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A Study vn Finiie [ Tange Open-ended Coaxial Frobe

Abstract

The open-ended coaxial probe technique has been exiensively
studied due to its potential for materials characterization. Since the
initial investigation in earty 1980s, most of the research work done with
respect to open-ended coaxial probe technique was, however, limited to
measure complex permittivity of dielectric materials with planar surtace.
For testing materials with curved surfaces. using of open-ended coaxial
probe remains to be uncovered after a long period of time debating in
the reach society. The problem fies in the air gaps between the probe
with its finite dimension of the flange and the material under test by
which the flange size could lead much uncertainty to the measured data.
Therefore, analysis the influences of these curvature surfaces on
measurement accuracy and develop a new configuration of coaxial
probe are necessary since the characterization of materials with curved
surfaces such as microwave absorbing coatings on metallic structures
gave received considerable interest in practice.

In this thesis, utilization and development of finite flange open-
_ended coaxial probe for electromagnetic properties {beth complex
permittivity and permeability} are studied. The finite-difference time-
domain (FDTD) technique, that is very applicable to the boundary
problem, is employed for modeling the probe loaded with the materials
under test. The influence of probe flange diameter on measurement
accuracy of materials with planar surface is first analyzed. The results
have shown that a flange size varies. in general, with the EM-paramefers
of the sample under test, sample thickness and the operating frequency.
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We found thai a flange dimension of {3/2-b) larger than {1-1.5)} 4, can
be considered for the practical purpose to be an infinite. Then we focus on
curved surface materialsmeasurement technique. The first step 1s refated
to an uncerlainly analysis to specify the errors created due to the gaps
between the standard open-ended coaxial probe and samples of concave
surface is more serious on the measurement than that between the probe
and samples of convex surface. Therefore, use of standard coaxial probe
tor concave surface materials measurement is highly not suitable even for
large radii, while for convex surface materials there 1s no serious probiem
except for small radii.

The second aspect is related to a new configuration of open-ended
coaxial probe proposed for concave surface materials testing. The inner
conductor or the standard coaxial probe is extended throughout the air
gap between the probe and surface of material under test. A ring patch is
embedded at the terminal of the conductor in contact with the material
under test. The performance of the modified coaxial probe is studied as
a function of flange diameter, sample radii and patch dimensions. The
FDTD modeling and experimental results indicate that z patch with
appropriate dimensions plays an important rule on improving reflection
coefficient measurement accuracy. The modified coaxial probe has been
used to measure clectromagnetic properties of several microwave-
absorbing materials coated on concave surface prototype boxes of
different radii. The deduced & and 4 values are relatively in good
agreement with the published data. It has been demonstrated that the
technique is suitable for nondestrutive testing of curved surfaces coating
materials and other cases where it would be difficult 1o fit the material
under test with standard coaxial probe.

Key Words Open-cnded coaxial probe. curvature surfaces materials testing.
complex permitlivity, permeabilin. ir gap. FO'TD )
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Chapter 1

Introduction

With the advances in the instrumentation and computer contro!
and data processing, microwave meastrement techniques for
materials characterization have been widely developed, and
considerable efforts are made both in theory and technology to
further improve the measurement accuracy. Different measuring
methods with different frequency range have been employed,
depending upon the particular requirements, the experimental
conditions and the nature of the material under test. The most
significant advances have been made in nondestructive testing
technique, because it allows the material 10 be measured in its raw
form, in-situ and on-line applications. This chapter presents an
overview of the development of microwave measurement techniques
for materials characterization with emphasizing on open-ended
coaxial probe technique since it has proven to be a powerful tool for
nondestructive measurement of a wide range of materials.

