development akin to Equations (2.3.6) and (2.3.7)
based instead on the equation for power loss Pg in the
dielectric,

By = —2 [er|E|%av (2.3.9)

2 v,
for a single electric field component E,, results in

n —_ " -— n 2 " i 2
£"17 = £"g17 = €"jcos” B + g"| sin (2.3.10)

which is similar to Equation (2.3.8) but applies instead to
the dielectric loss factor. Thus, Equations (2.3.8) and
(2.3.10) are to be used to verify the tensor rotation in
Equation (2.3.4) using experimentally measured permittivity
data. These results are presented in Section (5.2).
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3 PERMITTIVITY MEASUREMENT
THEORY AND TECHNIQUES

3.1 Rectangular Waveguides

The type of transmission line chosen for measuring
dielectric properties in this study is the rectangular
waveguide. While this waveguide geometry is commonly used
for high-power transmission, 1t is also well suited to
certain types of dielectric measurement technigques because of
a single component dominant E field mode, the TEjg mode. The
development of TEjg9 mode characteristics in rectangular
waveguides will provide a basis for understanding the cavity

measurement techniques that follow.

3.3.1 TEqnn Modes

Transverse electric (TE) waves are a subset of TEM waves
where E; = 0 and Hy # 0 . Using these assumptions, Maxwell's

curl equations (A.5a) and (A.5b) can be solved in terms of H,

as
H _ _3BoH,
x kg o0x (3.1.1a)
w, = 3B 9Hy
B _'_jmuaﬁz
X kg ay (3.11C)
B, = 10k 3.1.14d
Y ki 0x ( -1d)
Where ke is the cutoff wavenumber defined as
k2 = k% - B2 (3.1.2a)

In Equation (3.1.2a) k 1is the complex wavenumber of the

electromagnetic fields and is defined as
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k = w4ue (3.1.2b)
and B is the propagation phase constant. Note that, for
transmission lines supporting TEM modes having no cutoff
condition, k¢ = 0 and k = B in Equation (3.1.2a) [33].
Cutoff 1is the electromagnetic phenomenon where, 1in a
transmission line of some geometry, propagation is supported
only above some cutoff frequency f.; below f. any EM wave
launched into the waveguide 1is evanescent and decays
exponentially along the axis of propagation.

In order to solve Equations (3.1.la) through (3.1.14d),
H, must be determined from the two-dimensional wave equation

[33]:

02 9° 2
_a_xf.}.gz_-{.kc hZ=O (3.1.3)

where H, = hztx,y)e_jﬁz for a plane wave propagating in the z
direction. The geometry of a rectangular waveguide is shown
in Figure 3.1.1 . The dimensions follow the convention of a

> b with a in the x direction, b in the y direction, and the

z direction along the waveguide axis. Assume that the
waveguide is filled with some medium of permittivity € and

permeability u. Equation (3.1.3) can be solved using the
method of separation of variables and application of boundary

conditions on the tangential electric fields that must wvanish

at the conductive waveguide walls [33]. The final result for
H; is
H, = Ap, cos 22> cos “7¥ e~ 3Bz (3.1.4)
where Apn = mode dependent amplitude coefficients
n,m=0,1,2,... ; mode numbers
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Substitution of Equation (3.1.4) into Equations(3.1l.1la)
through (3.1.1d) yields

JOUNT -5
EX :*Amm cos m:x Cos.n_gle jBZ (3.1.53)
keb
jOUMT . -3
E, = —-1—%;——-Amn sin mgx cos ngy e Bz (3.1.5b)
ksa
C
iBm7 . —5
H, = 3[32 Apn Sin 2= cos T e 3Pz (3.1.5¢)
kza
iPnn . —5
H, = szb Apn COs m:x sin ngye iBz (3.1.54)
C
where B = the propagation phase constant

2 2
\/;2—(3’5) —(1’5) (3.1.6)
a b

Note that a comparison of Equations (3.1.2a) and (3.1.6)
identifies ke as

2 2
v = \[(sn.z) - (22) 31.7)
a b

This result for k. arises from satisfying the electric field

boundary conditions in the solution of Equation (3.1.3). The
cutoff frequency f.,,, corresponding to the condition of k =

Ke, i.e., when B = 0 in Equation (3.1.2a), can be found by
solving Equations (3.1.2b) and (3.1.7) for mwe (=2 =wfc):

fo o= —e_ =1 (mf + (n—n)z (3.1.8)
°m - 2maHe  2Wafpe a b e
The wave impedance in a TEy, mode can be defined as the ratio

of electric to magnetic fields using Equations (3.1.5a),
(3.1.5d4) and (3.1.2b)

(3.1.9)

2 E, _kn _ op
TE = o T x T T’
p B
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where 1N = %é is the intrinsic impedance of the material

filling the waveguide. Equation (3.1.6) implies that the
cutoff wavenumber k. effectively shifts the phase planes
(represented by B) inside the waveguide relative to the
planes of the same wave in free space. This phase shift
leads to a wavelength inside the waveguide that is longer
than that of a free-space wavelength, at the same frequency.
Since the wavelength is defined as the distance between two

equal phase planes, the following relations hold:

Ag = 2Z > =22 (3.1.10)
K

B

where Ag = guide wavelength
A = free-space wavelength

3.1.2 The TE1p Mode

The dominant mode in a waveguide has the lowest cutoff
frequency and can exist as the sole mode over a certain
frequency range. In rectangular waveguides the TEjg mode,
corresponding tom = 1 and n = 0, is the dominant mode. The
field quantities in Equations (3.1.4) and (3.1.5a) through
(3.1.5d) can be reduced, for the TE;¢ mode, to

_ nx _~—iPz
HZ = Alo COS"a—e

_ (3.1.11a)
- _JO0Ha in BX o~z
By = o Jlesine (3.1.11b)
jBa X _—j 1.
Hy = 222 Ay sin B 732 (3.1.11¢)
By = E, = H, =0 (3.1.114d)
where A1p = amplitude constant specific to the TEjg mode
B 2
" Vab
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The EM field distributions for the TEjgp mode are shown in

Figure 3.1.1. Note that the electric field has only a single
y-direction component; this fact is advantageous and 1is
utilized in permittivity measurement techniques. The cutoff
frequency for the TE19 mode can be determined from Equation

(3.1.8) as

£ 1
€10 2a,fue

Likewise, ke and P are also mode specific; for the TEjg mode

(3.1.12)

T
kc = — (3.1.13)
a

=
n
=
s8]
|
/N
|
 —
[\

2
= ‘/mzue—(f) (3.1.14)
a

1]
‘ﬁ%‘*
N
ale
N———
N
|
VSR
)
~—
[\)

where, in the definition of B, k has been substituted using

Equation (3.1.2b). In the final expression ¢ 1s the speed of

light; this is a substitution of the phase velocity, Equation
(A.11), with a general relative permittivity € and an assumed

non-ferromagnetic permeability of u= 1.
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3.2 Cavity Perturbation

The cavity perturbation technique was chosen to measure
the microwave frequency permittivity of the glass fiber and
polycarbonate component materials. This technique is well
suited to accommodate materials in the form of strands.
Bundles of material strands can easily be inserted into the
cavity through holes in the waveguide walls without
disassembly of any components; this measurement configuration
is detailed in Section (3.2.4) of this chapter and in
Sections (4.2.4) and (4.2.5). This technique is based upon
the assumption that low-loss dielectric materials, introduced
into an empty resonant cavity, will change the conditions
within the cavity only slightly. These small changes in
cavity resonant conditions can be measured, and with the
knowledge of material geometry, the permittivity can be
computed. The following development is similar to that of
Altschuler; this is an excellent source for more detailed

information on this technigque [39].

3.2.1 The Empty Lossless Cavity Condition

Assume a cavity with arbitrary shape and perfect (or
very good) conductors for wall surfaces, containing lossless
(or very low-loss) materials. Maxwell's equations under
these conditions can be written in phasor form similar to
Equations (A.5a) and (A.5b):

VxE=-jouH (3.2.1a)
VxH=joeE (3.2.1b)
with €&, P, and ® real in this case. Taking the scalar

products,
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o]}
—_
<
X
Rl
—

E-(fo{)
subtracting, and integrating over the cavity volume (Vc),

vields

= [[E: (GweE) - & - (-jopk)] av (3.2.2)

jo [[eE-E - pH - H]av
Ve

where Equations (3.2.l1la) and (3.2.1b) have been substituted.
Using the vector identity

B-(VxA)-—A-(VxB)=V-(AxB)

the left-hand integrand of Equation (3.2.2) becomes

-

V. .(HxE), Substituting this identity and using Gauss's

theorem, Equation (3.2.2) becomes

V. (ExE)av
Ve

= [(HExE)-Ads (3.2.3)
Sc
= jo f[[eE-E+pH-H|av
Ve

where S. denotes the surface area of the cavity walls and 1
is the unit vector normal to the surface.

Since it has been assumed that the walls are perfect
conductors where the tangential electric fields wvanish, it
follows that
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—

E=En
is the only electric field component on the surface S and

thus the quantity

HXE=HXAQE

cannot have a component normal to S., leading to

(ExE)-di=0
Since the left-hand integrands of Equation (3.2.3) are zero,
the result of Equation (3.2.3) is

[eE-EdQV = - [pH-Hav (3.2.4)
Ve Ve

If the standing waves in the cavity are considered with E

being real, then H from Equation (3.2.1) is imaginary, and

E-E=|EP ,H-H = —-|HP
Note the sign change in the magnetic field scalar product due

to the sign in Equation (3.2.1). Equation (3.2.4) can now be

written

Jelgf av = [p|HP av

Ve Ve (3.2.5)

Recalling Equations (A.28a) and (A.28b), it is clear that the
integral terms of Equation (3.2.5) represent the average
energy stored in the electric and magnetic fields within a
material of permittivity € and permeability W. This result
implies that, for a lossless closed cavity with perfectly
conducting walls, the time-averaged electric and magnetic

field energies are equal.

3.2.2 Cavity Perturbation
The results of Equation (3.2.5) hold approximately for
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conditions close to those previously assumed, i.e., walls
with very high conductivity and a low-loss material medium
occupying the cavity volume. Cavity perturbation is based on
this approximation

It is to be assumed that the only difference between two
cavities containing two different dielectric materials is due
to differences in permittivity and permeability. Equation
(3.2.1) can be written

<}

(V X Ei) = -jmiuiﬁi (3.2.6a)
. ) - } i=1,2
(VX Hy) = jo;&;E; (3.2.6b)

where 1 and 2 correspond to the empty and material loaded
cavities, respectively. The frequencies ;i are now taken to
be complex; all losses, including material and external
coupling, are accounted for in this way. Using steps similar
to those taken in deriving Equations (3.2.2) through (3.2.4),
the result is

®, I [El El . Ez - K, Hl . Hz] av
VC
- - - - (3.2.7)
= (1)2 j[azEl'Ez—qul'Hz]dV
Ve

Now subtracting both sides of Equation(3.2.7) from the
quantity

W, J[Elél . Ez - 'J-lﬁl . ﬁz]dv
Ve

and rearranging gives

j[(uz —ul)ﬁl 'I-:Iz —(82 _el)ﬁl Ez]dV

= —— —— (3.2.8)
[0} J[El El . E2 - U1H1 . H2] dav
Ve

W; —
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For condition 1 corresponding to a cavity filled only with
air (g7 = gy, M1 = MHo) and cavity condition 2 corresponding to
a cavity containing homogeneous materials (&€, and Ky are

constant at a fixed temperature), Equation(3.2.8}) becomes

(M2 —Ilo)'[ﬁl'ﬁz av - (g; — €9) [ Ey - Ep AV
(1)2—0)1 VE VE

o ™ HE1|2 p (3.2.9)

Ve

where Vg is the volume of the sample and is considered to be
very small relative to the volume of the cavity (Vg << Vo).

The integrals in the numerator of Equation (3.2.9) are taken
only over Vs because outside of the sample €1 = € = €y and W
= U2 = Up, thus g1-€2 = 0 and H1-H2 = O. In the denominator

integrals, the fields inside and outside of the specimen have
been assumed to differ very little, thus E, = E; and H, = Hj.

The vector products become |E;|2 and -1H;1%2 , the integrals of
which can be interchanged by recalling Equation(3.2.5).

If the material in cavity condition 2 is assumed to be
non-ferromagnetic, then M3 = U and the first term of Equation

(3.2.9) vanishes. The resulting eguation is

-— 1 - .
_ (&2 = D) [B) - By av
Wy =~ ® _ 2 Ve
(O5) lellz av (3.2.10)
Ve

where €y, is the relative complex permittivity.

3.2.3 Resonant Frequency and Q Factor Relationships
The fields under consideration can be assumed to vary

with time t as the function eJ®t wyhere the angular frequency
® can be complex for a dissipative system, i.e.,
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=0 + 3Jj 0" {3.2.11)
The real part, ®', can be written as

0w =2=rnf (3.2.12)
where f is frequency.

Energy is proportional to field quantities squared, so
the corresponding time-domain temporal dependence will be
ej20t. Energy dissipation is a decreasing function associated
with the imaginary component of the frequency and includes

the form e-20"t [40]. The energy dissipated over a short time
AT, assuming unit energy at time t = 0, is (l-e-20"AT)

Expanding the exponential term in a Taylor series:

e 20"AT = 1 - 20"AT + 2 ©"2AT2 +
and neglecting the terms of order A1? and greater, the

resulting approximation is

e 20"AT = 1 - 2w"At
This approximation leads to an energy dissipation per unit
energy, over the short time interval AT, of

1 - (1 - 20"At) = 20"AT (3.2.13)
and a corresponding power dissipation per unit energy of 20".
If Up is defined as the total average energy of the system,

then the average dissipation of power is 2m®" Up .

The definition of the quality factor Q is

o' (Stored Energy in a Cavity)
(Average Power Loss)

Qp =

®'Up O (3.2.14)

20" Up  2@"

This particular Q factor (Qp) accounts for all dissipative

effects in the system.
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The complex frequency and Q factors can now be related
to the permittivity and field gquantities 1in Equation
(3.2.10). Upon substitution of complex frequencies, the
left-hand term of Equation (3.2.10) becomes

w, —0; (0y-0q)+ji(o"y-w")
= (3.2.15)
®"
0y |1 +5—
'

0]

If the cavity is now taken to be resonant in both conditions
1 and 2, designated by resonant frequencies f,7 and f.3,

Equation (3.2.15) becomes

-1
Wy — "> fr2 - fr1 " "y

=11+73 + 3 - (3.2.16)
W, 0'yy fra W'yy Oy

Assuming a small frequency shift due to material perturbation
{(i.e., 'y =2 ®0';) and employing the Q factor definition of

Equation (3.2.14), Equation (3.2.16) becomes

~1
w, — O 1 f - £ 1 1
= (e ()
w; 2Q1,2 fra 2Q1,2 2011 (3.2.17)

If a low-loss material (m3" << @p') 1is inserted into the

resonant cavity (thereby maintaining a large Q), then
(2 Qu2)~1 << 1, so Equation (3.2.17) can be written

; fr2 2

®2 ~ fr2_fr1+1(l 1] (3.2.18)

Q2 Qi1
Combining Equations (3.2.18) and (3.2.10) vields
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(er2 -1

| -
|E1 - Eyav ‘
2 Ve = fra = fr1 + 3 (i - i] 3.2 19
“Ellz av £r2 2\ QL2 Qr1 (3.2.19)

Ve

C

3.2.4 Material Geometry and Field Relationships

In order to solve Equation (3.2.19) for the material's
relative permittivity €y2 (to be known as the complex

permittivity €* hereafter), the relationship between the
electric field vectors E, and E; must be determined. Several
sample geometries lend themselves to internal (EZ) field

approximations for specific unperturbed (El) field conditions

[39]. The most commonly used sample geometry is that of a
small rod inserted completely through holes in the broad
walls of a rectangular waveguide cavity resonating in a TEjgn
mode, as in Figure 3.2.1. 1In this configuration, all points
on the sample surface are tangent to the unperturbed electric
field lines. Since the tangential electric field components
must be continuous across the boundary of a dielectric, the

approximation

E, = E; (3.2.20)
holds, given that the sample is very small relative to the
resonant wavelength. Note that, while a rod geometry has
been mentioned here, a bundle of material strands or a sample
with flat surfaces may be used as long as the sample cross-
section is small.

