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Abstract — Significant progress has been made in recent years in the development
of microwave tomographic imaging systems for medical applications. In order to
design an appropriate microwave imaging system for industrial applications, and to

interpret the images produced,

the materials under

imaging need to be

characterised. In this paper, we describe the use of open-ended coaxial probes for
the measurement of dielectric properties of liquids at frequencies between 400MHz
and 20GHz. The results obtained using the Misra-Blackham model for a number of
liquids including water of different salinity are compared with those published in the
literature showing a good agreement. For saline water, in particular, the frequency
of the minimum loss depends on the salinity. It may change from 1.5GHz for the
inclusion of 0.2% NaCl to 7GHz for the inclusion of 3.5% NaCl. The real part of the
permittivity may also change by approximately 50% from 400MHz to 20GHz.
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1. INTRODUCTION

In recent years, significant progress has been
made in the development of microwave
tomographic imaging systems for medical
applications [1]. In order to design an appropriate
microwave imaging system for the monitoring of
industrial processes, the materials under imaging
need to characterised. This would also enable
the images produced to be accurately
interpreted.  The characterisation of dielectric
materials may include the measurement of
complex permittivity as function of frequency at a
given temperature or as a function of
temperature at a given frequency. The
measurement of dielectric properties at a wide
frequency range can provide information on the
low frequency conduction mechanism, interfacial
polarisation and molecular dynamics [2]. The
techniques of characterisation may include the
use of cavity resonators, free space
transmission, transmission lines and open-ended
coaxial probes [3]-[6]. Primarily, open-ended
coaxial probes were developed as a type of
sensor for  broad-band, non-destructive
measurement of the permittivity of biological
substances [6, 7]. However, they can also be
used to measure dielectric properties of liquids.
In this paper, we describe the use of this
technique for the measurements of a number of
common liquids including Methanol, 2-Propanol,
Butanol, and water of different salinity. With the
use of an appropriate calibration procedure and
the Misra-Blackham model to describe the
probe, both real and imaginary parts of the
complex permittivity are measured. The results

will be compared with those available in the
literature.

2. COAXIAL PROBE MODEL

Due to the extensive use of open-ended
coaxial probes in the measurement of biological
substances, a number of models for coaxial
probes have been developed and numerous
methods for permittivity calculations have been
proposed with success [6]-[13]. For our study, we
use the Misra-Blackham model, which is
described below.

In the Misra-Blackham model, it is first
assumed that only the dominant TEM mode
propagates inside the coaxial line. The
formulation of input admittance of the coaxial
probe is then modified to take higher order
modes into account which is necessary at higher
microwave frequencies. For the TEM
propagation, Misra [14] has shown that the input
admittance of the probe can be written as
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where w is the angular frequency; a and b are
the inner radius and outer radius of the probe
respectively; e, is the permittivity of the dielectric

material inside the probe and e" is the complex
permittivity of unknown material under test. The
integration in (1) is made on the aperture of
probe with r and r’ describing the field and source
points respectively. By expanding the exponential
term in the integrand into a Taylor series, (1) can
be approximated to
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For an accurate calculation, a total of 28
terms are used in the expansion.

To take the higher order modes into the
formulation, the expansion constants I, can be
modified as proposed by Blackham [15], which
then become

Ig=— (®)

where b is a parameter obtained by measuring
the admittance of different materials with known
permittivities in the range between 1 and 80 [15].
The parameter b is optimised until the

admittances calculated using (3) give the best
match to the measured admittances. Once b is

obtained, (3) is used to determine unknown
permittivities.

3. EXPERIMENTAL SET-UP

The measurement system used for the
dielectric measurement consists of a computer
controlled HP 8510B vector network analyser
(VNA) and a probing platform, as shown in Fig.1.
The coaxial probe as shown in Fig.2 is
connected to Port 1 of the VNA.

Figure 1 : The dielectric measurement system

Figure 2 : Geometry of the open-ended probe for
dielectric measurements

Two probes, Probe 1 and Probe 2, of different
dimensions are used for measurements in order
to confirm the results and to investigate the effect
of the opening aperture of the probe. The
dimensions of both probes are given in Table 1.
They are constructed from commercially
available 50W SMA connectors. Both probes
have a flange to support the fields required, and
minimise the fringing effect. The dimensions of
the flange are also given in Table 1. The larger
probe, i.e. Probe 1, is most suitable for
measuring high permittivities, i.e. e¢-80 at lower
microwave frequencies to 400MHz, and the

smaller probe, i.e. Probe 2, for higher
frequencies up to 20GHz.
Probe 1 Probe 2
Connector type Suhner 23
SMA-50-0-53

2b (mm) 4.1 2.5

2a (mm) 1.3 0.8
Flange diameter (mm) 30 40

Table 1. Dimensions of probes.
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For accurate measurements, the probes are
calibrated with a short circuit, open air and de-
ionised water in addition to the calibrations made
to the vector network analyser at a temperature
of 23+2°C. In order minimise the frequency
dependent-effect of finite volume, both water
used for calibration and the liquid under test are
kept in a polyethylene tube, which is mounted in
a larger container containing saline water of high
conductivity.

4. MEASUREMENT OF
LIQUIDS

KNOWN

To test the accuracy of measurements, a
number of liquids of known properties including
Methanol, 2-Propanol and Butanol are used.
These materials are polar liquids. Their
permittivities at microwave frequencies can be
calculated using the Cole-Cole equation:

ezey v |2 ©®)
1+(jwt )52 " weg

where w = 2pf is the radian frequency, ey is the
permittivity at the infinite frequency, e, is the

static permittivity, t is the relaxation time, s is
the ionic conductivity and a is an empirical
parameter describing the relaxation time
distribution.