1.1 Recent Trends of Microwave Dielectric
Measurement Technignes

As well known, the dielectric data are required on a large
variety of materials for many industrial, scientific, and medical
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applications of microwave, It has aroused considerable interests for
many years in developing measurement techniques o characterize
EM parameters of materials quickly, accurately. and convenientiy!"
Some major trends of microwave dielectric measurement can be
summarized 71:

* The test frequency range has been extended from MW to
MMW and SMW;

* Materials under study include tow-loss/ high-loss;
» Automation and wide band are desired: and

* The test samples are no longer restricted o a closed waveguide/
resonator and open-ended-coaxial probe technique receives extensive
interest,

The last trend has its important significance. During the period
of 19505~1970s, the typical microwave measurement methods were
cavity method and waveguide method'¥. In these methods, it is
necessary to insert the sample into the cavity or hollow guide, and
machine the sample so as to {it the waveguide or resonator cross
section with negligible air gaps. This requirement limited the
measurement frequency range, accuracy, and unfavors the
applications of the technique in nondestructive and on-line testing.
In early 1980s, with the advance in EM theory and computational
¢clectromagnetics, numerous new techniques of measurement such as
free space method™'*! and open-ended coaxial/waveguide method
have been developed.

The use of open-ended coaxial probes -for nondestructive
measurement of materials has been widely studied because they
offer a relatively small inlerrogation arca and possess wide band

LI )
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characteristics. To suin up. the coaxial probe measurement technique
has such advantages !* -

& [.cssening some restiictions on sample preparation

» Operation in a broad range of frequencies.

* Suitable for nondestructive and in-vivo testing

* Suitable for dielectric measurement at high/low temperature

e Compatibility with frequency-domain and time-domain
techniques, in addition to the more common single-frequency and
sweep technique

» Simplifying testing equipment

This technique was initially proposed by $.S. Stuchly er al./®
and used to measure the dielectric properiies of biological tissues at
radio and microwave frequencies. Soon afterwards, it was found
applications in microwave engineering and microwave nondestructive
applications for diefectric properties measurements. In most of these
applications, the material under test is often considered to be infinite
thick. However, Xu and co-workers and Ganchev U'*'! have shown
that this assumption is not always hold frue and open-ended coaxial
probe has been extended for measurement of the dielectric materials
of finite thickness or thin-sheet sample. This measurement lechnique
has important applications in the industrial characterization of
different materials. Wide frequency range of measurement is a
remarkable feature of open-ended coaxial probe technique. However,
at the initial stage of practical use of open-ended coaxial probe, the
frequency of the measuremcnt of both reflection and resonator
methods were restricted to the frequency range below 4 GHz "7
This 1s due 1o the influence of higher order mode excitation at the
open end of the probe and radiation losses at higher frequencies. Xu

e 3 .
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et al"! have analyzed the influence of higher order modes
excitation and radiation loss effects and gave a concise expression
by which the probe has been used successfully up 10 11 GHz. Misra
ef ai"” measured the complex permittivity of methanol up to [8
GHz using the model of Marcuvitz ™) which was approximated by
series expansion. Soon afterwards, Wei et ol developed a
techmique by which the test frequency was expanded up to 20 GHz.

One of the critical elements in. dielectric properties
measurements using an open-ended coaxial probe, is making a good
contact between the probe and the material under test. In practice,
still the problem of air gaps influence on measurement accuracy, in
particutar solid materials, constitute a major contribution to the total
measurement errors due to tack of correction for probe lift-off, This
problem becomes more serious when thin-sheet materials are
involved. It has been shown that the surface roughness of the sample
significantly influences measurement accuracy™ ). Therefore, at
the initial stage, this technique was suitable only for measuring the
permittivity of liquids or semi-liquid such as bielogical tissue.
Baker-Jarvis er al.®) have analyzed the influence of an air gap that
may exist between planar surface sample and the probe on the
reflection coefficient using an analytical approach. The results have
shown that the air gaps on the order of fraction of a miliimeter
strongly nfluence the measurements.

We should mention that most of the research work done in the
past with respect to open-ended coaxial probe was limited to
measure the complex permittivity of dielectric materials. Because in
above research works, g=1 is usually assumed, for some absorbing
materials used in modern military system or in eleciromagnetic
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