In a cavity of length 3d in the z direction, where d is
the length of a single period of the mode structure in the
TE103 mode, the only electric field component in the assumed
TE10n Mmode is

- in BX gjp DRZ
Ey = Eo sin“* sin 34 (3.2.21)
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Figure 3.2.1: Schematic of the cavity perturbation
measurement configuration for a rectangular
cavity resonating in the TEjg3 mode.
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Using the approximation of Equation (3.2.20) for this
geometry, and the electric field component E; of Equation
(3.2.21), the integrals in Equation (3.2.19) can be solved.
The denominator integral, taken over the entire cavity

volume, becomes

2
”Eyl av
Ve
a 34 b
= Egjsinzﬂax—dx ISinz %Iéz dz/ dy (3.2.22)
0 0 0
2a3d 2Vc
= EO__b = EO_
2 2 4

Since the integral in the numerator of Egquation (3.2.19) is

taken only over the very small dimensions of the material
sample, the electric field component E, can be assumed to be

constant, i.e., it does not vary spatially. This assumption

results in the approximation

2
0

mn
t

2
“Eyl av Ve (3.2.23)
VE
Substituting the results of Equations (3.2.22) and (3.2.23)

into Equation (3.2.19), and solving for the complex material
permittivity &* gives

* v f,q - £ j 1 1
£ = _£ rl—rz. - 1 — - —— + 1

The complex material permittivity in Equation (3.2.24) can be
separated into its real and imaginary components to give the
dielectric constant &' and loss factor e
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\Y il - £
ere e lEr1 = fra) (3.2.25a)
ZVE frl
ve (1 1
8": —
4Ve Qa2 Q1 (3.2.25b)

Note that Equations (3.2.25a) and (3.2.25b) reflect the
physics of material perturbation; the dielectric constant €'

is a function of the real frequency shift related to energy
storage, while the dielectric loss factor &" depends on Q
factors that represent power dissipation mechanisms. Once
the cavity and sample dimensions are Kknown, Eguations
(3.2.25a) and (3.2.25b) require measurement of only the
unperturbed (empty) and perturbed (sample loaded) resonant
frequencies and Q factors to compute the complex permittivity
of the material. These equations, while very simple in form,
provide very accurate permittivities for low-loss materials
assuming that the Q and resonant frequency f, data are

accurate.
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3.3 Reflection Cavity Formulation

As with the development of the cavity perturbation
equations, the reflection cavity formulation will start from
basic definitions. The very name of the measurement technique
provides some insight: a specimen is to be placed against the
shorted end of a waveguide cavity, the frequency swept until
resonance occurs, and the Q and resonant frequency, fy, are to
be measured. A comparison of the Q and f, for an empty and

material loaded cavity lead to a computation of the complex
permittivity e”.

3.3.1 Q Factor Relations
Recall the definition of a quality factor Q from Equation
(3.2.14)

0= o (Stored Energy) (3.3.1)

* (Average Power Loss)

where ®, is the circular frequency at resonance. Now define
Ur to be the total energy stored in the electric and magnetic
fields. In Section (3.2.5), the stored electric and magnetic

field energies were shown to be equal at resonance. Likewise,
recall the integral forms of energies Ug and Uy given in

Equations (A.28a) and (A.28b). These energies can be written
U —e—oj |E|? av
=5 )8 (3.3.2a)
v
c
Uy = RO (2 av (3.3.2b)
2 v
C
where V. is the cavity volume. Note that €' and MU' are, in

general, real and are tensor gquantities that can be
anisotropic.

Power 1losses 1in the resonant system are mainly
attributable to 1) energy dissipation in the imperfectly

conducting cavity walls and any lossy dielectric occupying the
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cavity, and 2) losses to the external electrical circuit. [39]
These power losses, when expressed as Q factors as in Egquation
(3.3.1), are related by

1 1 1

- - - T 3.3.3

o. Qv Op ( )
where Qr, represents the total power loss in the system

Qu represents power loss in the resonant cavity
and Qr represents power loss to the external circuit.
Wall conductivity power losses (Py) are given by [39]

1
Py = | R |Teure|” s (3.3.4)
SC"

total surface area of the cavity walls

where Se
Rg = surface resistivity per unit area
Jsurf = maximum instantaneous surface current
density.

The surface resistivity for smooth walls has the form [33]

TE g
R, =  |—1
s o, (3.3.5)

where f = frequency
Um = magnetic permeability of the walls
(assumed to be Wp for non-ferromagnetic waveguides)

Om = metal conductivity.

The boundary conditions on Maxwell's equations at the surface

of a perfect conductor state that [33]

— -

Jeurf = 0 X H (3.3.6)

where n is the unit vector normal to the cavity wall surface
and H 1is the magnetic field component at the surface.

Equation (3.3.4) can be rewritten using Equation (3.3.6) as
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Py = = | R, |Hp|*as (3.3.7)

S

(SN N

C
where Htr is the tangential magnetic field component.
Power dissipation Pg in a dielectric material within the

cavity is given by

1
P = = [o|E|® av (3.3.8)
2y
€
where Og is the conductivity tensor of the dielectric material
and Vg is the volume of the dielectric. As described in
Section (A.2) materials with low electrical conductivity are
more properly described in terms of dielectric loss. Such

insulators have conductivities described by

O = Cl)i’.()sl tan 6 = weye" (3.3.9)
where tan 0 is the dielectric loss tangent. In these terms,

Equation (3.3.8) becomes

0)8 " 2
Pe = —2= [&"|E|° av (3.3.10)
2
VE

Note ‘that, in general, €" is a tensor quantity that can be

anisotropic.

The quality factor of the "unloaded" cavity Quy, i.e., the
cavity without the "load" of the external circuit, can be
written following Equation (3.3.1)

,.U
Qp = — T (3.3.11)
Py + Pg
It should be emphasized that Equation (3.3.11l) applies only at

resonance. An empty cavity experiences losses due only to
wall conductivity, thus Pg = 0 and €' = 1. At resonance the

total energy (Up) can be expressed as the electric field

energy (Ug) alone, since the electric and magnetic energies
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are equal and in time quadrature. For the empty cavity

Equation (3.3.2a) reduces to
€
Up = = [|B|? av (3.3.12)
2y
(o}
The empty cavity quality (Qup) can now be written

w08 | |EI? av
v

C
IRSIHTIZ ds (3.3.13)

Sc

Quo =

A cavity containing a dielectric material will experience
power dissipation described by Equations (3.3.7) and (3.3.10),

with stored energy given by

€ '
Up = 2| [g'|E|?av + |E[? av (3.3.14)
T 2
Ve Ve—Ve

and a quality (Qui) of

we18| [EIEIZav +  [IE[? av

Ve Ve = Ve
Qui = 2 . (3.3.15)
2
| Rs|Hp| dS + @ 180 [€'|EI? av
Sc Ve

3.3.2 The TE103 Cavity

The previously derived quality factors apply to a cavity
of arbitrary geometry having conductive walls, containing a
dielectric material of unspecified shape, and resonating in an
arbitrary mode. Upon specifying the cavity geometry and
resonant mode, the field quantities necessary for evaluation
of Equations (3.3.13) and (3.3.15) can be determined.

The cavity geometry chosen in this work is a rectangular
waveguide shorted on one end by a metal plate, and coupled to
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an external waveguide circuit through a circular inductive
iris, as shown in Figure 3.3.1. The length of the cavity is
3d, where d is a guide half-wavelength (kg/2) of the empty
cavity at resonance. Standard broad (x-direction) and narrow
(y-direction) dimensions are designated a and b, respectively.
The z-direction is the direction of propagation. Perfect
shorts are assumed at z = 0 (the iris) and at z = 3d (shorting
plate). A dielectric sample of thickness fg is placed into
the waveguide with one face in complete contact with the
shorting plate. The distance from the iris to the nearest
face of the sample is designated z = {3, leading to the simple

relationship at the plane of the short

z =3d = £y + Lg
Recalling waveguide theory from Section (3.1), the TEjgq

mode is the dominant mode of propagation in a rectangular

waveguide with a > b. This implies that, over a certain
frequency band, only the TE;jg mode will exist; therefore this

is the mode assumed to exist in the resonant cavity. With the
condition of a three period standing wave at resonance ({ =
3d}, the resonant mode becomes the TEjp3 mode. Field

relationships for the TEjg, modes are, using transmission line

formalism of voltage (V) and current (I) [39,41],

= in 2X gin £2Z2
E, = Ep sin ¢ sin 33

2 T
g VAR (3.3.16a)
Hy = y— I in %
x = 45p f(#)sinsg (3.3.16b)

A
H, = ——2————V(z)cos%§

—.naV2ab

effective current as a function of z

(3.3.16c¢)

where I(z)
V(z)

effective voltage as a function of z
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Note that the intrinsic impedance M and unbounded wavelength A

are functions of z in that they depend upon the medium of
propagation; thus they change at the air-sample interface
located at z = £,.

Equations (3.3.16a) through (3.3.16c) describe all of the
TE193 field components in terms of two unknowns, V(z) and
I(z). If impedances relating voltage and current can be
determined for all regions of the cavity, the number of
unknowns will reduce to one. This single unknown can be
carried through the integrals of Equations (3.3.13) and
(3.3.15) and will cancel in the division. The task is to
define V(z) and I(z) in terms of a consistent unknown and
impedances.

An expansion of the forward propagating voltage and
current waves yields

V(z) = V(zg) e YF %)

V(Zo)COS Y(Z - Zo)

—j Zol(ZO)Sin 'Y(Z - Zo)

(3.3.17a)
I(z) = I(zy)e 12
= I(zg) cos y(z — zp)
Vizg) . (3.3.17b)
- siny(z — zj)
Zg
where Zo = the characteristic impedance of the medium

zgo = a reference point along the cavity axis

3.3.3 The Empty Cavity Condition

Consider the empty cavity in the TEj1093 resonant mode as
the first application of Equations (3.3.17a) and (3.3.17b).
There is a short at z = 0 (the iris), such that V(0) = 0 and
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I{(0) is a function of the input power only. Setting zg = 0 in

Equations (3.3.17a) and (3.3.17b) at resonance leads to

V(z) = =3 20 I(0) sin(Byz) (3.3.18a)
I(z) = I(0) cos(Pyoz) (3.3.18b)
where Zr0 = characteristic impedance of air at resonance
Oy Ho
- BrO
Bro = propagation phase constant of air at
resonance
. 2m
kgrO
and kgrO = guide wavelength in air at resonance
= 2d

Note that in lossless air, Yy is replaced by Pro in Equations
(3.3.17a) and (3.3.17b).

3.3.4 The Material Loaded Cavity Condition

A simple network transmission line model can be employed
in the analysis of the sample loaded cavity. This network
model, shown in Figure 3.3.2, consists of an empty cavity of
length ¢¢ characterized by Z,1 and PByi1. The sample occupies
the cavity from z = £y to z = 3d, with the properties Zgy1 and
Ber1 - Note that these conditions hold for the cavity in
resonance, denoted by the subscript r.

The voltage and current Equations (3.3.17a) and (3.3.17b)

over the empty cavity section, with Vv (0) = 0, are
V(z) = —=J Zyq I(0) sin(P,12) (3.3.19a)
I(z) = I(0) cos(Byi2z) (3.3.19b)

where 0 <z < {g.

Likewise, at the air/sample interface (z = {p)
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V(fo) = "j Zrl I(O)Sin(Brlfo) (3.3.20a)

I(£y) = I(0)cos(Briyp) (3.3.20b)
The sample filled cavity section is treated as a new region by
shifting the z-axis reference point from z = 0 to z = {p.

Thus, zo = {0 in Equations (3.3.17a) and (3.3.17b), resulting
in
V(z) = V(£y) cos Ber1(z — £y)

=3 Zer1 I(£p) sin Ber1(z — £p) (3.3.21a)
I(z) = I(eo)COS Bgrl(z - fo)
—5 1 V(t) sin Pepq(z ~ £5) (3.3.21b)
erl

3.3.5 Integration of Field Quantities

The voltage and current equations (3.3.18a), (3.3.18b},
and (3.3.19) through (3.3.21) describe the entire cavity in
terms of known quantities (Zro,Pro,Zr1.Pr1)., terms containing

only the unknowns that are the desired components dependent
upon permittivity (Zeri,Beri)., and the constant I(0). Once the
equations for Vi(z) and I(z) are substituted back into the
field equations (3.3.16a) through (3.3.16c), which contain no
further unknowns, the integrals in the Q-factor relationships
of Equations (3.3.13) and (3.3.15) can be solved.

Several elementary, but useful, integral solutions are
presented here as templates to facilitate the solution of the
EM field integrals:

a a
. a

131n2—’§a5dx = ]coszlg‘-dx = =

0 0 2
34 34 » 3@
[ cos® Brgzdz = [sin®Bezdz = jsin 2e
0 0 0

_ 3d _ 37\'gr0
2 4
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There are several integrals that occur repeatedly, so they are
defined as constants Sj:

£y .
¢ 2B,14
S, = [sin? Bz dz = 2 _8in2B;14
0 2 4Brl
“ 2 £y | sin 2B,.14,
SZ:ICOS Byizdz = =% + ———F£=22
0 2 4"3r1
34 '
2
S3 = [sin® Bee1(z — £o)dz = Le _ sin 2Berile
& 2 4Bsr1
3d _
£ 2 4
Sy = jcos2 Ber1(z — £y)dz = £ + sin 2By 14
£o 2 4B£r1
3d . .
Ss = |sinPery(z — £y) cos Pepy(z — £p) dz = == Ber14e
fo 2BErl

It is useful to define commonly occurring integrals of
voltage and current. Note that each result has a common
factor of I%(0); since the solution to the integral is (I?(0)
x Si), Si represents only the multiplier for I2(0).

