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Complex Dielectric Constant Measurements for Conductor-Loaded
Composite Materials Using Genetic Algorithms
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ABSTRACT

In this paper, a simple but fast and reliable technique for the complex dielectric constant measurement of
non-magnetic materials is introduced using a measured transmission coefficient (S21) and a genetic algorithm as
an inversion process at microwave frequencies. In this experiment, it has been found that the transmission
method is less susceptible with the measurement errors than that of the reflection method and the genetic
algorithm can be efficiently used as a search technique. The suggested technique is validated with known and
unknown conductor-loaded lossy materials and the conductor-loaded PCB at X-band.

I. Introduction

There has been an increasing interest in artificial
composite materials due to the market demands on
low-loss high dielectric constant materials and highly
lossy dielectric materials at microwave frequencies
hence intensive research has been made on this topic.
Low loss high dielectric constant materials can be ef-
fectively used to minimize the size of the microwave

devices, such as substrates of antennas and resonators.
If the effective wavelength inside the material is de-
creased with a high dielectric constant of the material,
and the decreased effective wavelength reduces the
physical dimension of the devices. Although there are
high dielectric materials in nature, such as Barium-tet-
ratitanate (r = 37, tan = 0.0001) and Titania (r = 96,
tan = 0.001), they can be used in limited condition as
antenna substrates. Therefore, new composite materi-
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als with low loss and high dielectric constant are
desired. Lossy dielectric materials also have many
usages at microwave frequencies, such as absorbing
materials, conducting coaters, EMI shielding materi-
als, conductive adhesives hence the cheaper and more
reliable composite materials are desired. ™

It is known that conductor-loaded composite materi-
als have lossy or high dielectric properties depending
on the fractional volume of the including conductors
1 One of the techniques to control the material char-
acteristics is making a composite with the conducting
particles inside a dielectric material. The loaded con-
ductor particles increase either the real or the imagi-
nary part, or both parts of the complex dielectric con-
stant depending on the fractional volume of the
inclusions. However, it has been found that the esti-
mation of the electrical properties of the composite
material is very difficult and the complex dielectric
constant measurement may not be a simple problem,
especially in high volume fraction and at microwave
frequencies. Although numerous measurement techni-
ques have been reported, each technique has its own
limitations. Therefore, a reliable complex dielectric
constant measurement technique for conductor-loaded
composite materials has been developed. In Chapter
II, scattering parameters for both transmission and re-
flection coefficients are reviewed. Scattering parame-
ters are only a function of complex dielectric constant
and permeability. Both can be determined by the
measured scattering parameters and using an inversion
process. A genetic algorithm is presented as a pro-
posed inversion process in Chapter III. In Chapter IV,
experimental results are evaluated for the con-
ductor-loaded composite samples and the conclusions
are discussed in Chapter V.

. Scattering parameters:
Transmission Method

Determining the dielectric constant of an unknown
material is one of the most important tasks for the ma-
terial properties. Several measurement techniques
have been investigated but many researchers are still
trying to develop more correct and reliable method for
both the complex dielectric constant and the complex

permeability measurements. In general, the scattering
parameters are equated as shown in equation (1)~(8). &l
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Here, j = V-1, wis angular frequency, v, is prop-
agation constant in the air, -y is propagation constant in
the material, Cy is speed of light in vacuum, A, is cut-
off frequency, and d is sample thickness.

The scattering parameters are only a function of the
complex dielectric constant and the complex perme-
ability of the sample material, if the rest of the param-
eters, such as operating frequency, cutoff frequency of
a waveguide and the sample thickness are given. Thus
the complex dielectric constant and the permeability
can be determined by the measured scattering para-
meters. There are four unknowns, a real and an imagi-
nary part of the complex dielectric constant and the
complex permeability. If more than four equations are
given, the problem may be able to be solved. Both Si;
and S;; measurements may be enough for four equa-
tions, because each scattering parameter contains both
amplitude and phase information. If the desired mate-
rial is non-magnetic, only one measurement, either re-
flection or transmission measurement may be enough
to determine the complex dielectric constant'®.
However, the dielectric constant is related to the scat-

tering parameters in very complicated way and the
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solution may not be solved analytically. Therefore, the
inversion process is required to achieve the dielectric
constant from the measured scattering parameters in
many cases. In general, the measured scattering pa-
rameters include some measurement errors and the er-
rors may drive the iteration to wrong conversion
values. To obtain correct result, better measurement
techniques and more reliable inversion process are
required. It is also recommended to measure the sam-
ple several times to verify the obtained dielectric

constant.

