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A Genetic Algorithm for the Evaluation of Material
Parameters of Compound Multilayered Structures

Thomas Zwick, Member, IEEE, Jens Haala, Member, IEEE, and Werner Wiesbeck, Fellow, IEEE

Abstract—This paper presents a new method to obtain the ma-
terial parameters of each single layer in a multilayered structure.
The compound structure has to be measured over frequency or
for different incidence angles in the microwave frequency range.
The genetic algorithm for parameter extraction from the reflec-
tion or transmission measurement data is based on a simplified
evolution strategy. In this paper, the evolution optimization is de-
scribed briefly and is verified by measurements performed in the
frequency range from 115 to 145 GHz. The parameters obtained by
the algorithm show good agreement with reference values gained
by other researchers.

Index Terms—Genetic algorithm, material parameter extrac-
tion, multilayered structure.

I. INTRODUCTION

T HE measurement of material properties is the basis for
any theoretical design of electromagnetic devices. There

are very accurate methods available for the determination of the
permittivity and permeability of a given material [1]–[4]. How-
ever, these methods require a pure sample of the material that
has to be measured. In this paper, a method is presented to mea-
sure material parameters of compound structures consisting of
more than one layer. Typical examples are car windows or mul-
tilayered building walls. The permittivity and permeability of
each single material is determined by a new genetic algorithm
(GA) from measurements obtained over the frequency. The use
of a GA makes this method very flexible, therefore, reflection
measurements and/or transmission measurements may be used.
If one has to determine highly dispersive materials, it is also
possible to use this algorithm in combination with single fre-
quency reflection or transmission measurements over different
angles and for different polarizations. Another big advantage of
the new method is that only scalar values without phases are re-
quired, which reduces the calibration effort drastically.

In this paper, the GA for this method is presented. For ver-
ification purposes, the results of two measurement campaigns
have been used. The dielectric material parameters obtained by
the new algorithm from angular-dependent measurements of the
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Fig. 1. Reflection and transmission of electromagnetic waves at multilayered
structures.

reflection coefficient of Quartz glass and SiN at 140 GHz are
compared to parameters obtained for the same materials with
an open resonator method. To show its applicability on mul-
tilayered media, three plates consisting of Teflon, Macor, and
Al O have been measured in the frequency range from 115 to
145 GHz. The single plates have been measured as well as their
different combinations. Additionally, these results are compared
with values from the literature.

II. BASIC THEORY

The reflection and transmission coefficientsand of mul-
tilayered structures (see Fig. 1) can be analytically described
as a function of permittivities , permeabilities , and thick-
nesses of the layers ( ), the frequency , and
the incidence angle

(1)
If all parameters are known, the reflection or transmission co-
efficients can be calculated by a fast recursive method, as de-
scribed in [5]. Thereby each layer has to be plane, smooth, and
infinite.

If one wants to obtain the material parameters from the
reflection or transmission coefficients, the problem becomes an
under-determined system of nonlinear equations. Therefore, it
is not possible to determine permittivity and permeability of a
multilayered structure from a single measurement of reflection
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and/or transmission. To gather enough information for solving
this problem, one has to perform additional measurements.
These may be measurements over a certain frequency range or
otherwise over different angles of incidence.

It is further not possible to invert the system of equations
to solve for the material parameters if more than one layer is
present. Therefore, a new procedure was developed that allows
to calculate the material parameters of multilayered structures
by means of stepwise optimization. This optimization problem
exhibits many local optima making traditional optimization al-
gorithms, such as the gradient method, unfavorable. A new pro-
cedure has been developed based on the method of evolution op-
timization, as published by Rechenberg and Goldberg [6], [7].
The material parameters of the individual layers of a compound
structure are found by minimizing the error between values ob-
tained from (1) and measurements. An overview about GAs in
electrical engineering can be found in [8] and [9].

III. EVOLUTION STRATEGY

In this section, the evolution strategy adapted to the given
problem is described in detail (the vector notation is used in an
incorrect form to simplify the formulations:all vector opera-
tions are meant element-wise).

The idea of evolution optimization is based on the biological
process of the natural selection in evolution. Transferred to the
problem discussed here, generations of data setsare produced
randomly where each generation is deduced from the “best” data
set of the previous generation (natural selection/only the fittest
survive). This data set is called “parent.” In contrast to the nat-
ural evolution here, only one parent is used and all offsprings are
generated by “mutation.” An appropriate evolution optimization
method has been developed for the special peculiarities of the
present problem. The total cycle of the method is illustrated as
a flowchart in Fig. 2.