For the case of an empty cavity, using Eguations
(3.3.18a) and (3.3.18b), the resulting integrals are

3d

[V2(z)dz = —12(0) 22, 22
2
0
. _ 2 3d
‘e S6 - —ZrOT
3d
[12(z) dz = 12(0) 22
. 2
g =24
7T



Integrating gquantities in Equations (3.3.19%9a) and (3.3.19b),

and (3.3.2l1la) and (3.3.21b) for the sample loaded cavity leads
to

£y £
[v3(z)dz = —-12(0) 22, [sin® Byzdz = -1%(0) 22, 5,
0 0
. _ 2
. Sg = —-2%1 5
£y £y
[1%(z)dz = 12(0) [ cos® Byiz dz = 12(0) s,
0 0
Sg = 82
2 .2
iq S4271 sin® Br1fy
[v2(z)dz = —-1%(0) | +8322,1 cos® Br14g
¢ .
° +552r12¢r1 Sin 2Br1p
2 _..2
S4Z%1 sin® P14y
2 2
. S10 = —| +S3Zgr1 cos” Pr1fp
+S5Zy1Zer1 sin 2Br14g
/
2
Sq cos” Br1€g
4, [ 2 T 2
[1%(z)dz = T2(0) | +S3| =£L-| sin? Byqf,
£, _Zerl_
Zy1 ] .
+SS —= | s1in 2Br1€O
\ LZErl_
2
S4 CcOSs BrlEO
— Z -2
o Sll = +S3 Zrl SiIl2 Brlf()
_Zerl_
+5c| 2L | sin 2B, ¢
5 sin 214,
_Zsrl_
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The voltage and current integrals can now be used to solve the
integrals involving E and H field components. For an empty

cavity, the integral in the numerator of Equation (3.3.13) is

The surface integral of the tangential H fields in
Equation (3.3.13) involve six integrals (one for each wall)
for each field component. By symmetry, only three integrals
need be evaluated [39]:

at x = 0, Hgy = 0 and |Hpl2 = [H,!?2
at z = 0, Hy = 0 and [Hpl2 = |Hgl?2
at vy = 0, Hp = Xp Hx + ¥o Hy
such that |Hpl? = |Hxl? + |Hyl?
These integrals are written as follows:
2
JIHT| ds =
SC
{2} b3d

1142 oy axlyogaa + 2 [ (H azav],_, .
00 0 0

a a 3d
G315 T dz ax], o+ 4 2] THZ gz ax],_
00 00

+

Note that integrals {3} and {4) are doubled, since no y
dependent function exists to make an integral at y = 0
different from one at y = b.

Evaluating each of these integrals results in

2 = 0,341 = T2(0)

{2}x = 0,a] = - 55 1°(0) 56
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Blly = 0] = %12(0)57
2
A
Wy =01 = - =T 0

Summing the results of integrals {1} through {4}, where {1}
and {2} are added twice to account for the two z and x
boundary conditions, respectively, and factoring I%(0), leads
to

2
1
Sl3= 2+£S7—%(L+—)SG
b n’a? \2b a

" The integrals of the E field in Equation (3.3.15) over
the dielectric sample filled cavity and over the remaining

empty cavity are

ably , 2
[fJE,dzdy dx = I7(0) S
000

‘. 514 = SB

a b3d 2 2

[ ] JE, dzdy dx = I7(0) Sy
00 £

. S15 = Sq9

The surface integral of H in Equation (3.3.15) is separated

into two regions: the walls in contact with the dielectric
sample (Sg) and the walls contacting only air in the empty

part of the cavity (S1). For the empty cavity, the integrals

are

{l}j {z}j

2 2
Hy dy dx],_o + H, dy dx]

SI SI

;3 jHi dx dz]yo + {a} | H, dz dx],_g

S1

Z=£O

s

+ {/s}jﬂﬁ dzdy],_, + mjﬂi dz dy]

St St

—

X=a
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Likewise, for the sample filled cavity, the result is

{}jH dy dx] +{8}IH>2( dy dx], g

Zeo

Se Sg

9 0
+{}2JHidxdz]y=o +{1}2IH§dde]y_o
Se Sg
11 12
{ }jH dzdy],_, +{ }ngdzdy]X:él
Sg : Sg

The solutions to these integrals are

{1} =
2
{2} = 1°(0) cos” (B;14o)
{3} 0)—'59
2
{4} = T°(0) '2‘“ s
21’]08. b
2
{5} = 1°(0) —kzrﬁ Se
2T]0a
2
{6} = °(0) 2L g
2'ﬂoa

(7} = 1 (O)cos"‘(Brlfo)

0s(Br1£o ) cos(Berile )

2
{8} = 17(0) Z . ,
- - 51n(ﬁr1€O)Sln(Ber1€E)
Zer1
2
{9} = 12(0)—5511
2
{10} = (o) el g
2nNga b
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2
2 —ANer1

{11} =1 (O) 2 3 SlO
2Mea
2 e
{12} = 1°(0) =5 sy
2MNga

Ssumming {1} through {12} and factoring I2(0) leads to:

142 cosz(Brlfo) + %(59 + S11)

erl

}\'Zrl 1 2 7\-2£r1 1 2
_Tgaz-[g'l-g S8_ 22[—+—Slo

2
S16 = “'[COS(Brlfo)COS(ﬁErlEe) - erl Sin(ﬁrleo)Sin(Barlfe)}

3.3.6 Solution for Permittivity Components
The quality factor equations can now be simplified

using Si12, S13 and Equation (3.3.5). Equation (3.3.13)
becomes
0. = ®r0€9512
uo £ oMl (3.3.22)
S134— -
Gm

Equation (3.3.15) reduces to

W, 185(€ Sy5 + S14)

Qui =

[Eramin ) (3.3.23)

Sie T e + 0,.18pE Sig
m

Note that if the tensor quantities &' and €" in Equation

(3.3.15) are considered to be oriented in principal directions
(i.e., only diagonal permittivity components exist), then only
a single permittivity component multiplies the TEjg9 mode's
lone electric field component Ey described in Equation

(3.3.16a). This fact allows the permittivity components to be
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factored out of the integration of the electric field in
Equations (3.3.2a) and (3.3.10); these permittivity components
appear as constant multipliers of the same integral, Sis, in
the numerator and denominator Egquation (3.3.23). If the
sample 1is not oriented in a principal direction then the
permittivity components in Equation (3.3.23) represent non-
principal values that have undergone a tensor rotation. This
orientation dependence is described further in Section (2.3.2)
and is a point of study in this work.

Recall that the solutions of the integrals in the Q
equations leads to a factor of 12(0) that cancels in division,

leaving the known S; terms. In order to eliminate the unknown
+ Om . Equation (3.3.22) can be rearranged as

\/ fromhy, QuoSi3

On = (3.3.24)
Wy 0€pS72

When this result is substituted into Equation (3.3.23),
€" can be isolated as:

; 1 |54 +€'S S¢S £
e = 14 15 _ S16512 [fro (3.3.25)
S1s5 Qu1 S13Quo Y fr1

Note that Equation (3.3.25) contains only S;i terms, measurable
fr and Q quantities, and €'. Since &' appears explicitly in
Equation (3.3.25) and is implicitly embedded in some S; terms
(in Mg and Per1)., a solution for €' must precede the solution
of Egquation (3.3.25) for e".

The solution method for €' is based upon the continuity
of the input impedance at the dielectric sample/empty cavity
interface. Figure 3.3.3 is a diagram of a cavity of length 3d
loaded with a sample of thickness /¢ flush against a terminal
short. The material/air interface at z = {p is characterized
by single value of impedance. However, it can be recalled
from Equation (A.50) that the input impedance (Zijn) of a
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section of a transmission line, determined by hypothetically
"looking down" the line in some direction, is a function of
the characteristic impedance (Zp), the load impedance (Zp),
the phase constant (B), and the line length (£). Both the

iris and the short are considered to be perfect shorting
conductors, so Z; = 0 in Egquation (A.50). Thus, the input

impedance looking left from z = {3 toward the iris is

Zre = 3Zy1 tan(Brafo)
while the input impedance looking right from z = {9 through

the sample toward the shorting plate is

Zr = —3Zgr1 tan(Ber1le)
Note the sign change in Zgr due to the change in direction
along the waveguide axis through which the input impedance is
being viewed.

Equating these input impedances results in

Zre = ZR
Zgr1 (3.3.26)
- tan(BrIEO) = tan(ﬁarlEE)
rl
Recall from Equation (3.1.9), for TE waveguide modes, that the
characteristic impedance is
Q)]
Zo = —Ji (3.1.9)

B

Substituting this definition for characteristic impedance into

the ratio of impedances in Equation (3.3.26) leads to

Zer1 _ (‘Drluo ]( Br1 J = By (3.3.27)

Zrl Berl Wy1Ho Berl

Using the result of (3.3.27) into (3.3.26) and dividing both
sides by f¢ results in
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_tan(Brilo) _ tan(Berafo) _ z
(B’rlee ) (Ber lee )

The first term in Equation (3.3.28) contains only known
and measurable quantities. Recall the definition of By; from

(3.3.28)

Equation (3.1.14)

b = (%] - (5] (%) - (3] e

where the relative permittivity €' = 1 in the empty portion

of the cavity. Furthermore /{y can be determined very
accurately by measuring the resonant frequency of the empty
cavity. Remember that

fo = 3d -1
and d = Ag/2
therefore, £y = 3hg/2 -1

Recall from (3.1.10) the definition of A4 is

2
hg = =% (3.1.10)
p
It is clear then that by combining Equations (3.3.29),
(3.1.10), and (3.1.15) in an empty cavity condition, the empty

portion of the specimen loaded cavity is

¢ = EL. - 4, (3.3.30)

(=) - (2)

Thus, only the specimen thickness ¥4 must be measured

accurately by mechanical means; the measured resonant
frequency y¢ value will then provide a means for determining
Lo .

Since the first term in Equation (3.3.28) can be
determined from resonant frequency measurements, k becomes a
known quantity leading to a transcendental equation of the

form
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- _ tan(Berate) _ tans

= = (3.3.31)
(Ber 168) X
This equation can be solved numerically for the first positive
root ﬁo ; this first root corresponds to the TEjg mode, while

higher-order modes theoretically correspond to larger positive
roots. This root (X, = PBer1 fe) can be substituted into

Equation (3.1.15)

2 2
Ber1 = \[8'(-—(0”) - (E) (3.1.15)
C a

that has been solved for €':

2 ~ 2 2
e‘=( < J (ﬁ) +(£) (3.3.32)

With the knowledge of &', the loss factor &" in Equation

(3.3.25) can be determined.
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3.4 Q and Resonant Frequency Measurement

A resonant cavity can be modeled by the simple lumped-
component circuit shown in Figure 3.4.1 [33]. This model
holds for a single resonance mode, therefore a narrow
frequency range near the resonant frequency is assumed. The
input impedance (Zijnp) as “"seen" through the coupling
mechanism, a circular iris in this case, can be separated
into the external circuit coupling impedance

Ze = Re + J Xe

and the cavity parallel LRC circuit. The coupling resistance
Re is assumed to be negligible [42]. The input impedance of

the parallel circuit can be written:

Zin = Y} "7 1l
in [—-+7——-+3mc]
R JoOL
-£-+j(wc —-E;J]
R oL (3.4.1)
R

where
= real resistance of the cavity,

capacitance of the cavity,

O B
1l

= inductance of the cavity,
® = circular frequency ,

5211
Y"in = input admittance

Multiplying parts of Equation (3.4.1) by an identity of
(wg/wp), where wg is the resonant frequency, yields
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" R

in T o o R (3.4.2)
o ) ()

®q w (O L

Z

Now consider the power input into the cavity (Pin)

1,2 1,.2 1
P. = =|1Ff2z;, = =|V
in 2" in zllzzn
Using Zijn, in Egquation (3.4.1),
1.1 . 1
P. = ~=|V[¢|—+ jloC - — (3.4.3)
n 2||[R ( (oLJ:|
The dissipated power (Pjess). oOr the real component of the
complex power, 1is written
1 |vP
P = - — (3.4.4)
loss 2 R
where V = the voltage across the LRC circuit
I = the total current flowing into the LRC circuit

The average energy capacitively stored in the electric field

is

1 1
Ug = =Vvv e = =|V[fc (3.4.5)
4 4
and the average magnetic energy stored inductively is

1 * 2

U -—IIL—ELV
H 4LL. 4

WL

1 1 5

where I, is the complex current flowing through the inductor L
in the model of Figure 3.4.1. Note that the wvoltage
magnitude |V| in Equations (3.4.4) through (3.4.6) are root
mean sqguare (RMS) voltages which are (1/f§)vmax, hence the
extra factor of 1/2 in Equations (3.4.5) and (3.4.6).

Recall from Equation (3.2.5) that, at resonance, Ug =

Ug. Using this fact and the definition of the "unloaded" or
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cavity-only Q (not including external coupling effects), the
result is

Average Ener Stored
0 = m( g gy )

Power Loss
Ug + U
=n=—41 (3.4.7)

Ploss

20Uy
Ploss
Now using the definitions of Equations (3.4.4) and (3.4.6),

one obtains

2(00|V|2 R
= — = (3.4.8)
40)01.1 (l)oL
Equating Equations (3.4.5) and (3.4.6) at resonance:
1 1 1 1
Z|lvPc = =2|VfP —— 5> L = —— (3.4.9)
4 4 oy L Wy C
Combining Equations (3.4.8) and (3.4.9), the result is
R R
= ———— = RCwy = —
© 1 " oL (3.4.10)
Wy | —5—
0)0C

These definitions of Q can be used in Egquation (3.4.2),
yvielding

n R
Zin = o o (3.4.11)
®g ()

The complete 1input impedance Zjp, accounting for the

impedances of external coupling, the cavity, and any material
it contains, is therefore
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()}
1+jQ ﬂ__o
Wq )]

Zin

= 9%, + (3.4.12)

If the input impedance of Equation(3.4.12) is plotted in
the complex plane using frequency as a parameter, a circle is
obtained as shown in Figure 3.4.2. Note that at resonance a
real component exists corresponding to the physical energy
dissipation mechanisms within the cavity. The imaginary
reactance component X shifts the circle upward from the real
axis. Note in Figure 3.4.2 that the circle does not close
symmetrically, rather the plot 1is a loop with tails at
frequencies relatively distant from the resonant frequency.
This effect, which has a marked effect upon the determination
of Q@ from the data, is attributable to Xe being a linear
function of frequency instead of a constant. Hence, the
point along the imaginary axis is not strictly Xe, but is
only its constant component Xec [42].

The input impedance in Equation (3.4.12) is computed
from reflection coefficient (I' discussed in Section (A.4))
data obtained wusing the network analyzer. Reflection
coefficient data obtained when the frequency is swept near

resonance results in a loop in the complex I' plane. The

points of this loop can be interpolated and, using a
procedure detailed in [42], the information in the I'-plane

can be mapped into the Z-plane. Note that the external
circuit coupling effects are imbedded in the actual T

measurements and are accounted for in the mapping step. The
Q and g of the cavity can subseguently be determined.
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Figure 3.4.2: Input impedance plotted in the complex plane

using frequency as a parameter [42].
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4 EXPERIMENTAL

4.1 Equipment

The experimental system used in this study can be
subdivided into four categories: 1) the Hewlett-Packard
network analyzer system, 2) waveguide cavities and coaxial
transmission lines, 3) heat sources and control devices used
in elevated temperature measurements, and 4) waveguide

calibration standards.

4.1.1 Network Analyzer System

Hewlett-Packard's Model 8510B network analyzer is a
microwave receiver that can process signals from a device to
determine the phase and amplitude of the waves over a
selected frequency band [33,43,44]. As illustrated in Figure
4.1.1, two connection ports on the HP 8515A S-Parameter test
unit allow for sampling of incident, reflected, and
transmitted signals, often referred to as the S-parameters,
related to some device-under-test (DUT). 1Inside the network
analyzer, microwave frequency signals are detected and
converted to digital information. An internal computer
processes this digital information, computes the phase and
amplitude of the S-parameters, and calculates useful
quantities including standing-wave rations (see Section
(A.5)) and complex impedances (see Section (3.4)) as a
function of frequency.