If. Inversion Process: Genetic
Algorithms

Nicolson and Ross combined the S;; and S;; equa-
tions and made analytic forms for the complex dielec-
tric constant and the complex permeability B,
However, the amplitude of Si; becomes very small at
frequencies corresponding to integer multiples of
one-half wavelength then the phase uncertainty is too
large to obtain the correct results. Thus, an iterative
inversion process has been widely used to obtain the
complex dielectric constant and the complex
permeability. There have been approaches to solve the
complex dieleciric constant and the complex perme-
ability from the measured scattering parameters using
an iterative method with various combinations, and
the achievements have been reported /"7,

One of the simplest inversion processes is an ex-
haustive search. All the possible amplitudes and the
phases of the S, are calculated in the range of the esti-
mated complex dielectric constant. The point that
shows minimum differences between the calculated
and the measured Sz; may be the complex dielectric
constant of the sample. If we can estimate the possible
range of the complex dielectric constant, we may set
the search area around the estimated solution. Then,
the exhaustive search may be useful as an inversion
process. However, in many cases, it is not possible to
estimate the complex dielectric constant of the un-
known materials and also, the fine resolution for the
search area may help not to be converged into a wrong
direction of the inversion process. Thus, we may need

to set very large search area with fine resolution then

12

the search time may take too long or the iteration may
not be able to be done. We may need faster but robust
search algorithms.

There are several search techniques commonly used
for the optimal solution or the inversion process such
as optimization technique, random search algorithms,
and genetic algorithms. A genetic algorithm is one of
the most robust search algorithms widely used in com-
plex optimization problems, which is based on the me-
chanics of natural selection and natural genetics B9,
The genetic algorithm’s main search strategy is the
survival of the fittest and an interbreeding population.
Populations of strings represent possible solutions for
a specified problem, which make the algorithm a par-
allel search. Populations are initially assigned with
random numbers and then developed with a fitness
function iteratively. First, the new populations are se-
lected from the old populations with a selection rule.
The probability to be selected for the next generation
is decided by the fitness function. Then, cross over
and mutation is performed to be free from the local
minimum. Therefore, the fitness function is very im-
portant for a convergence to the correct answer.
Finally, the best population gives the solution after
enough iteration. The genetic algorithm is a form of
randomized search and a stochastic process de-

termined by a fitness function.

IV. Experiments

Scattering parameters are measured with a HP8719D
vector network analyzer, which is comnected to the
X-band (8.2 ~ 12.4 GHz) waveguide and a sample
holder. The transmission measurements are performed
for the different sample thickness at the frequency
range from 8 GHz to 12 GHz. For the transmission
measurement, the system is “THRU” calibration, and
*GATING” is used to eliminate multiple reflections
due to unwanted impedance mismatching areas. All
the measurements are repeated three times, and the
measurements are averaged. To apply the genetic al-
gorithm as an inversion process, several factors, such
as a population size, the number of iterations, the
probability of cross over and mutation and a selection
rule should be decided. It may be obvious that a lon-
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ger iteration and a bigger population size give a better
or equal result at the expense of search time. In this
experiment, 400 of iterations and 100 of population
size are normally used, and the convergences are good
in most cases. The roulette wheel method is used as a
selection rule and the probability of crossover and mu-
tation are tried for 0.8 and 0.02, respectively.
Depending on the search area and the search reso-
lution, the number of bits is decided. Seventeen bits
are used for the up to 100 of the search area for both
real and imaginary part, and 1/1000 of resolution in
the complex dielectric constant measurement. One of
most important parameters is a fitness function. Each
fitness value or weight is calculated for each pop-
ulation depending on possibility to be a solution. In
our case, the less difference between the calculated
and measured value gives a higher possibility to be a
solution. Thus, the reciprocity is used for the weight.
The lower difference can have the higher fitness val-
ue, and the population having a higher weight may
survive in the next generation.