All unknowns ( : total number of unknowns)
that have to be determined are stored in the parameter vector

(2)

The unknowns are the real and imaginary parts of the complex
material parameters , and the thicknesses of the ar-
bitrary, but known number of layers . Simulations performed
with the measurements of Section IV showed that the determina-
tion of the thicknesses of the layers together with their dielectric
parameters results in a much larger error. Therefore, and because
of the fact that mostly the thicknesses can be more accurately
measured by physical means, the determination of thicknesses
is not investigated in this paper even though it is principally pos-
sible with the GA.

The population size of each generation is given by. Based
on the parent data vector , the data sets (

) of the th generation are randomly generated ac-
cording to

(3)

As already noted in (3), each element of the vector is gen-
erated by multiplication of with the exponential of a

normal distributed random variable with zero mean. The stan-
dard deviation is the corresponding component of the vector

. For each element with of (3) can be
rewritten as

(4)

The use of the normal distribution causes the algorithm to
mainly search in the near range of where the solution
is expected to be. Additionally, the unknowns have a
lower and upper limit and , respectively. These limits
can be taken from the literature [5], [10] or chosen from the
best available knowledge.

The measured reflection or transmission coefficients in deci-
bels are defined by ( ) over frequency points
or angles of incidence, respectively, depending on which of both
have been varied during the measurement. As demonstrated in
Section IV, the use of the values in decibels instead of linear
values leads to a very much better performance of the algo-
rithm because the characteristic minima of the curves are better
taken into account. represents the simulated reflection or

transmission coefficients curve using the current data set.
The error criterion to qualitatively evaluate the data set is
the normalized root mean square (rms)

(5)

where is called the “fitness function.” In order to avoid ef-
fects caused by the limited dynamic range of the measurement
system, all values (measured and simulated) are limited to the
sensitivity level of the measurement system. If more than one
curve (e.g., over the frequency and over the angle) is available,
the total information can be used by just adding the fitness func-
tions (5) of all curves. The phase information is not taken into
account, which is the big advantage of this method because, es-
pecially at millimeter-wave frequencies, scalar measurements
are much easier.

By applying the fitness function (5), the best data vector
of the th generation can be found as the vector

, which belongs to the smallest .
It is additionally tested if the best data vector of the previous
generation has a smaller error.

As parent vector for the th generation, the best pa-
rameter vector found in the previous generation is used

(6)

The first generation is set using approximate values

(7)

taken from the literature [5], [10] or chosen from the best avail-
able knowledge. All simulations showed that the choice of the
initial values has no effect on the total performance.

Each time a new generation is developed, the standard devi-
ation is reduced by

with (8)
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Fig. 2. Evolution strategy.

in order to reduce the search space as the GA comes closer to
a solution. has been found to provide the best perfor-
mance. As initial value

(9)

is reasonable, which again, is meant element-wise as follows:

(10)

This iterative process of producing generations of data sets
is continued until no further reduction of the error

compared to the minimal error of the previous generation
is reached or the relative error variation

(11)

with

(12)

and

(13)

falls below a given limit of . This avoids losing computing
time by creeping convergence.
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Fig. 3. Quasi-optical millimeter-wave reflection measurement setup for
perpendicular incidence.

In order to increase the probability that the global optimum
(GO) is found, the whole process described above has to be
started again several times. Thereby several local optima and
very probably the GO given by and the dedicated fitness
function will be found (see Fig. 2). The relatively large ini-
tial values for the standard deviation (9) guarantee that different
local optima are found in spite of always using the same initial
values for (7). The evolution optimization process is finished
if a minimum error or a total number of generations
is reached.

IV. M EASUREMENT AND SIMULATION RESULTS

Two measurement campaigns were performed to validate the
performance of the new method. The measurement system is
based on a scalar network analyzer (SNWA) with a frequency
accuracy of 1 MHz. The setup is sketched in Fig. 3 and de-
scribed in detail in [11] and [12]. Wide-band corrugated horn
antennas as transmitter (Tx) and receiver (Rx) together with fo-
cusing metallic ellipsoidal mirrors generates a Gaussian beam
( ). The waist radius of the beam at the probe is less
than 25 mm in the frequency range from 115 to 145 GHz. This
yields an angular incidence variation of the beam at the probe
below 2.5 . Therefore, the beam is assumed to be a plane wave.
In order to measure the reflection coefficient for perpendicular
incidence, a thin polyester foil (Mylar) is used as beam splitter.
The quasi-optical measurement setup, as shown in Fig. 3, en-
ables the measurement of the scalar reflection loss versus fre-
quency for perpendicular incidence. For calibration, the probe is
replaced by a metal plate. With an extra mirror for the separation
of the reflected beam from the transmitted beam, angular-de-
pendent measurements are possible. Thereby a stepping motor
controls the angle of the probe and the reflected beam including
the Rx antenna in order to ensure precise specular reflection.
This extension allows the determination of the scalar reflection
loss from 10 to 80 of incidence. The setup for angle dependent
measurements is described in detail in [14].