The computer can also perform error-correction which can
mathematically account for slight discontinuities,
reflections, losses, and imperfections in the transmission
lines leading to the DUT. Error-correction is accomplished
by measuring known calibration standards, comparing the
signal data to theoretical values in an error model, and

mathematically accounting for system imperfections in
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subsequent computations. Thus, the calibration procedure 1is
a necessary first step in operating the HP 8510B. There are
many calibration procedures; the TRL method used in this
study will be outlined in Section (4.2.1).

The 8510B network analyzer can operate in the frequency
band from 45 MHz to 26.5 GHz. Thus, the HP 8515A S-parameter
test set, which operates in this frequency range, provides
the two ports for connecting the network analyzer to the DUT.
The source of the high frequency signals in this system 1is
the 8340A synthesized sweeper which has a frequency band of
10 MHz to 26.5 GHz.

The 8510B can be operated from its front panel function
buttons and menus; a dial-selector and numerical keypad are
also available for input. An HP 9000, series 300 computer is
capable of controlling the 8510B and can access the many
quantities computed by the network analyzer for analysis in
user written programs; such a program was used to determine Q
and fy quantities as detailed in Section (3.4).

4.1.2 Coaxial Waveguides and Cavities

Coaxial waveguides serve as the connections from the
network analyzer ports to the DUT (a single port cavity in
this study). The use of a special, highly flexible coaxial
line with APC-7 connectors manufactured by Gore (Model SN
S24183) facilitated easy attachment to the cavities 1in
several test configurations. The APC-7 designation stands
for "Amphenol Precision Connector," after i1its original
designer, with a 7 mm outer conductor diameter, useful to
about 18 GHz. This connector 1s among the most precise
commercial standards in current use [33].

Permittivity measurements were conducted at two
frequencies, 2.45 GHz and 9.4 GHz, requiring cavities of
different waveguide dimensions. The WR-430 (2.45 GHz)

waveguide components that comprised the resonant cavity were
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a straight 20.32 cm (8 in.) section and a coax-to-waveguide
transition Model APC7-101M section, both manufactured by
Struthers Electronic Corporation. The WR-90 (9.4 GHz)
waveguide components used to construct the cavity were a
straight 6.6 cm (2.6 in.) made in-house at Oak Ridge National
Laboratory and a coax-to-waveguide transition Model X209D2
produced by Maury Microwave Corporation. A complete listing
of the cavity components are presented in Table 4.1.1. The
custom shorting plates were cut from 0.635 cm (0.25 in.)
aluminum plate, the inner surface was polished, and the
attachment bolt holes were countersunk so the tightened bolt
heads would be slightly recessed. This recess was necessary
for the short to lie flat on a heating plate in elevated
temperature reflection cavity measurements as detailed in
Section (4.2.6).

Table 4.1.1

Cavity Components

Waveguide Designation (Frequency)
Component WR-430 (2.45 GHz) WR-90 (9.4 GHz)
“ Straight 8" Struthers Custom
Section Electronic Corp. {ORNL)
Coax-to Waveguide Struthers Model Maury Microwave
Transition APC7-101M Model X209D2
Iris 1.02" Dia. 0.267" Dia.
0.0056" Thick 0.0056" Thick
Shorting Custom 1/4" Thick Custom 1/4" Thick
Plate =___=Polished Aluminum Polished Aluminum

4.1.3 Heat Sources

Differences 1in the configurations of the cavity
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perturbation and reflection cavity measurement techniques
required different heating schemes in each. As described in
Section (4.2.4), hot Nz gas was used in the cavity
perturbation technique. The N3 gas passed through coils of
metal tubing immersed in the sand of a Techne Model SBL-1
fluidized bath heating system, as is illustrated in Figure
4.2.la. The reflection cavity technique described in Section
(4.2.6) used a Corning PC-351 heating plate to heat the
composite specimens inside the cavity. This heating plate's
power was controlled through a temperature feedback system
using an Omega Model 400KC controller fitted with a Type K
thermocouple. This heating schematic 1s shown in Figure
4.2.1b.

4.1.4 Calibration Standards

The 2-port TRL method of calibration used in this study
requires only two standards: a short length of waveguide, or
line, of known impedance and length, and a highly reflective
shorting plate. The initials TRL stand for "Thru-Reflect-
Line" which are the three basic steps of the calibration
procedure. The "Thru" step requires that the calibration
planes of port 1 and port 2 be directly connected, thus no
standard is necessary. A polished shorting plate acts as the
"Reflect" standard. The shorts used in this study were the
custom shorts described in Section (4.1.2). The "Line"
standards used in the WR-430 system were a Struthers 6" Model
P/N112497 straight section while a Maury microwave Model
X103A5 5" standard was used in the WR-90 system. The TRL

calibration procedure is outlined in Section (4.2.2).

4.2 Procedures
4.2.1 TRL Calibration Background

The 2-port TRL, or "Thru-Reflect-Line", technique is a

simple yet robust calibration that makes use of transmission
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Figure 4.2.1: Apparatus configurations for elevated
temperature measurements: (a) hot Ny gas flow in
the cavity perturbation experiment, (b) heating

plate and controller in the reflection cavity
experiment.
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lines instead of special impedance standards [44]. An 8-term
error model, described in [44], is built into the HP 8510B
network analyzer's computer as an on-line calibration option.
Thus, only a section of waveguide of known length and
impedance, and a polished short, are needed to perform the
calibration.

Several variations on the TRL method are available, as
listed in [44]. The zero-length "Thru" option was chosen for
simplicity, since no additional waveguide would be necessary.
Prior to performing a calibration, the parameters describing
the standards to be used must be defined, by the user, in the
8510B's memory. These specified parameters include "Line"
length and impedance, the short offset (0 for a flat short),
the useful frequency band of the waveguide, and the standard
class assignments that are accessed by the TRL program. The
procedure for defining standards i1s somewhat complex and is
beyond the scope of this description; detailed information

and instructions can be found in [43,44].

4.2.2 TRL Calibration Procedure

A typical TRL calibration procedure would be conducted
as follows (note that words in BOLD indicate actual labels
appearing on the HP8510B buttons and menus) :

i) Connect the 7 mm coaxial lines to ports 1 and 2
of the network analyzer and attach coax-to-waveguide
transitions to each coax line. The flanged ends of the coax-
to-waveguide transitions are the calibration planes.

ii) Press the PRESET button on the HP8510B to clear
the network analyzer of its current settings and establish a
known state. Enter the desired measurement parameters
including frequency band, number of data collection points
within that band, and data averaging and smoothing functions.

iii) Press the CAL button to start the calibration
process. Press TRL 2-PORT to enter the built-in TRL
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calibration model submenu. The titles THRU, S11REFLECT,
S22REFLECT, ISOLATION, and LINE will appear on the submenu.
These calibration steps may be performed in any convenient
order. Note that LOWBAND REFLECTION is used for coaxial
system calibrations and therefore will not be used here.

iv) The Thru calibration will performed first.
Connect the coax-to-waveguide transition flanges, clamp them
together, and press the THRU button. Swept frequency signals
from both ports will pass through the system, be detected
and digitized by the network analyzer, and stored in the
computer's memory. When the frequency band is swept and the
measurements are complete, the label THRU will be underlined.

v) Disconnect the mated flanges and attach the flat
short to the port 1 waveguide flange. Press S11REFLECT and
allow the frequency sweep to finish. S11REFLECT should now
be underlined.

vi) Disconnect the short from the port 1 waveguide
flange and attach it to the port 2 flange. Press S22REFLECT
and allow the frequency sweep to finish. S22REFLECT should
now be underlined.

vii) Disconnect the short from the port 2 waveguide
flange and attach the straight waveguide section between the
flanges. Press LINE and allow the frequency sweep to finish.
LINE should now be underlined.

viii) The last standard is the ISOLATION option.
This parameter is used quantify the systematic cross-talk
inside the network analyzer; this is usually very small
relative to the power levels used in typical measurements and
can be neglected. Press ISOLATION, OMIT ISOLATION, and
ISOLATION DONE.

ix) Press SAVE TRL CAL and select a CAL SET memory
location. Error-correction is now in effect over the preset

frequency range.
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Xx) Clear the CAL SET memory location that
numerically immediately follows the set used to store the TRL
calibration in step (ix). The program that will be used to
measure the Q and resonant frequency fy data uses this memory
location; the program will freeze if this memory location is

occupied.

4.2.3 Materials and Sample Preparation

The material used in this study was a polycarbonate/
unidirectional, continuous fiberglass composite made from a
preimpregnated tape supplied by ICI-Fiberite Corporation.
This tape was produced using Makrolon HMS-3118 amorphous
thermoplastic polycarbonate resin from Mobay Corporation and
Owens Corning S-2 glass fibers. Several 15.24 cm x 15.24 cm
(6 in. x 6 in.) plates were fabricated by stacking plies of
tape in a mold and consolidating in a heated platen press at
a maximum pressure of 1.034 MPa (150 psi) and a maximum
temperature of 210°C. All the plies were stacked with fibers
aligned in the same direction. A portion of the plates was
cut into rectangular specimens with various fiber
orientations. Each specimen was precisely machined to the
internal dimensions of the rectangular waveguide in which it
would be measured. The remainder of the plates was re-
pressed to remove more resin, thereby increasing vs . This
process was repeated to produce specimens with a range of
fiber volume fractions.

Samples of pure S-glass and polycarbonate were prepared
for use in the determination of component permittivity.
Owens Corning S-2 glass fiber strands were accurately cut to
a uniform length, vacuum dried, and weighed. Polycarbonate
strands were capillary extruded from Makrolon HMS-3118 bulk
material pellets, using a 0.5 mm (0.0204 in.) circular die.
The polycarbonate strands were inspected visually to reject

any void containing strands from the test specimen lot.
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These strands were subsequently vacuum dried, cut to a
uniform length, bundled into a volume suitable for
measurement, and weighed.

4.2.3 1 Orientation

All tests were conducted with the waveguide propagating
the dominant TE;; mode. It can be seen in Figure 3.1.2 that
the E-field in this mode has a component only in the
direction parallel to the narrow dimension of the cross-
plane, which is normal to the axis of the waveguide.
Recalling the permittivity mixture theory in Section (2.2.1),
composite specimens having fibers aligned with the narrow
dimension, and therefore with the E-field, are considered to
be in "parallel" geometrically and electrically. Specimens
with fibers aligned with the wide dimension are geometrically
"perpendicular" or electrically in *series". These
orientations are shown schematically in Figure 2.3.1. A
range of specimens with orientations 0 between 0° and 90° was
prepared by cutting and machining specimens from the
unidirectional panels by rotating the panel at different
angles during the cut.

4.2.3.2 Fiber Volume Fraction

Resin burnoff was employed to determine the fiber volume
fraction v¢ of each composite specimen plate. Several sample
pieces of each plate were placed in dry crucibles, weighed,
and heated to 950°C. The polycarbonate resin burned away at
this high temperature leaving only the glass fibers. The
crucibles were reweighed and reheated until their weight
became constant. The mass fraction of the fiberglass mr was
determined from the ratio of the final to initial sample
welghts. The fiber volume fraction vf¢ was computed using
tabulated densities of polycarbonate p,. and fiberglass pf as
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Prms

Pp
ve = = (4.2.1)

_ Prms
(1 me) + Prc

4.2.4 Cavity Perturbation Technique
The cavity perturbation technique described in Section
(3.2) was especially well suited to the measurement of the
component S-glass and polycarbonate materials. Specimens of
the component materials fit the following criteria for
measurement by cavity perturbation:
1) low-loss and non-ferromagnetic
2) small volumes relative to the cavity volume
3) homogeneous and electrically isotropic
Since the component material specimens had the form of
strands, they were easily inserted and removed form the
cavity through the holes in the broad walls, as illustrated
in Figure 3.2.1. The formulae from which €' and &" are
computed, Equations (3.2.25a) and (3.2.25b) respectively,
require sample volume as the only material geometry related
input parameter. If the material strands are assumed to be
uniform along their length, then a volume per unit length
(V/€s) quantity can be determined using

v m 1
-_— = — - (4.2.2)
s L5 p

where m/f{s = mass per unit length of strand

p = material density

Strands of material were simply cut to a known length
and weighed to determine m/fs. The densities of the component
materials were taken from supplier technical data sheets and
the literature [45,46]. The length of the sample strands
actually placed inside the rectangular cavity is the narrow

dimension b (see Section (3.3.1)), of the waveguide.
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Multiplication of Equation (4.2.1) by b yields the sample
volume Vg used in Equations (3.2.25a) and (3.2.25b).

Component permittivities were measured at two
frequencies, 2.45 GHz and 9.4 GHz, using TEj93 rectangular
waveguide cavities (see Section (3.2.4)). The designation,
dimensions, frequency range, and cutoff frequency of the
waveguide used in these cavities are listed in Table 4.2.1
[47].

Table 4.2.1
Rectangular Waveguide Data

TE10 Mode Cutoff Physical Dimensions

EIA Desig-

nation Frequency | Frequency [em (in.)]

[GHz]

Exterior

Band [GHz] Interior

Width Height width Height

WR-430 1.72-2.61 1.373 10.922 5.461 11.328 5.867
(4.300) | (2.150) | (4.460) | (2.310)

WR-90 8.20-12.50 6.562 2.286 1.016 2.540 1.270
_ J (0.900) | (0.400) ] (1.000) | (0.500)

Permittivities of the component materials were measured
as a function of temperature at both frequencies. Hot Ny gas
was flowed through a quartz tube that has been inserted
through the sample holes in the waveguide cavity as
illustrated in Figure 4.2.la. A thermocouple was positioned
in the outlet end of the quartz tube just outside the
waveguide wall; the thermocouple could not protrude into the
cavity because its conductive wires would greatly disturb the
standing field patterns. The Ny gas flowed from a
pressurized cylinder, through the coils of a fluidized bed
heater, then through the quartz tube. The temperature of the
gas monitored at the outlet wall of the waveguide was assumed
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to be that of the materials being measured. Measurements of
Q factors and resonant frequencies were taken over a
temperature range for both the unloaded (empty) and sample
loaded conditions (see Section (3.2.3)). It has been assumed
that, at the same measured temperature, the unloaded and
sample loaded Q and f, data differ only due to the
perturbation effects of the sample material; the effects of
cavity thermal expansion and quartz tube heating were assumed
to be identical in both conditions and therefore cancel in
subsequent permittivity computation.