Fig. 1 (a) and Fig. 2 (a) shows the averaged test re-
sults for the error added reflection and transmission
measurement, respectively, and the standard devia-

tions for each measurement technique are shown in
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Fig. 1 (b) and Fig. 2 (b). To observe the relation be-
tween the sample thickness and the inversion error due
to the measurement ertrors, the tests are repeated for
five different sample thickness ratios, from 10 % to 50
% for the reflection method and from 5 % to 30 % for
the transmission method. With the error added in-
version tests, interesting results are observed. First of
all, the error added reflection measurements show that
the inversion process itself is very unstable, and the
standard deviations seriously deviate from zero as
shown in Fig. 1 (b). However, the transmission meth-
od shows almost zero standard deviation for all range
of the added errors, which means all the same results
are obtained for the different iterations as shown in
Fig. 2 (b). Another observation is the deviation of the
measured dielectric constant from the expected values.
In the transmission method, with 10 % errors, the real
part of the complex dielectric constant swings 13.5 %
of the ideal values, but more than 100 % errors can be
involved with the reflection measurement depending
on the sample thickness ratio. Thus, another step to
decide the sample thickness ratio is required in the re-
flection method. In general, 10 % measurement errors
are extreme cases. If 2 % errors are assumed, the esti-
mated dielectric constant has less than 3 % of meas-
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Fig. 1 Convergence and error sensitivity test for reflection
method: real parts of the complex dielectric constant, sample
thickness difference (4 &4.4~4 & 6 mm), (a) Average, (b)
Standard deviation.

Fig. 2 Convergence and error

sensitivity test for trans-

mission method: real parts of the complex dielectric constant,
sample thickness difference (2 &1.9~ 2&1.4 mm), (a)
Average, (b) Standard deviation.
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Table. 1 The measured complex dielectric constant for the conductor loaded composite materials

. thickness
sample name Real Part Imaginary Part (mm)
Frequency (GHz) 9 10 11 12 9 10 11 12
AIN 8.19 8.19 8.19 8.19 0.14 0.05 0.06 0.06 3.15, 5.04
Sample A 49.7 50.4 51.1 51.6 21.0 23.5 24.7 254 2.05, 4.0
BeO-SiC 36.3 35.2 32.8 32.8 16.4 15.2 16.4 17.0 2.01
urement errors with the transmission method. We have 12
observed that the transmission method provides more —
stable and less sensitive with the measurement errors. E .
Several samples for both known and unknown con- £
ductor-loaded composites have been tested with the é
proposed transmission method and the genetic § 4 real: composite
algorithm. The complex dielectric constant of AIN —a—real: host
(8.2-j0.02 at 10GHz) and BeO-SiC (35.24-j15.75 at 10 meenay
GHz) are known. The measured results show good ° 6 ‘ 7 8

agreements as shown in Table 1. Sample A is a new
composite material recently manufactured by a local
company which dielectric constant is not available yet.
Thus, we have measured the complex dielectric con-
stant of this material and we have found the results are
very similar to the manufacturer’s expectation.

A simple experiment for the low loss high dielectric
constant material with the PCB (Printed Circuit
Board) has also been tested. Particle patterns are fab-
ricated from the copper etching on the PCB (RT/du-
10id6000 (PTFE/ceramic, 1 oz copper = 0.07 mm)).
The dielectric constant of the host material is given
with 6.5, and the dielectric loss can be ignored.

We need to make 5 % of volume fraction on a single
PCB layer, and the random distribution may make the
particle overlapping or clustering problem. Thus, the
particles are placed periodically rather than randomly.
The width and the height of the particle is the same as
the simulations but the thickness of the particle is only
0.07 mm, and more particles are included for the same
5 % of volume fraction.

The transmission coefficients are measured and the
complex dielectric constants are obtained using the
transmission method and the genetic algorithm. As we
expect, only the real part of the dielectric constant is
significantly increased as shown in Fig. 3. The
increment with the measurement is higher than that of
the simulation because the sample used for the

14

Frequency (GHz)

Fig. 3 Measured complex dielectric constant for the
conductor loaded low loss high dielectrics at 5% of
fractional volume

measurement may have the higher effective fractional
volume than that of the sample used for the
simulations. The effective fractional volume means,
although the same 5 % of fractional volume has been
tested, the sample for the experiments includes more
particles with the different thickness. Hence the actual
fractional volume can be different.

V. Conclusions

The complex dielectric constants for the con-
ductor-loaded composite materials are obtained with
the proposed measurement technique. It has been
found that the transmission method is less susceptible
with measurement errors and the genetic algorithms
are efficiently used as a fast and reliable inversion
process. The obtained results for the known sample
are well agreed. More detailed analysis and experi-

ments are remained as a future work.
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