TABLE I
START VECTOR~� AND LIMITATION VALUES ~� AND ~�

USED FOR THESIMULATIONS

A. Measurements of Single Layers

In the following, the results of two different measurement
campaigns are used to investigate the performance of the new
method for single-layered media in comparison with results
from literature.

1) Angular-Dependent Measurements of Single Layers:
The reflection losses of two different plates of Quartz glass and
Si N have been measured over the incidence angles from 10
to 80 at a frequency of 140 GHz for both perpendicular (TE)
and parallel (TM) polarization [13]. The size of the rectangular
plate of Quartz glass is 215 mm 95 mm with a thickness of
7.04 mm. The SiN plate has a size of 320 mm120 mm and
a thickness of 3.163 mm. The parameter vector (2) for these
one-layered materials with known thicknesses reduces to

(14)

with . The permeability can be assumed
to be . For all simulations with respect to the angular-
dependent measurements , , ,
and a sensitivity level of 30 dB is used. The limits and starting
values for the simulations are given in Table I. The material
parameters of these three materials were already measured with
an open resonator method by [1].

In Figs. 4 and 5, the measured and simulated (from the values
obtained by the GA) reflection losses over the incidence angle

are plotted for both polarizations. The very good match of
the curves demonstrates the validity of the method. In Table II,
the results of the measurements in combination with the new
algorithm are compared to the values obtained from literature.
A very good agreement for the real part of the permittivity of
both materials is observed. The imaginary parts cannot be de-
termined with the same accuracy. This inaccuracy is caused by
the limited sensitivity level of the measurement system because
the imaginary part is determined by the depth of the minimum.
Additionally, two different kinds of characteristic minima can
be observed in Figs. 4 and 5. The first minimum is caused by
negative interference of multiple reflections inside the plate and
is, therefore, observed at both polarizations. The second min-
imum arises at the Brewster angle. Both characteristic minima
are important for the performance of the method and define the
necessary angular range.

2) Frequency-Dependent Measurements of Single Layers
at Perpendicular Incidence:The scalar reflection losses of
three circular plates of the materials: 1) AlO : poly-crystalline
Al O with 97.6% purity; 2) Macor: Corning Macor Machin-
able Glass Ceramic is a product of Corning Glass Works,



1184 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 50, NO. 4, APRIL 2002

Fig. 4. Reflection coefficient over the incidence angle� at Quartz glass for
perpendicular (TE) and parallel (TM) polarization at 140 GHz.

Fig. 5. Reflection coefficient over the incidence angle� at Si N for
perpendicular (TE) and parallel (TM) polarization at 140 GHz.

TABLE II
COMPARISON OF THEMATERIAL PARAMETERS OFQUARTZ GLASS AND Si N

OBTAINED FROM THE ANGULAR DEPENDENTMEASUREMENTSWITH

THE REFERENCEVALUES

Corning, NY; and 3) Teflon have been measured in the fre-
quency range from 115 to 145 GHz at perpendicular incidence.
The diameter of all plates is 70 mm. Their thicknesses are
physically measured with an accuracy of 10m to 3.407 mm
(Al O ), 3.15 mm (Macor), and 5.63 mm (Teflon). For the
measurements

(15)

with and is used. All simulations
are performed with the parameters , ,
and , and a sensitivity level of 15 dB is used. The
limits and starting values for the simulations are given in Table I.
The material parameters of these three materials were already
measured in the frequency range of interest with other methods

Fig. 6. Reflection coefficient versus frequency for Macor at perpendicular
incidence.

Fig. 7. Reflection coefficient versus frequency for Macor–AlO –Teflon at
perpendicular incidence.

Fig. 8. Reflection coefficient versus frequency for Teflon–AlO –Macor at
perpendicular incidence.

[2]–[4]. The values for AlO could only be used as clue be-
cause, in [2], a probe with slightly different consistence was
used.

In Fig. 6, the reflection coefficient of Macor is given versus
frequency together with the corresponding simulations. One can
see that the simulated curve fits very well to the measured curve.
Similar results have been obtained for the other two materials.
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TABLE III
COMPARISON OF THEMATERIAL PARAMETERS OF Al O , MACOR, AND TEFLON OBTAINED FROM

MEASURING ALL COMBINATIONS OVER THE FREQUENCYCOMPARED TO THEREFERENCEVALUES

Again, characteristic minima caused by negative interference
are observed, which are important for the performance of the
method. The measurements have to be performed over sufficient
bandwidth to produce these characteristic minima. The good
match of the fitted curve with the measured curve in Fig. 6 also
proves that the materials are not highly dispersive and, there-
fore, have nearly constant parameters in the frequency range
of interest. This can also be seen in [3] where the parameters
for Macor are frequency independent in the range from 115 to
145 GHz.