Following preliminary tests, it was determined that the
use of a quartz tube extending completely through the cavity
was acceptable in the WR-430 cavity, but was unacceptable in
the WR-90 cavity. Room temperature measurements of an empty
cavity and a teflon sample were made with and without the
quartz tube at both frequencies. The data from these tests
were used to compute the teflon's permittivity. In the WR-
430 case (2.45 GHz), the difference in computed material
permittivity between the two conditions (tube present and
absent) was very slight; the effect of the tube canceled.
This was not the case in the WR-90 (9.4 GHz) test, where the
permittivity was found to be significantly higher in both the
real and imaginary parts where the quartz tube was present.
This implies that the quartz tube may have significantly
altered the field patterns in the cavity of smaller volume,
leading to a non-linear condition in which tube contributions
would not cancel in the process of permittivity computation.
Therefore, in subsequent measurements, the Ny gas was flowed
into a section of quartz tube that did not enter the cavity,
but acted as a supply hose attachment and material sample
holder only. An identical section of quartz tube was placed
at the outlet but did not enter the cavity; this section
supported the material sample and the thermocouple.
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4.2.5 Cavity Perturbation Procedure
The procedure used for measuring the permittivity of the
component materials is as follows:

i) Calibrate the network analyzer Port 1 to the
plane of the iris using the TRL calibration method (see
Section (4.2.2)). This provides a reference of amplitude and
phase for the transmission line up to the iris plane,
excluding the iris. Save the calibration set in the network
analyzer's memory and clear the next calibration set memory
space for input from the measurement program.

ii) Place the 1iris sheet on the calibrated
waveguide flange and attach the cavity to the waveguide with
bolts, making sure the flanges are exactly aligned. Place
the cavity such that the axis of the sample insertion holes
is horizontal, i.e., with the waveguide resting upon its
length, the narrow dimension vertical.

iii) Run the program "Cavtpert" to collect Q and fr
data from the empty cavity condition. The quartz sample tube
must be in place for experiments using hot gas flow.

iv) If only a room temperature test is conducted,
proceed to step (vii).

v) If elevated temperature measurements are
desired, attach the heated Ny gas line to the inlet of the
quartz tube and insert the thermocouple into the outlet end
of the tube very near the outer surface of the waveguide
wall. Open the valve on the Ny cylinder regulator to allow a
slight gas flow. Monitor the thermocouple signal on the
digital thermometer display and adjust the gas flow to obtain
the desired temperature. Allow the cavity to come to thermal
equilibrium; this will be evident when the changes in Q and
fr are small between data measurement intervals. The steady
state Q and fy values are to be used in permittivity

calculation.
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vi) Slightly increase the N flow rate to
incrementally raise the temperature. Repeat this incremental
N2 flow rate increase throughout the desired range of
temperatures, each time recording the steady state Q and fr
values.

vii) Insert the sample material strands. If
elevated temperature measurements are desired, make sure that
the thermocouple is making good contact with the sample.
Allow the entire system to cool to room temperature before
reheating.

viii) Repeat steps (iii), (v), and (vi) with the
sample strands in place.

ix) Enter the Q and f, data, along with the sample
volume, into the program "Perturb" (listed in Appendix B).
This program, written in the Mathematica language, 1s based
on the derivations in Section (3.2) and will compute the
sample's complex permittivity.

The entire series of elevated temperature measurements,
both empty and sample loaded, should be conducted under the
same calibration conditions to ensure accuracy and
repeatability. It should be noted that any disconnection of
the transmission lines from the calibration plane back to the
network analyzer port invalidates the current calibration;
recalibration would be necessary before continuing with

measurements.

4.2.6 Reflection Cavity Technique

The permittivity of the rectangular composite specimens
was measured using the reflection cavity technique, which was
formulated in Section (3.3). The cavity perturbation
technique previously described was not suitable for measuring
samples with a plate geometry, since observation of
orientation effects and assurance of uniform heating would be
difficult. A schematic of the reflection cavity
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configuration 1is presented in Figure 3.3.1. Composite
permittivities were measured at frequencies of 2.45 GHz (LS-
band) and 9.4 GHz (X-band). Dimensions and empty resonant
frequencies of these cavities are given in Table (4.2.1).

The formulae from which €' and €" are computed, Equations
(3.3 32) and (3.3 25) respectively, require the composite
specimen thickness {¢ as the only material geometry related
input parameter. The specimens fit precisely within the
waveguide, therefore their planar dimensions were equal to
the waveguide inner wall dimensions. Specimen thicknesses /g
were measured using dial calipers.

Elevated temperature measurements were conducted by
placing the reflection cavity 1in a vertical orientation
resting on a flat plate heater as shown in Figure 4.2.1b. It
was assumed that the specimens in contact with the shorting
plate were uniformly heated. Since the metallic
thermocouples could not extend into the cavity during
measurements, a thermocouple was placed in the recess of a
bolt hole on the external face of the waveguide shorting
plate. This external thermocouple monitored temperatures
throughout the measurements. A preliminary experiment was
conducted where the iris wall of the waveguide cavity was
removed, a composite specimen was inserted into its position
flat on the shorting plate, and thermocouples monitored the
specimen and external measurement point temperatures, as
illustrated in Figure 4.2.1b. The specimen monitoring
thermocouple was taped to the specimen's surface, and the
open end of the cavity was covered to prevent convective air
currents from cooling the specimen. The external
thermocouple was connected to a feed back controller unit
that controlled power flow to the heating plate. Temperature
data was collected from both the specimen and external
thermocouples over a range of controller temperature
settings. These data were plotted to form a correlation
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curve, shown in Figure 4.2.2., relating the externally
measured temperature to the actual specimen temperature at
each controller setting; this curve would serve as a
conversion rule for external to specimen temperature during

experimental data analysis. Note that there is a small
difference (about 1°C) in temperature at low temperatures,

increasing to a maximum difference of about 3°C above 130°C.

4.2.7 Experimental Procedure
The procedure used for measuring the permittivity of
composite specimens is as follows:

i) Calibrate the network analyzer Port 1 to the
plane of the iris using the TRL calibration method (see
Section (4.2.2)). This provides a reference of amplitude and
phase for the transmission line up to the iris plane,
excluding the iris. Save the calibration set in the network
analyzer's memory and clear the next calibration set memory
space for input from the measurement program.

ii) Place the iris sheet on the calibrated
waveguide flange and attach the cavity to the waveguide with
bolts, making sure the flanges are exactly aligned. Make
sure that the cavity is empty and that the shorting plate is
tightly bolted in place with uniform tightening of each bolt
to avoid warping. Place the cavity such that the z-axis (the
long axis) 1s vertical, resting on the shorting plate's
external face. If elevated temperature measurements are
desired, rest the cavity on the heating plate and place the
controller thermocouple into the same bolt recess used in the
preliminary correlation experiment. Plug the heating plate
into the controller supply socket and turn the temperature

setting to "high"; this will supply constant heating upon the
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controller's demand, overriding any of the heating plate's
control mechanisms.

1ii) Run the program "cavtpert" to collect Q and fp
data for the empty cavity condition.

iv) If only a room temperature test is conducted,
proceed to step (vii).

v) If elevated temperature measurements are
desired, increase the controller's set temperature by the

desired increment. Most heating experiments conducted in
this study used a 5° C increment. Allow the cavity to come to

thermal equilibrium and measure the steady state Q and fy
values, noting the observed temperature on the resulting
computer printout.

vi) Again incrementally increase the controller's
set temperature, allow the system to equilibrate, measure Q
and fy, and note the observed temperature. Repeat this step
throughout the desired temperature range.

vii) Remove the shorting plate, carefully insert
the composite specimen into the waveguide, and replace the
shorting plate, taking care to tighten the bolts securely and
uniformly. If elevated temperature measurements are
underway, place the cavity back on the heating plate and
replace the control thermocouple. Allow the entire system to
cool to room temperature before reheating.

viii) Repeat step (iii) for the material loaded
condition. If elevated temperature measurements are desired,

repeat steps (v) and (vi) with the composite specimens in

place.

ix) Enter the Q and f, data, along with the
specimen's thickness, into the program "Reflect" (listed in
Appendix B). This program, written in the Mathematica

language, 1is based on the derivations in Section (3.3) and

will compute the composite specimen's complex permittivity.
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5 RESULTS

Polycarbonate and S-2 glass permittivities were measured
as a function of temperature as described in Section (4.2.5).
These component permittivities were substituted into rule-of-
mixtures models given by Equations (2.2.7) and (2.2.9) to
predict the permittivity of a composite of these materials as
a function of fiber volume fraction vf at a fixed temperature
and as a function of temperature at a fixed vrg. The
permittivity of composite specimens of varied vg were
measured as a function of temperature as described in Section
(4.2.7). This composite permittivity data was compared to
the predictions of the mixture models. Composite
permittivity as a function of fiber orientation was also
measured and was compared to the tensor rotation model of
Section (2.3.2).

5.1 Component Permittivity Computation

Recall from Section (4.2.4) that the component samples
were heated by flowing hot Ny gas over them and that the
temperature was controlled by manually adjusting the gas flow
rate. This system, while effective, was difficult to adjust
in exact temperature increments, especially at higher
temperatures. The average deviation from the desired
temperature setpoint, in both the empty and sample loaded
tests, was approximately 0.7 °C, but maximum deviations from
2 to 3°C occurred. For this reason the Q and f, data were
not obtained at uniform 5°C increments and were therefore fit
with polynomials over the measurement temperature range as
shown in Figure 5.1.1 for the 9.4 GHz component material
measurements. The Q factors for the empty cavity and the
glass fiber loaded cavity decreased slightly at a nearly

constant rate as the temperature increased, while the
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polycarbonate Q factors decreased at a greater rate for
temperatures above 100°C. These data trends were consistent
with the slight increases in lossiness of the metal cavity
walls and glass fibers with temperature and the strong
increase in lossiness of polycarbonate near its glass
transition temperature. Resonant frequency f, data decreased
slightly, in a nearly linear fashion, with temperature for
all three cavity conditions; this behavior indicated a minor
increase in real permittivity €' of the materials with
temperature. Each data set was fit with a polynomial that
resulted in a least squares correlation coefficient R of no

less than 0.98. These polynomials, presented in Table 5.1.1,
were subsequently entered into a modified version of the
Mathematica analysis program "Perturb" listed in Appendix B.
They provided correlation between Q and f, for each material

at all temperatures in the measured range.

Table 5.1.1
Component Material Q and f, Data Polynomial Fits
Cavity o Fact £
C actor H
Condition r (Hz)

1532.6+0.37874 T-
Empty 9.4577 x 109 -53277 T
0.032970 T2 + 0.00018673 T3

1126.0-1.76130 T 9.3805 x 10° +60968 T
S-2 Glass
+0.0031447 T2 -1994.2 T2 +8.4199 T3

1136.4-0.066208 T- 9.3095 x 107 4229370 T

Polvcarbonate

0.049063 T2+0.00020187 T3 -3059.2 T2 +9.1437 T3

5.2 Results at 9.4 GHz
Permittivities of component materials measured at 9.4

GHz as a function of temperature are shown in Figure 5.2.1.
The real part of the permittivity &' of both materials changed

slightly with temperature from 25°C to 170°C; the S-2
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glass €' increased 2.77% and the polycarbonate €' increased
only 0.46% over this temperature range. The imaginary part
of the permittivity €" increased significantly for both
materials over the same temperature range. The S-2 glass €"
increased steadily for an overall increase of 28.8% while the
polycarbonate €' exhibited a relaxation peak starting at
roughly 120°C, reaching a maximum in the region of Tg
(=150°C), for a total increase in €" of 177%. These results
clearly indicate the dielectric relaxation phenomenon
occurring in the polycarbonate near its Tg attributed to the
loosening of entanglements and weakening of intermolecular
binding forces. These temperatures are too low for the glass
fibers to encounter a strong transition region, hence only
the moderate increase in g€".

The component material permittivities as a function of
temperature were substituted into the mixture models given by
Equations (2.2.7) and (2.2.9) at a fixed v¢ = 0.45 to yield
the continuous curves of Figure 5.2.2. The dielectric
constants at 9.4 GHz for oriented composite samples show good
agreement with the models (Figure 5.2.2a). The loss factors
of the composites (Figure 5.2.2b) also agree with the model,
although the models do not adequately predict the increased g*
of the composites near the Ty of the polycarbonate at 150°C.
While it 1is possible that some unknown physical mechanism
caused the composites to deviate from the simple behavior
assumed in the rule-of-mixtures models at high temperatures,
it is believed that increased measurement error associated
with the reflection cavity technique at elevated temperatures
contributed to the disagreement in Figure 5.2.2b. A
significant source of error might be attributable to the
formation of gaps between the composite specimen and the
waveguide walls due to the different thermal expansion

characteristics of the two materials. This gap can change

107



- g L Model © L€

45+ |/ € llModel 4 ll¢

A
A
AAAAAAAAAAAAAAAAAAAAAAAAAAL

3.5 L

30 40 60 80 100 120 140 160 180
Temperature [‘C]

a
0.1 f---- &"1Model © _Lg" V=45
0.075 £ Il Model 4~ g
. A
T “‘!us‘
e'" 0.05 C
. %;AAAAAAAA __,.,doo”—
0.025
0

20 40 60 80 100 120 140 160 180
Temperature ["C]
b

Figure 5.2.2: Model and composite permittivity at 9.4 GHz as

a function of temperature.

108



the field structure assumed in the reflection cavity
formulation and can lead to error [39].

Room temperature (23°C) component permittivities were
used in Equations (2.2.7) and (2.2.9) to compute the mixture
model as a function of fiber volume fraction as shown in
Figure 5.2.3. Oriented composite €' and €" values at 9.4 GHz
show very good agreement with the models. With the accurate
prediction of £*(v¢), a simple two-dimensional tensor rotation

equation (Section 2.3.2) was used with €*|| and €*1 values

considered to be composite permittivities in principal
directions parallel and perpendicular to the electric field,
respectively. Substitution of composite permittivities at vg¢
= 0.45 and T = 23°C into Equation (2.3.8) vielded the plots
in Figure 5.2.4. The measured composite €' (0) measured values

show excellent agreement, while composite €" (8) data generally

follow the model's trend.

5.3 Results at 2.45 GHz

A parallel study at 2.45 GHz followed the same
computational procedure as that at 9.4 GHz. Component
permittivities as a function of temperature are shown in
Figure 5.3.1. As in the 9.4 GHz results, dielectric
constants &' increased slightly, while loss factors ¢g"
displayved large relative increases with temperature. A

comparison of permittivities (Figures 5.2.1 and 5.3.1) shows
a slight increase in €' magnitude for S-2 glass and little

change in polycarbonate €' from 2.45 GHz to 9.4 GHz. Much
more significant decreases in €" magnitudes are evident from
2.45 GHz to 9.4 GHz. This indicates stronger dielectric loss
mechanisms at the lower frequency in both the glass and the
polycarbonate.

The agreement of elevated temperature composite
permittivities at 2.45 GHz with model predictions, shown in

Figure 5.3.2, 1is clearly not as good as results at 9.4 GHz.

109



A || Composite €' —-—- € 1 Model
A 1 Composite €'

€ |l Model

T=23°C

3 , . . . . .
04 045 0.5 055 0.6 065 0.7
Fiber Volume Fraction (V f)

0.1 A || Composite £'' —-—- e'"" 1L Model
. A 1 Composite €'’ €' Il Model
0.075 ¢
T=23°C

"
€ 0.05 L,"/f/
VNN -

0.025 T ----- N7 s T T

N7 045 05 055 06 065 07
Fiber Volume Fraction (V f)

Figure 5.2.3: Model and composite permittivity at 9.4 GHz as

a function of fiber volume fraction.

110



| A €(6) Composite V =45
4.5 — €' (0) Tensor Rotation T=23°C
e' 4|
3‘5\
3

0 15 30 45 60 75 90
Orientation Angle [ 0°]

A £"(0) Composite
0.05 €"(0) Tensor Rotation

V=45
T=23°C

0 15 30 45 60 75 90
Orientation Angle [ 0°]

Figure 5.2.4: Model and composite permittivity at 9.4 GHz as

a function of fiber orientation.

111



6 | | T T I [ | 0'25
5.81 O S-Glass ¢ 1 0.2
o0
5.6L 007" 10.15
g’ 00000
5.4| 00000 10.1
OOOO AAAA“AA
5 .QﬂZOQAAAAAAAAAAAAAAAAAA‘AA 10.05
4 S-Glass €'
5 ! | 1 ! | | | 0
20 40 60 80 100 120 140 160 180
Temperature[ C]
3 T T T T T T T 0.25
2.8 ~ AA‘AAAAAAAAAAAAAAlO.Z
AAAAAAAAAAAAAA
2.6% 0.15
' . EP
€ 4 Polycarbonate € 0°°
2.4} oo 0.1
oOOOOO
2.2} o o0° 10.05
5 (POOOOO O Polycarbonate £" 0
20 40 60 80 100 120 140 160 180
Temperature[ C]

8"

Figure 5.3.1: Component material permittivity at 2.45 GHz as

a function of temperature.