The measured relative permittivities of these
liquids using Probe 1 are shown in Figures 3 for
the real part and in Figure 4 for the imaginary
part at frequencies between 400MHz and 4GHz.
Using a Levenberg-Marquardt optimisation
routine for the measured results of permittivities,
the Cole-Cole parameters obtained are given in
probe can provide accurate measurements for a
range of liquids. Similar results of Cole-Cole
parameters are obtained for the same liquids
when Probe 2 is used in the frequency range
between 400MHz and 20GHz. Table 2 together
with those fitted to the data available in the
literature for the same type of liquids [16]. The
comparison shows that the probe can provide
accurate measurements for a range of liquids.
Similar results of Cole-Cole parameters are
obtained for the same liquids when Probe 2 is
used in the frequency range between 400MHz
and 20GHz.

Figure 3 : Real part of relative permittivity measured on
three liquids of know properties

Figure 4
measured

Imaginary part of relative permittivity
on three liquids of know properties

5. MEASUREMENT OF
WATER

SALINE

Following the validation measurements
using known liquids, Probe 2 is used to measure
the property of water of different salinity. The
saline water solutions used for measurements
are tabulated in Table 3. The salt content in the
distilled water varies from 0.2 % to 3.5 % in
weight. The conductivities of corresponding
solutions, which are given in [17], are also listed
in Table 3 for reference.

Tabulated literature values [16]

Fitted measured values

Liquid €, ey t (ps) a €, ey t (ps) a
Methanol 33.7 4.5 49.5 0.036 3392 4.02 46.9 0.028
Butanol 17.1 2.95 477 0.08 1749 344 49.3 0.06

2-Propanol 19 3.2 29.2 0 20.81 356 34 0.034

Table 2. Comparison of Cole-Cole parameters for measured permittivity and tabulated values
in the literature for three liquids of known properties.
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Solution Sdinity Conductivity
(% NaCl) (S/m)
Sol. 1 0.2 0.33 " /
Sol. 2 0.5 0.82
Sol. 3 1 1.62
Sol. 4 15 2.39 /
Sol. 5 2 3.14
Sol. 6 25 3.87
Sol. 7 35 5.28
Table 3. Saline solutions for their s i L

reference conductivities at 22°C.

The measured relative permittivities of these
saline solutions are shown in Figures 5 for the
real part and in Figure 6 for the imaginary part
against frequency. The effect of the salinity on
the permittivity can be seen from both Figures 5
and 6. As the salinity increases, the conductivity
increases. The static permittivity however
decreases. The effect of conductivity dominates
at lower frequencies. The frequency of relaxation
of the water is around 20GHz which is not
significantly affected by the conductivity. The
effect of electrode polarisation can be seen from
Figure 5 at frequencies below 800MHz, which
becomes significant for solutions containing
more than 2% of salt.

It can also be seen from Figures 5 and 6 that
the real part of the permittivity may change by
50% as the frequency is changed from 400MHz
to 20GHz, and the loss factor depends very
much on salinity. The minimum loss occurs at a
frequency of 1.5GHz for 0.2% of salt and 7GHz
for 3.5% of salt.

When the results presented in Figures 5 and
6 are fitted using the Cole-Cole equation (6) with
a = 0, the Cole-Cole parameters obtained are
given in Table 4 together with the parameters
fitted to the data available in the literature for the
same salinity [17]. A good agreement can be
seen between two sets of Cole-Cole parameters,
indicating the usefulness of the open-end coaxial
probe for a broadband measurement of liquids.

Figure 5 : Real part of relative permittivity measured on
saline solutions.

v

[

Figure 6 : Loss factor of relative permittivity measured
on saline solutions.

6. CONCUSIONS

We have demonstrated in this paper that the
open-ended coaxial probe technique can provide
a broadband measurement of liquids at
microwave frequencies. The results obtained
using the Misra-Blackham model for a number of
liquids of known properties show that the
designed probes can give an accurate
measurement of permittivity across the

frequency range from 400MHz to 4GHz for
Probe 1 and to 20GHz for Probe 2.

Tabulated literature values [17] Fitted measured values

Solution e t s e, t s
(ps) (Sm) (ps) (§m)
Sol. 1 78.69 8.79 0.33 78.35 9.17 0.346
Sol. 2 77.67 8.78 0.82 76.27 8.95 0.818
Sol. 3 76.01 8.76 1.62 72.83 90.44 1.4161
Sol. 4 74.4 8.74 2.39 72.92 9.3 2.072
Sol. 5 72.83 8.71 3.14 71.17 9.7 2.644
Sol. 6 71.31 8.68 3.87 70.72 10.77 3.202
Sol. 7 68.38 8.62 5.28 69.9 10.75 54

Table 4. Comparison of Cole-Cole parameters for measured
permittivity and tabulated values in the literature for saline water.
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The measurements using Probe 2 for saline
water show that the permittivity of the solutions
depends very much on the salinity, as well as the
frequency. The real part of the permittivity may
change by approximately 50% from 400MHz to
20GHz. There also exists a frequency at which
the loss in the saline water solution is minimum,
as a result of the finite conductivity. This
frequency may also change from 1.5GHz for of

0.2% salt to 7GHz for 3.5% of salt.
information

Such

is useful in the design of a

microwave tomographic system for industrial
applications.
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