B. Measurements of Compound Multilayered Structures

As already mentioned, the main advantage of the new method
is the possibility of measuring compound multilayered struc-
tures and extracting the material parameters of all layers. The
validity of the new method for multilayered media is shown
for the three circular plates from Section IV-A.2, measured in
different combinations. For the measurements,

and can be used. The parameter vector (2)
is then given by

(16)

with . The measurements of the compound structures
can be divided into the following two groups: 1) two materials
at a time are combined and measured from each side ( )
and 2) all three materials are combined in different orders and
measured from each side ( ). The measurements are per-
formed from both sides of the multilayered structure and both
curves are used for the parameter evaluation. Again, all sim-
ulations are performed with the parameters ,

, and , and a sensitivity level of 15 dB
is used. The limits and starting values for the simulations are
given in Table I.

In Figs. 7 and 8, the reflection coefficients of
Macor–Al O –Teflon, measured from both sides of the
structure, are given versus frequency together with the
corresponding simulations. In both cases, one can see that the
simulated curves fit very well to the measured curves of the
multilayered structures. Similar results have been obtained
for all other combinations of the three materials. Again,
characteristic minima caused by negative interference are

observed, which are important for the performance of the
method. The good match of the curves in Figs. 7 and 8 proves
the frequency independence of the materials.

The material parameters determined from the measurements
together with the new algorithm are given in Table III. It can be
seen that there is only a small loss in accuracy when measuring
the multilayered structure instead of separately measuring the
three layers. The imaginary parts of the permittivities cannot be
accurately determined, except for Macor. In contrast, the real
permittivities of all three materials can be very accurately
determined (see Table III). The root mean square relative error
of and by measuring compound structures consisting of
two layers compared to the values obtained from measuring the
single layers are 1.34% and 71.44%, respectively. The errors by
measuring compound structures consisting of three layers are
1.73% and 145.44%, respectively.

In order to verify the convergence of the new method, the sim-
ulations are performed several times. In Table IV, the standard
deviations and of the material parametersand ,
respectively, are given for ten program runs. In each run, dif-
ferent start values have been used for the random number gener-
ator. High standard deviations are only found for the imaginary
permittivities of Al O and Teflon. In contrast, the real
permittivities of all three materials as well as the imaginary
permittivity of Macor can be determined with a very high
accuracy and reproducibility (see Table IV).

V. FEATURES AND LIMITATIONS OF THE PROCEDURE

The presented method to extract the material parameters of
compound multilayered structures needs scalar reflection and/or
transmission measurement data over the frequency or over the
angle of incidence. The thicknesses of the single layers have to
be at least in the range of the wavelength. Characteristic minima
caused by negative interference have to appear inside the mea-
sured frequency or angular range because therewith the material
parameters can be determined. Therefore, dispersive materials
have to be measured at one frequency over the angle and perhaps
for different polarizations. In principle, frequency-dependent
parameters (e.g., as a function of ) could also be introduced
in the GA, but this would increase the number of unknowns and
therewith reduce the accuracy. Instead of using frequency-de-
pendent parameters, the total frequency range can be divided
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TABLE IV
STANDARD DEVIATIONS OF THEMATERIAL PARAMETERS GIVEN IN TABLE III

CALCULATED FROM TEN PROGRAM RUNS

in intervals in which the parameters can be assumed to be con-
stant. This method was successfully applied on measurements
that have been performed with three layered windscreens [15],
[16]. The sensitivity level of the measurement system limits the
accuracy of the detected small imaginary parts of the permittiv-
ities as they define the depths of the minima.

VI. CONCLUSIONS

In this paper, a new method has been presented that deter-
mines the material parameters of each single layer of a com-
pound multilayered structure. The shown GA uses measure-
ments of the compound structure to determine the parameters
of the single layers. The measurements are either performed
versus frequency or versus different angles of incidence. The
GA shows good stability and produces accurate results. This
technique is well suited for bonding materials where the single
layers cannot be measured separately. The algorithm has also
been applied successfully on windscreens consisting of three
layers [15], [16].

If single layers are measured and their material parameters
are determined by the new method, a very high accuracy can
be reached. The accuracy of the determination of the material
parameters by measuring one single layer is only limited by the
accuracy of the measurement setup, but not by the algorithm. As
more layers are measured together, the error increases. The low
accuracy in the determination of the relatively small imaginary
parts of Al O and Teflon is caused by the limited sensitivity
level of the measurement system. The larger imaginary part of
Macor could be more accurately determined.
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