112



=== ¢ 1 Model Vf=,45
asl | o €' Il Model
aal 4 |l ¢ Composite
AAAAL
8' 4 iTr‘*“A_A_A_A:‘_A_A"_“.A—A——“—A—::_’_/
A
35 L i -
3 | ] 1 | | | i o
20 40 60 80 100 120 140 160 180
Temperature["C]
0.25 - |
= = g" 1L Model V=45 a
0.2+ | — €"Il Model A
4 |l ¢" Composite e

h0 40 60 80 100 120 140 160 180
Temperature[ C]

Figure 5.3.2: Model and composite permittivity at 2.45 GHz as

a function of temperature.

113



No results for €* of a composite with perpendicular

orientation could be reported with confidence. A comparison
of Figures 5.2.3 and 5.3.3 shows a decrease in agreement of
the composite €*(veg) data with the models from 9.4 GHz to 2.45
GHz. While the measurement of the permittivity data points
in Figure 5.3.3 was repeatable, it is believed that part of
the inaccuracy resulted from using specimens that were thin
relative to the measurement wavelength. Specimens with equal
fiber volume fraction had the same thickness in both the 2.45
GHz and 9.4 GHz experiments. Since the S-2
glass/polycarbonate prepreg was an experimental system
supplied by ICI-Fiberite, only a limited supply was
available, and therefore a lack of prepreg stock prevented
the fabrication of thicker specimens for the 2.45 GHz study.
The composite specimen thickness-to-wavelength ratio was 1:27
at 2.45 GHz , while at 9.4 GHz the ratio was 1:7. The
measurement inaccuracy resulting from thin specimens was
quantified with measurements at 2.45 GHz made using different
thicknesses of teflon (e*= 2.05-j 0.0004). Results for a

teflon specimen with a thickness-to-wavelength ratio of 1:9,
similar to the 9.4 GHz specimens, were §€*=2.09-j 0.00021,

while for a teflon specimen of ratio 1:22, similar to the
2.45 GHz specimens, a permittivity of €*=2.38-j 0.0017 was
obtained. It is clear that for small specimen thickness-to-
wavelength ratios the accuracy of the reflection cavity
technique declines significantly. In order to attain the
thickness-to-wavelength ratio of 1:7 at 2.45 GHz the specimen
would need to be approximately 1.5 cm (0.6 in.) thick; a
thermoplastic specimen of this thickness would reguire more
prepreg than was available and would be difficult to
consolidate with the hot press facilities used in specimen

fabrication.
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5.4 Experimental Uncertainty

The accuracy of the permittivity data was estimated by
comparing permittivity measurements of teflon, which is a
very low-loss polymer, to values reported in the literature.
Teflon 1is a dielectric commonly used in the manufacture of
microwave components and therefore it has been well

characterized. MacDonald et. al. reported ranges of
permittivity values of €'= 2.01-2.05 and €"= 0.0004-0.0006 for

teflon at 10 GHz [5], while Stonier reported ¥ = 2.1-3 0.0008
[3] at 10 GHz and Metaxas and Meredith reported e* = 2.1-3
0.0003 [13] at 3 GHz. Note that the cited real parts of the
permittivity €' vary by a maximum of ~4% while the cited
imaginary parts &" vary by a maximum of ~150%! It is clear
that, for such a low-loss material, only the real part of the
permittivity €' can be quantitatively compared to reported
data; imaginary permittivity €&" measurements can only be
compared on an "order-of-magnitude" basis. Experimental
uncertainty for both the reflection cavity and the cavity
perturbation techniques at 9.4 GHz will be discussed, while
only the cavity perturbation technique uncertainty at 2.45
GHz is presented here; the error in the 2.45 GHz reflection
cavity technique is discussed in Section (5.3).

In all experiments to determine uncertainty a teflon
sample was measured five times, each time it was removed and
replaced before the next measurement. This gave an
indication of systematic error, including sample placement.
All tests were conducted at room temperature. The reported

teflon permittivity of €' = 2.05 was taken as the standard

value [5]. At 2.45 GHz, the cavity perturbation measurements
resulted in an average €'= 1.97 with a standard deviation of
0.007 and a standard error of 0.003 which is 0.16% of the
mean. The error in this measurement relative to the standard

is -3.9%. The 9.4 GHz cavity perturbation measurements gave
an average €'= 2.02 with a standard deviation of 0.023, a
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standard error of 0.010 which is 0.50% of the mean, and an
overall relative error of -1.3%. The 9.4 GHz reflection
cavity measurements resulted in an average €'= 2.09 with a
standard deviation of 0.024, a standard error of 0.011 which
is 0.51% of the mean, and an overall relative error of +2.0%.
Systematic errors of ¥ 5% have been reported in waveguide
measurement techniques [5,12], thus the errors determined for
the measurement systems in this study seem reasonable.

It is difficult to quantify the accuracy of microwave
frequency imaginary permittivity data relative to low-loss
standards since few reliable standards exist. Teflon is the
notable exception. Most €" data reported for polymers and
ceramics do not give the exact grade of material. Precise
chemical content and material morphology, especially
crystallinity, are critical in determining a standard for
comparison. Therefore, an "order-of-magnitude" comparison
with teflon is an alternative. The previously referenced

range of teflon &£" values was 3-8 x 10-4. Teflon measurements

using the 2.45 GHz cavity perturbation method gave an average
€"= 8.1 x 1074 with a standard deviation of 2.2 x 1074, a

standard error of 1.3 x 10 4 which is 16% of the mean. The
9.4 GHz cavity perturbation resulted in an average €"= 2.4 X
104 with a standard deviation of 7.4 x 10-5, a standard error
of 3.3 x 105 which is 13.8% of the mean. The 9.4 GHz
reflection cavity method gave an average £'= 2.1 x 104 with a
standard deviation of 2.1 x 104, a standard error of 9.4 x
10-> which is 44% of the mean. Since the component and
composite materials measured in this study have &' values
approximately 2 orders of magnitude higher than that of
teflon, the sensitivity and accuracy demonstrated in the
measurement of the teflon leads to the conclusion that the
reported €" values are reasonably accurate.

The network analyzer/cavity system, independent of the

material measurements, proved to be very accurate. When an
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empty, calibrated cavity was repeatedly measured, i.e., the
permittivity of air (e*=1-j0) was determined, €' and ¢g"
fluctuated from the exact permittivity on the order of 10-°
and 10-%, respectively. It is therefore believed that
systematic error was slight and that the primary sources of
uncertainty were attributable to improper orientation and/or
fit of samples, errors in measuring sample dimensions,
uncertainty in temperature measurement, and uncertainty

arising from the assumptions made in the cavity perturbation
and reflection cavity analyses for determining €.
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6 CONCLUSIONS

6.1 Conclusions

The microwave frequency complex permittivity of
unidirectional-fiber reinforced thermoplastic composites has
been measured and modeled. A cavity perturbation technique
was used to measure the component material permittivity as a
function of temperature. Composites of these components were
fabricated and a reflection cavity technique was used to
measure the composite permittivities as a function of
temperature, fiber volume fraction, and fiber orientation
relative to a unidirectional electric field. Rule-of-
mixtures and tensor rotation models, using permittivity data
from the component material experiments, were used to predict
the composite permittivities; the model predictions and
experimental data were compared. As a result of this work
the following conclusions have been drawn:

1) Based upon comparisons within the 5-2
glass/polycarbonate material system, it appears that the
simple "rule-of-mixtures" models can be used to predict the
permittivities of unidirectional-fiber reinforced
thermoplastic composite materials as a function of fiber
volume fraction (vfg) and orientation (0) relative to the
electric field based upon known component permittivities.
Given the component material permittivity characterized with
temperature (€ (T)), these models can predict elevated
temperature composite permittivities. While some deviation
from the simple mixture models occurred at temperatures above
the Ty of the polymer, this deviation may have been to the
measurement uncertainty of the experimental apparatus at high
temperatures.

2) Appropriate mixture models provide accurate
prediction of composite permittivities and eliminate the need

for difficult microwave frequency composite permittivity
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measurements. Furthermore, the accuracy in predicting lower
microwave frequency (hence longer wavelength) composite
permittivities is improved since thin composite samples
cannot be measured as accurately using the reflection cavity
technique as can the component materials using cavity
perturbation methods.

3) Mixture models are only as useful as the input
component material permittivities are accurate. This fact is
especially important in low-loss mixtures where &' may be
difficult to measure with a high degree of certainty. Though
little accurate microwave frequency complex permittivity data
for low-loss standard materials is available, teflon is one
notable exception. This study employed teflon as the
standard material for determining systematic error. Due to
the extreme low-loss nature of teflon, however, only an
order-of-magnitude error analysis for &" was possible; this
error analysis seems reasonable since the component materials
used 1n this study were approximately two orders of magnitude
larger in €".

4) The success of the rule-of-mixtures models indicates
that, for the S-2 glass/polycarbonate material system,
composites behave like the assumed simple layered dielectric
oriented relative to the electric field. The complex
permittivity of a composite with its fibers oriented parallel
(")) to the electric field is analogous to parallel oriented
two-phase capacitor dielectrics where the capacitances are
additive, or 1in series. The complex permittivity of a
composite with its fibers oriented perpendicular (g£*;) to the
electric field is analogous to a perpendicularly oriented
two-phase capacitor dielectric where the capacitances are
electrically added in parallel.

Some well known averaged-field effective-mixture models,
including the Sillars model and the Bottcher model, agree

with the parallel rule-of-mixtures models in the limit of
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large aspect ratio unidirectional fibers in a single matrix,
but do not agree in the perpendicular orientation case where
the rule-of-mixtures model predicts a lower bound. The rule-
of-mixtures lower bound was verified by the experimental
data. The perpendicular-oriented effective mixture models
assume that the fiber is an oriented spheroid of large aspect
ratio. The depolarization factor for this spheroid describes
the effect of the fiber's geometry on the difference between
the externally applied electric fields and the electric field
inside the spheroid. This depolarization factor is the only
means of designating the orientation of the spheroidal
fiber's major axes relative to the electric field. Since the
averaged-field effective mixture model does not lead to the
same result as the experimentally verified perpendicular
rule-of-mixtures model, it 1is concluded that, due to the
limitations of the depolarization factor, the spheroidal
fiber assumption fails for the case of perpendicular
orientation in a high aspect ratio unidirectional continuous-
fiber composite permittivity mixture model.

5) Although several microwave frequency permittivity
measurement techniques exist [39], each has specific
limitations and variable degrees of accuracy, therefore care
must be taken when choosing a technique. The cavity
perturbation technique used in this study 1s very accurate
for low-loss dielectrics, the sample volume 1is the only
required material specific input, and the raw data can be
analyzed using simple closed-form equations. The restriction
of sample geometry to uniform cross-section rods is the main
limitation to the cavity perturbation technique.

The reflection cavity technique is well suited to the
permittivity measurement of anisotropic materials since only
a single electric field component exists in a rectangular
cavity resonating in the TEjp mode. Several drawbacks to the

reflection cavity technique include: material samples must be
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precisely machined to prevent air gaps at the waveguide
walls, the shorting plate must be removed to insert samples
possibly leading to increased error, only flat plates of
material can be used, and the raw data analysis for e”
involves the solution of transcendental equations that are
very sensitive to variations in input parameters. Another
potential problem with the reflection cavity technique arises
when samples are used that are small relative to the guide
wavelength. Since the electric field wvanishes at the
conductive surface of the shorting plate, a thin sample would
interact 1little with the fields, resulting in increased
error. Theoretically, the closer a sample's thickness to
one-quarter of the guide wavelength, the better the results.
Microwave frequency permittivity measurements at elevated
temperatures are difficult and are inaccurate relative to
room temperature measurements; this problem is the subject of

ongoing study elsewhere [11,12].

6.2 Recommendations for Future Work

The ultimate utility of a composite permittivity model
will require the accurate prediction of permittivity for
laminates of different matrix and fiber types, varied ply
orientations, and varied fiber volume fractions. These
demands lead to the following recommendations for further
study:

1) An amorphous thermoplastic matrix was used in this
study for simplicity. The degree of crystallinity in
thermoplastics that crystallize has a significant effect on
permittivity since the polymer chains are frozen into more
ordered conformations in crystals relative to the amorphous
state. Similarly, the permittivity of thermoset polymers
change dramatically as they undergo cure. Semicrystalline
thermoplastics and thermoset resins will require an

additional model describing permittivity as a function of the
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degree of crystallinity and degree of cure, respectively, in
order to extend the permittivity mixture models to these
materials.

2) Aramid and carbon fibers are commonly used in polymer
matrix composites. Aramid fibers are relatively low-loss and
would likely obey the mixture models of this study. Carbon
fibers are very conductive and would probably dominate the
permittivity characteristics of the mixture at any useful
fiber volume fractions. One interesting avenue of study may
involve hybrid combinations of carbon and low-loss fibers
used in composites to tailor the electrical properties of the
material.

3) The rotated permittivity tensor model is directly
applicable to modeling laminates composed of plies in various
orientations. Electromagnetic propagation, absorption, and
reflection characteristics of each ply can be determined from
the permittivity tensor and ply geometry. These
electromagnetic parameters can be combined to model the
laminate's response to microwave radiation in both processing
and radar-avoidance applications. The laminate permittivity
model could be verified using techniques similar to the
reflection cavity technique employed in this study.

4) Component and composite permittivity measurements
could be determined more accurately by more precise control
of the specimen dimensions. Solid rods of homogeneous
component material with a constant diameter and composite
specimens machined to exact waveguide dimensions would reduce
error. This precision machining might add expense, however.
The problem of elevated temperature permittivity measurement
might be solved by using free-space cavity methods such as
the Fabry-Perot cavity [5,6]. This method uses parabolic
reflectors to set up a resonance condition in free-space,
thus the material does not contact the "cavity" surfaces,

eliminating the thermal expansion problem. This method 1is
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currently under investigation for use in microwave fregquency

permittivity measurements.
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APPENDIX A
ELECTROMAGNETIC THEORY

An understanding of high frequency dielectric
measurement and properties needs to be based upon the
fundamentals of electromagnetic (EM) wave propagation. These
fundamentals are extended to microwave frequency analytical
theory and waveguide networks, which are the basis of
dielectric measurement techniques. Thus, an elementary
foundation of electromagnetics will be presented, including
Maxwell's equations, EM wave propagation, and reflection
phenomena. These principles will be used in conjunction with
transmission line theory to describe rectangular waveguides

and their application to dielectric property measurement.

A.l1l Maxwell's Equations and EM Wave Propagation
Electromagnetic wave motion 1in free space can be

described by the point form of Maxwell's equations written in

terms of the electric (E) and magnetic (H) fields as [21]

ﬁxﬁ:go.?_g (A.la)
ot
- oH
VXE=-U;— (A.1Db)
0 9t
V.8 =0 (A.lc)
vﬁzo (A.1d)
where €9 = free space permittivity
Lo = free space permeability

Equation (A.lc) and (A.1d) imply that there is no point
source of electric or magnetic flux in free space, i.e. that
no electrical point charges (or magnetic monopoles) are
present. Equation (A.la) states that as the electric field

changes with time at a point, a magnetic field exists in a
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closed circulating loop about the E field 1lines, as
prescribed by the curl. Likewise, as H varies with time, a
closed circulating E field loop forms about the H field
lines, as prescribed by Equation (A.lb). The coupled nature
of these equations leads to propagation: as E changes in
time, H correspondingly changes, generating a changing E
some distance away from the original point. This progression
can be described as a wave phenomenon with a definable
velocity.

Assume that the time variation of the EM fields is
sinusoidal as (using only the Ex component for simplicity):

Ex = B(x,y,z) cos(ot + ) (A.2)
where E(x,y,z) = real valued electric field magnitude
® = circular frequency
Y = a phase angle

If Euler's identity

9 = coswt + 7 sin wt
is employed and only the real part of Ex considered, Equation

(A.2) becomes

Ex = Re[E(X,Vy,2z) ej(mt+“’)]

. ot (A.3)
= Rel[E(x,y,z) ¥ &%)
The phasor form (Exs), denoted by the subscript "s", is
obtained by suppressing ei®t as
E.e = E(x,y,z) &V (A.4)

Note that a time derivative of Equation (A.3) results in only
an additional factor of jo. Making use of this fact,

Equations (A.l1 a-d) can be written in a phasor-vector form as
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V x By = jog, B (A.5a)
V x B, = —jou, He (A.5b)
VB =0 (A.5c)
V.H =0 (A.5d)

Taking the curl of Equation (A.5b) leads to

— — — —

VxVxE =-jou, Vxa, = V(V.E) - Vg,

where the third term is a standard expansion of the first

term. Using Equation (A.5a) this can be written

V2, = —0%upgqEs (A.6)
since V -Es = 0 from Equation (A.5c). Equation (A.6) is the
wave, or vector Helmholtz, eguation.

Solutions of Equation (A.6) describe the electric field
in time and space. In order to simplify further analysis,
assume only z-direction spatial wvariation of the x-direction
field component Eyxs, which leads to the second order ordinary

differential equation

2
d®E

—3= = — 02y €0 By (A.7)
dz

Solutions of this equation have the form

By = A e - VHof0 2 (2.8)
which, upon introduction of eJ®t and extraction of the real

component, leads to

Ey = Eyp cos[m(t — Z+/Ho€o )] (A.9)

where Eyxg is the electric field amplitude at z = 0 and t = 0.

Equation (A.9) is a plane wave of constant phase, when
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m(t - ZJPOSO) = const. (A.10)

Differention reduces Equation (A.10) to

az _ _1 _ . (A.11)

dt  4/Ho€o

which is the phase velocity of the plane wave; ¢ is the speed

of light. At time t = 0, the period of the cosine wave along

the z axis is

c
therefore
2
A=cE_-S (A.12)
(0] £

which defines the free space wavelength A and the frequency
£.

A description of magnetic field propagation is now
required. Referring back to Maxwell's equations, Equation
(A.5b) can be used in conjunction with the x-direction
electric field component of Equation (A.9) which varies
spatially only with z. Taking the curl of Eg under these

conditions gives

0E<
0z

and substitution of Exs from Equation (A.8) results in the

= -3 @ poHyg (A.13)

time domain equation

— € Z
Hy = Exog E;COS 0l t —; (A.14)

The ratio of Ex to Hy holds some physical significance. The

fundamental form of Ohm's Law states that
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where V = voltage
I = current
R = resistance

Considering Ex and Hy as analogs to V and I respectively, the

ratio of Ey to Hy is therefore an impedance (the complex form

of resistance). Dividing Equation (A.9) by Equation (A.14)
gives
E
Zx o Ho o g (A.15)
Hy )

where mNg 1s the intrinsic impedance of free space.
Furthermore it can be shown, since |y and gp are known
constants, that Ny =120 W Ohms.

Note that Ex and Hy are in phase and lie in a plane
normal to the z-direction of propagation. Hence this is

designated to be a transverse electromagnetic (TEM) wave.

A.2 Propagation in Dielectrics

In ideal EM wave propagation through free space, all of
the energy in the wave is conserved. The same wave, when
traveling through any real dielectric material, will undergo
energy dissipation and will experience a change 1in
propagation behavior. This 1is due to the complex
permittivity difference between free space (or dry air) and
condensed matter.

The complex permittivity 1is a tensor gquantity that
relates the current densityJg and the electric field Eg as

—

Vxi, =3, = jmeo[e*]és (A.16)
where [e*] is the permittivity tensor. Note that Egquation

(A.16) 1is merely a generalized form of Equation (A.5a) with
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the introduction of current density. To illustrate this
equation consider a rod of material with an imposed electric
field (or voltage) driving a current flow through the cross-
section (current density) and generating a closed circular

magnetic field about the rod. If the rod has some
appreciable electrical conductivity 6 , then the resulting

conduction current density Jgc is

Jse = O Eg (A.17)
where an isotropic material conductivity 6 has been assumed.
A dielectric rod having negligible free charge conductivity
would experience a current density due to the frequency

dependent displacement of bound charges within the material,
hence a displacement current Jgq can be defined in a form

similar to that of Equation (A.16):

Jsa = joeg(e'—je") Eg (A.18)
In Equation (A.18) the real part of the permittivity €' is the
relative dielectric constant that represents the energy
storage capacity of the material. The relative dielectric
loss factor €" is the imaginary part of the permittivity that
characterizes the electrical energy conversion to heat. Now

assume a rod of arbitrary composition. The total current
density Jg¢ including both free charge conductivity current

Jse and displacement current densityJsg can be written

—

Jst = Jgec + Jgg

. o c -
We g - €3 + — E
7 O[ j[ d “’EOD °
(A.19)

-

JwE (8 ' _jeeff) Eg

. *
jowege Eg
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where all loss mechanisms are combined in the effective
dielectric loss factor €"eff . This form of the permittivity
can be physically measured and is, in general, a function of
frequency.

Now that complex permittivity 1is defined, wave
propagation through a general material can be described. A
phase constant P and an attenuation constant o can be defined
in an x-component electric field equation similar to Equation
(A.9):

az

Ey = Exyg e ~ cos(ot - Bz) (A.20a)

or in phasor notation

Exs = ExO e—az e—JBZ

_ (A.20Db)
= Exoe 1z

The propagation constant Y has been introduced to account for

both the attenuation due to energy dissipation and the

constant phase propagation of energy, in the complex form

Yy=0+3PB (A.21)
Since these constants describe the behavior of the EM wave in
space, they can be posed in terms of material properties of
the medium. Equation (A .20b) can be substituted into a form
of Equation (A.7) that has been generalized to an arbitrary

homogeneous medium

d“E 2 %
e o ot
2 -Yz _ 2. * —-Yz
Y Exoe = = —OHE Exp e (A.22)
Y = —o’pe’

If the form of the permittivity €* is substituted from
Equation (A.19), Equation (A.22) can be solved for yas
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-2
il

jm\/ueo (sl - jel:aff )

. ] G (A.23)
] €0 & — JjUEy| €4 + —
] HEg Juo(d 0080]

Note that if dielectric loss £"3 and conductivity © are small,
then the medium can be considered lossless: o = 0 and

B=ow ue'. No energy would be dissipated in such a material

by a propagating EM wave. Low-loss dielectrics are usually
considered to be insulators ( ¢ = 0 ) with small £". A non-
zero €" means that energy is still dissipated in the medium as
a decaying exponential in space since O # 0 in Equation
(A.20b); this is an important concept in dielectric heating
of thick materials.

The y-component of the magnetic field in the dielectric
can be obtained using arguments similar to those in Equations
(A.13) and (A.14), but with Eyxg from (A.20b) yielding

E _ =
H,, = —X0 702 3Pz

ys n

where the general complex intrinsic impedance N is given by

v £
_ I
(E‘ —j&?;ff)

m

s 2]

In a lossy material, where e"d and 6 add a complex component

(A.24)

|
>

(A.25)

to mn, the electric and magnetic fields are no longer in time
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phase. Only in a lossless material with €'q = 6 = 0 are 7
real and the EM fields in phase.

At this point, a question of engineering concern might
be "What quantity provides the criterion for the 'low loss'
assumption?"” The answer can be found in the ratio of the
imaginary to the real part of the total current density in

Equation (A.19). This ratio is defined as the loss tangent
tan 0:
" 8; + -
€
tan & = —=ff = QE (A.26)
3 €

The angle 6, as illustrated in Figure A.1l, is the amount that
the conservative current component (®Wgy €'E), due to lossless
propagation of Eg through a material of permittivity e,
leads the phase of the total current Jst. The phase lag of
Jst is a direct measure of the strength of the energy
dissipation mechanisms in the material, due to both
conductivity (o) and displacement of bound charges (g"g).
Thus, tan 6 provides a guide to the engineer in making the

"low-loss" assumption: the closer tan & is to 0, the smaller

the loss.

A.3 Power and Poynting's Theorem

Power flow and dissipation are of central importance to
engineering the EM heating of materials and in understanding
dielectric measurement techniques. Poynting's theorem, which
is essentially a power balance equation, can be derived from
Maxwell's equations; this derivation is easily followed in
elementary texts [21,33] and is therefore omitted here. An
inspection of the final Poynting's theorem equation provides

sufficient insight for the derivations that follow.
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Figure A.l: Current density and electric field vectors with
corresponding permittivity and conductivity
related components. [13]

If an arbitrary volume V enclosed by surface S is
assumed to contain no source currents, then Poynting's
theorem states

- - - -2
-[(Ex #)-a5 = of|E] av
s v

(A.27)

W =12 w12 . =2 =2
+m](ed|E| + u|H| )dV+j(1)j(Ll|H| - ¢'|E[) av
v v

The surface integral on the left side of Equation (A.27)
represents the complex power flow out the closed volume; the

-

sign change implies power influx. The quantity S = E x H,
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known as the Poynting vector, can be interpreted as the
direction of instantaneous power flow. It follows that an EM
wave with only Ey and Hy components will propagate power in
the z-direction.

The first and second integrals on the right side of
Equation (A.27) represent first the conductive, then the
dielectric and magnetic dissipation. It should be pointed
out that magnetic dissipation is appreciable only 1in
ferromagnetic materials. These power losses represent the
mechanisms responsible for EM heating. Note that while the
conductive loss term does not explicitly depend upon
frequency, 6 is often a strong function of frequency. The
dielectric loss power integral term depends explicitly upon
frequency.

The final integral on the right side represents energy
stored in the volume V by electric and magnetic fields. This
term can be separated into often used, more common forms of

time averaged energy storage equations

Ug

]
| o
—
=

Q,

<

(A.28a)

f
=
-
i
o
Q
<

Uy (A.28b)

The complex power balance can be qualitatively stated as
follows: the complex power flowing into a volume is either
stored in electric or magnetic fields or is dissipated by

conductive, dielectric, or ferromagnetic mechanisms.

A.4 Plane Wave Reflection (Normal Incidence)

The propagation of EM waves and the associated power
storage and dissipation characteristics of general media have
been discussed in previous sections. Any transitions between
materials possessing different properties, such as

air/dielectric or dielectric/dielectric interfaces, give rise
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to reflections. A basic description of how material
properties are related to reflection and transmission of EM
waves will be given.

Recall the plane EM wave of Equations (A.20b) and (A.24)
traveling in the positive z direction, and having only Eyxs and
Hys components. Now consider this wave, propagating through
free space, incident upon a lossy medium as shown in Figure
A.2. Let the planar interface between the two media be at z

= 0. The incident fields can be written (z < 0)

Exi = Exo e_j&ﬁ (A.29%a)
E =

Hyi — =x0 e iBoz
Mo (A.29Db)

where 1Mo is the intrinsic impedance of free space and By is
the phase constant of free space (P; = W4lg€y). A reflected

wave may also exist in the region z < 0; the fields can be

described by defining the electric field reflection
coefficient I' in the equations

E.. =g,z
xx x0 (A.30a)

H = —E

yr Mo (A.30Db)

Note the positive exponential propagation terms, representing
waves traveling in the negative z direction. The change in
propagation direction necessitates the negative sign in
Equation (A.30b) since the magnetic fields must satisfy the
current-free boundary condition at the interface [48]. The
reflected wave carries away a portion of the incident wave's
energy, with the balance of the energy continuing to
propagate through the lossy medium. These waves transmitted
across the interface (z < 0) can be described by the fields
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— Y12
Exe = Tr Exgpe '!

Ty
= — E e
t x0
Y M1

(A.31a)

H e (A.31Db)

where T, is the electric field transmission coefficient, and
N1 and Y1 are the complex intrinsic impedance and complex

propagation constant of the medium, respectively.

Region0O: 0 €0 BO|y| Regionl:pul €1 y1

Incident Transmitted

Wave Exi,Hyi Wave
Ext ,Hyt

Reflected Wave
Exr, Hyr

Zz=0 Z
Figure A.2: Electromagnetic plane wave transmission and

reflection from a planar interface.

The boundary value problem at the interface can now be
solved for I' and Ty by applying continuity requirements on

the tangential field components. At z = 0, continuity of Eyx

implies that Equations (A.29%a) and (A.30a) must sum to equal
(A.31la); when divided by Exg this yields

l + F = Tr (A.32a)
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Likewise, continuity of Hy in Equations (A.29b), (A.30b), and
(A.31b) yields

1-T Ty
Mo N1

These two equations can be solved simultaneously, resulting

(A.32b)

in

N1 — Mo
L+ Mo (A.33a)
2mn;
T (A.33b)

Tomg + 1

A.5 Standing Wave Ratio and Input Impedance
Reflection and transmission effects can be generalized
to the interface of any two media, thus the intrinsic

impedances in Equations (A.33a) and (A.33b) could be complex.
This would lead to I' being a complex quantity that is

expressed as

T = |1 e (A.34)
where IT| = the reflection magnitude 0 < |T'| <1
¢ = the phase shift in the reflected wave
Note that the phase shift ¢ arises from the relationships

between the complex impedances of the two media [21] . The
form of T in Equation (A.34) can be used in the analysis of

the waves in the half space z < 0 of Figure A.2. Summing
Equations (A.2%9a) and (A.30a), and introducing Egquation
(A.34), results in

E,; = E,(z<0) = [e—jBoZ + [rlej(BOZ+¢)]Exo (A.35)

X1

The maximum value that the electric field in Equation (A.35)
can have is
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. ¢
2
Exi,max = € 2(1 + |FI)] (A.36a)
which occurs where both of the propagation exponential terms
in Equation (A.35) have the same phase [21]:

—Bozmin = Bozmin +¢+2nm

¢ (A.36b)
= —=+nr
2
where n 1s any integer. Conversely, the electric field
minima
52
Egi,min = 3€ 2(1 = |T']) Exq (A.37a)

occur where the propagation exponential terms in Equation
(A.35) have phase angles 180°%r radians) apart

—Bozmax = _BOZmax +o0+2nm+m

¢

T (A.37b)
= —-4nmn+ —
2 2

The ratio of the maximum to minimum electric fields 1is
defined as the standing-wave ratio (s):

E..
g = —Xxi,max _ 1+ |F| (A.38)

E:xi,min 1- |F|
Equations (A.36b) and (A.37b) imply that minima and
maxima repeat at intervals of nm, or one-half of a sinusoidal

period, thus at one-half wavelength of the EM wave.
Furthermore, maxima and minima are separated by an angle of
n/2, as expected in a rectified sine wave.

If an incident wave is partly reflected at a surface and
partly transmitted into the second medium, then both a
standing wave (resulting from the reflection) and a traveling
wave (the component that crosses the interface) will be

supported in the medium of incidence [21]. Standing waves
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can be interpreted as sinusoidal, sin(Pz-wt), in form, while
traveling waves possess an exponential, ej(mt'ﬂz), propagation
form. These two waves are, in general, out of phase.
Therefore, there will be non-zero values of Eyxj at minimum
points. The standing-wave ratio quantifies the magnitude of
the wave resulting from the combined standing and traveling
waves.

The analysis of reflection and standing waves having
periodic maxima and minima leads to the question "How are the
electric and magnetic fields described in space relative to
the interface?" The electric (Ex1) and magnetic (Hyr)fields
in medium I at a distance z = -{ from the interface are,
recalling Equation (A.35)},

Eyp = (e—jBIf + Fejﬁlf) Eyo (A.39a)

. = E
Hyp = (ejﬁzf — Te JBI‘?) %0
N1
where PB; and mn; are the propagation phase constant and

(A.39b)

intrinsic impedance of medium I. The intrinsic impedance
"looking in" toward the interface from z = -{, the input
intrinsic impedance (Njn), is defined by
B¢ -3iB¢
Ni, = Exr = Mg eJBI tTe 3P (A.40)
in ] -7 *
Hyr| __, Bl _ 1 om3B:f

Recalling I' from Equation (A.33a) and Euler's identity,
Equation (A.40) becomes
_ (Mg + Ny )(cos Bl + 3sinPl) +
Min = I[(nII + M;)(cos B + jsinBl) -
(nn - TII)(COS B{ — jsin BIK):I
(N;; — My )(cos Bl - jsinPL)
_ nl[nn + jmn; tan BIE]
n; + My tan Bl

(A.41)
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Where N1 is the intrinsic impedance of medium II. Note that
when M1z = M1 , Min = Nr and there is no reflection; this is
considered to be a "matched" condition. In the case of NI =

0, (a perfect conductor), Min = j N1 tanPrf . When B¢ = n=m,
Nin = 0, thus Exr = 0; this is the location of an electric
field null.

A.6 Transmission Line Theory

In previous sections the analysis of EM plane waves
applies to all frequencies, not just microwave frequencies.
Where microwave frequency analysis departs from that of lower
frequencies is in circuit and network modeling. <Classical
circuit theory is based upon *lumped-elements", or elements
assumed to have very small dimensions relative to the
wavelength of operation. Lumped-element circuits are time
dependent only, with spatial separation and component
dimensions neglected. Thus, all elements in parallel see the
same voltage instantaneously and all components in series
have the same current flowing through them at any moment in
time.

Microwave frequency analysis, however, involves
wavelengths on the same order as typical waveguide
components. At 3 GHz the wavelength in freespace is 10 cm,
shorter than most waveguide systems at that frequency. In
such a case, the voltages in a 1 meter long waveguide would
depend both upon time and position. Transmission line theory
provides a means by which classical circuit theory concepts
and formalisms can be coupled with plane wave EM field
theory.

Instead of lumped-elements, the transmission line 1is
assumed to contain distributed-parameters, that is, circuit
elements defined per unit length. A typical small but finite

length of transmission line is shown in Figure A.3. The
length of this section is Az, phasor voltage (Vg) and current
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(Is) exist on the left end, while the same voltage and
current changed by AVgs and AIg, respectively, exist on the
right end. The distributed parameters are defined as:

= series resistance per unit length

= series inductance per unit length

@ =™

= shunt conductance per unit length

C = shunt capacitance per unit length
Physically, L and C represent magnetic and electric field
storage in a system, respectively, while R accounts for
conductive impedance and loss, and G stands for dielectric
loss in the material between the conductors. Kirchhoff's
voltage law, when applied to the perimeter of the circuit in
Figure A.3, leads to

dr
Vg — RAzI, - LAz ds

- (Vg +AVg) = 0 (A.42a)

and Kirchhoff's current law, when summed at node A, yields

d(ve + AV)

I, — CAz - GAz(Vg + AVg) - (Ig + AIg) = 0 (A.42b)

Dividing Equations (A.42a) and (A.42b) by Az, then taking the
limit as Az—0 (therefore AVy and AIg both vanish), leads to

the differential equations

s - -RIg - L dls -(R + joL) I
dz dt (A.43a)
s - v, -cZe = —(6 + joc) v, (2.43D)
dz
Where time dependence of the voltage and current have been
assumed to be sinusoidal i.e., they vary as e 3@ t
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Figure A.3: Section of a lumped element transmission

line.

Equations (A.43a) and (A.43b) are directly analogous to
the one-dimensional results of Maxwell's curl equations in

phasor form Equations(A.5a) and (A.5b) with conductivity:

dEXS :
—_—2 = - H
az JORHys (A.44a)
dH
Tys_ = _(0- + ng) Exs (A.44b)
Z

The analogy between Equations (A.43a) and (A.44a) associates
Vs and Exs, and L and B. The transmission line model includes

R, which is not found in the form of the Maxwell's equations.
The resistance R is analogous to field penetration into a

real conductor and would require a separate application of
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Maxwell's equations and satisfaction of boundary conditions.
The transmission line analogy can be maintained, including
the resistance R, by replacing jop in (A.44a) with (R + joL)
[21]. In a similar manner, Equations (A.43b) and (A.44Db)
contain analog pairs: Ig and Hyg, G and 06, and C and g,

The voltage Vg can be thought of as a propagating plane
wave, analogous to Ey¢ in Equation (A.20b), as

Vg = Vo e ¥* (A.45)
A corresponding propagation constant can be defined,
following Equation (A.23), as

Y = «\/(R'*'](DL)(G"‘](!)C) (A.46)
The analog to intrinsic impedance N can be defined as the

characteristic impedance Zg of the transmission line where

Vo
Ig = 2 2 (A.47)
Z

j R + jOL
7, = 2@k _ [R+JOL (A.48)
C + JE G + ywC

Reflections from interfaces having different

Thus

characteristic impedances are analogous to reflection

phenomena discussed previously. Thus, following Equations
(A.33a) and (A.33b), reflection(I') and transmission (Ty)

coefficients can be written

r= Zo2 — Zp1

Zoa + Zo1 (A.49a)
r ==

Zoy + Zop (A.49Db)

Where Zg1 and Zgy are the characteristic impedances of the

media of incidence and transmission, respectively. Finally,
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the input impedance (Zijn) at z = -f{ of a transmission line or

propagation constant B is analogous to the intrinsic input
impedance TMin of Equation (A.41), and is written

Zy, + 2o tan B4

(A.50)
Zg + 2y, tan P4
Where Zg is the characteristic impedance in Equation (A.48)

and Z; 1s the impedance representing the load on the

transmission line, such as an antenna, emitter, or as in this
work, a resonant cavity.
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APPENDIX B

PROGRAM LISTINGS
B.1 Reflection Cavity Program

(* —mmmmmm - PROGRAM "REFLECT" --------------=—---
This Mathematica program computes the complex permittivity
of a material given the Q and resonant frequency data

from a reflection cavity system measurement of a dielectric
material of known thickness.

The program program prompts the user to choose between the
WR-430 (LS-Band) and WR-90 (X-Band) waveguide cavities.

The user will be prompted to enter the empty cavity Q and
fr, the sample loaded Q and fr, and the sample thickness.

The solution for the first root of the transcendental
equation of interfacial impedances has a built in initial
guess of 0.5. This guess has been found to be stable for
low-loss materials of thickness around 1/4".

(* —=—=—= Select the Cavity Type Being Used ---- *)
choose= Input[" Which measurement frequency?
WR-430 = '1°

WR-90 = '2' "];

If [choose==1,
(*——-————- WR 430 Parameters --[cm]------ *)
a= 10.922 ;b= 5.461 ;
fc=1.372*10"9 (* cutoff frequency [Hz] *);
Print[ "You are using the WR-430 system, right?"]

, If [choose==2,
e WR 90 DIMENSIONS --[cm]------ *)
a= 2.286 ;b= 1.016 ;
fc=6.557*10"9 (* cutoff frequency [Hz] *);
Print[ "You are using the WR-90 system, right?"]
,Print[ " Pick 1 or 2 only ! Interrupt and restart."]

]

(¥ Input Q's and Resonant Frequencies ---%*)
Quo=Input ["Enter Quo, the empty cavity Q"];
fro=10"9*Input ["Enter fro, the empty cavity resonant
frequency [GHz]"];

Qul=Input ["Enter Qul, the filled cavity Q"];
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fr1=10"9*Input ["Enter frl, the filled cavity resonant
frequency [GHz]"];
le=2.54*Input ["Enter the sample thickness [cm]"];

(¥ Echo Entries -------- *)
Print ["Quo=",Quo];

Print ["fro=",fro, " [Hz]"];

Print ["Qul=",Qul];
Print["frl=",fxl,*[Hz]"];

Print ["Sample Length=",le,"[cm]"];

(F=mmmm - Constants ------------ *)

c=2.998 10710 ; (* 1light speed in free space [cm/s]*)
ho=376.7 ; (*intrinsic impedance [Ohms]*)

muo=4 Pi 107(-9) ; (*free space permeability [H/cm]*)

(¥ mem === Computing Length of Cavity ----- *)
lamda=c/fro; (* free space wavelength [cm]?*)

lamdag= {(lamda/Sqgrt[l-(fc/fro)"2]); (* guide wavelength
[cm] *)

Im=(3 lamdag/2); (* cavity length neglecting iris [cm]*)

(¥—mmm Variables For e' Computation ----- *)

lamc=2 a; (* cutoff wavelength [cm] *)

lo=1lm-le; (* cacity length from iris to specimen face [cm]*)
krl=2 Pi Sqgrt[frl”2 -(c/lamc)”2]/c; (*propagation constant
[1/cm] *)

d=1m/3 ; (* one mode length [cm] *)

(F=mmmm - Resetting Variables ------------- *)
X=.;

xe=. ;

(== Solve Transcendental Eqgn.for kerl ---*)

kx= -Tan[krl lo]l/(krl 1le);
xe=x/. (FindRoot [Tan[x]/x ==kx, {x, .5},MaxIterations->20]);
kerl= xe/le; (* prop. const. for dielectric material*)

(*----—- Dielectric Constant e' ------ *)
e'=(c/frl1)"2 ((1/lamc”™2) + (xe/(2 Pi le))"2 )//N;

(¥=mmm—- Impedances ------- *)
zro= 2 fro muo 1lm/3;

zrl= 2 Pi frl muo/krl;

zerl= 2 Pi frl muo/kerl;

(* ——===--- Wavelengths ------ *)
lamro= c/fro;

lamrl= c/frl;

lamerl= lamrl/Sqgrtle'];
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he=ho/Sqgrt[e']; (*intrinsic impedance of specimen¥*)

(* -—-- Integration Results for Energy Terms --%*)
sl= lo/2 - Sin[2 krl lo]/(4 krl);

s2= lo/2 + Sin[2 krl 1lo]/ (4 krl);

s3= le/2 - Sin[2 kerl lel/ (4 kerl);

sd4= le/2 + Sin[2 kerl lel/ (4 kerl);
sb= Sin[ kerl 1le]”2/{(2 kerl);
s6= -zro™2 (3 d4d/2);

s7= (3 d/2);
s8= -zrl"2 sl;
s9= s2;

s10= -( s4 zrl"2 Sin[krl lo]l”"2 +
s3 zerl”2 Cosl[krl 1lo]"2 +
s5 zrl zerl Sin[2 krl lo] };
sll= ( s4 Cos[krl 1lo]"2 +
s3 (zrl/zerl)”2 Sin[krl l1lo]"2 +
s5 (zrl/zerl) Sin{2 krl lo] );
sl2= s6;
sl3= (2 +2 s7/b)-
lamro™2 s6(1/b+2/a)/2/ho"2/a"2;
sld= s8;
s1l5= s10;
slé= ( 142 Cos[krl lo]l"2+
( Cos[krl lo] Coslkerl le]-
(zrl/zerl) Sin[krl lo] Sin[kerl le])”™2 )+
2 {(s9+sl1l) /b-
lamrl”~2 s8(1/b+2/a)/2/ho”2/a”2 -
lamerl1”2 s10(1l/b+2/a)/2/he™2/a”2 ;

(¥==-—- Loss Factor e'' --------- *)
e''= (1/s15) ( (sl1l4 +e' s15)/Qul-

sl6 sl12 Sgrt([fro/frl]l/sl3/Quo )//N;
(* ---- Output the Results ------ *)
Print[" e|: n’eo'n elI= l|’ell]

You are using the WR-90 system, right?

Quo=1532
fro=9.4577 109 [Hz]

Qul=1126
fr1=9.3805 109 [Hz]

Sample Length=0.381[cm]

e'= 2.20659 e''= 0.0116363
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B.2 Cavity Perturbation Program

(* =—mmmmm e PROGRAM "PERTURB" ------------—-——————
This Mathematica program computes the complex permittivity

of a material given the Q and resonant frequency data

from a cavity perturbation system measurement of a dielectric
material of known diameter.

The program program prompts the user to choose between the
WR-430 (LS-Band) and WR-90 (X-Band) waveguide cavities.

The user will be prompted to enter the empty cavity Q and
fr, the sample loaded Q and fr, and the sample's effective
diameter.

{(* ———=~ Select the Cavity Type Being Used ---- *)
choose= Input[" Which measurement frequency?
WR-430 = '1°
WR_90 - |20 II];
If [choose==1,
(¥ —— WR 430 Parameters --[cm]------ *)
a= 10.922 ;

fc=1.372*10"9 (* cutoff frequency [Hz] *);
Print[ "You are using the WR-430 system, right?"]

, If [choose==2,
R WR 90 DIMENSIONS --[cm]------ *)
a= 2.286 ;
fc=6.557*10"9 (* cutoff frequency [Hz] *);
Print[ "You are using the WR-90 system, right?"]
,Print[ " Pick 1 or 2 only ! Interrupt and restart."]

]

(*———————- Input Q's and Resonant Frequencies ---7%)
Quo=Input ["Enter Quo, the empty cavity Q"];
fro=10"9*Input ["Enter fro, the empty cavity resonant
frequency [GHz]"];

Qul=Input["Enter Qul, the filled cavity Q"];
fr1=10"9*Input["Enter frl, the filled cavity resonant
frequency [GHz]"];

d=2.54*Input ["Enter the sample effective diameter [in]"];

(¥—mmmm - Echo Entries -------- *)
Print ["Quo=",Quo];
Print["fro=",fro,"[Hz]"];
Print["Qul=",0Qul];
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Print["frl=",frl,"[Hz]"];
Print ["Sample Diameter=",d, "[cm]"];

c=2.998 10710 ; (* 1light speed in free space [cm/s]*)

(¥==---== Computing Length of Cavity ----- *)
lamda=c/fro; (* free space wavelength [cm]?*)

lamdag= (lamda/Sqgrt[l-(fc/fro)"2]); (* guide wavelength
[cm] *)

Im=(3 lamdag/2); (* cavity length [cm]*)

(* === Shape factor ------------ *)

sf=4 a 1lm/Pi/d"2;

(oo Compute the complex permittivity -------- *)
e'=1+(sf/2) ( {(fro-frl)/frl )//N;

e''=((1/Qul)-(1/Quo)) sf/4 //N;

(* ---- Output the Results ------ *)

Print[" e|= ",el," e|n= u'e||]

You are using the WR-90 system, right?

Quo=2608
fro=9.45787 109 [Hz]

Qul=1438
fr1=9.3124 109 [Hz]

Sample Diameter=0.3048[cm]

e'= 2.61458 e''= 0.0161218
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