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Abstract—A novel inverse transmission-line method for the
complex permittivity determination of arbitrary shaped materials
is presented. Complex permittivity is inferred by using an inverse
calculation procedure, which is based on a combined optimization
strategy of both genetic algorithms and the gradient descent
method. The optimization procedure matches the measured and
simulated complex scattering parameters’ frequency behavior
of materials within a WR340 waveguide. High accuracy and
practical suitability are validated through experimental tests.
The dielectric properties of PTFE and epoxy resin mixed with
iron–oxide-doped fiberglass have been measured for different
shapes and positions. Dielectric multilayer structures have been
used to demonstrate that this technique is able to measure the
individual permittivity of each element of the structure. Both two-
and three-dimensional approaches have been carried out and their
advantages and drawbacks discussed.

Index Terms—Complex permittivity measurement, genetic
algorithms (GAs), gradient descent (GD) method, microwave
energy.

I. INTRODUCTION

THE knowledge of the complex permittivity is a key point
in a great number of applications. In fact, the design of de-

vices or systems in several microwave applications such as com-
munications, microelectronics, radar, or industrial microwave
heating [1], [2] requires the precise permittivity determination
of the involved dielectric materials.

During the last decades, many methods have been developed,
analyzed, and employed for measuring the complex permit-
tivity of dielectrics [3]. The most used measuring techniques are
based on cavity perturbation, transmission lines, and free-space
configurations [4]. Cavity or perturbational techniques have
been used for low-loss materials successfully. Although these
techniques provide good accuracy values in this case, the size
and permittivity of the sample limit them, since the perturbation
must be minimum and, moreover, the results are obtained only
at discrete frequencies. In transmission-line techniques, on the
contrary, the dielectric and magnetic properties can be deter-
mined over a wide frequency range by measuring the scattering
parameters of a coaxial or waveguide structure with a dielectric
sample completely [5]–[8] or partially [9] filling the cross
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section. In contrast, the precision of transmission/reflection
methods for low-loss materials is restricted by the uncer-
tainty of the network analyzer. Furthermore, the waveguide
or coaxial-line end methods require a homogeneous and very
tightly contacting sample. The same algorithms that are used
by transmission-line methods can be used by the free-space
methods [10]. These methods use large samples, and, normally,
they are nondestructive technique but suffer from reduced
accuracy because of unwanted reflections of the surrounding
object and the diffraction from the edges of the sample.

Generally, direct methods are quick, but sometimes they do
not provide the required accuracy. Moreover, these methods
need the sample to have a canonical shape and, when a
multilayer material must be measured in order to obtain the
individual permittivities of its elements, they obtain an effective
permittivity but are not able to measure the individual permit-
tivity of each layer.

Several inverse techniques have been previously employed
to determine both the complex permittivity and/or permeability
values. In [11], the calculation of dielectric and magnetic prop-
erties is made by an electromagnetic analysis of the test mi-
crostrip device together with a numerical optimization based
on gradient method. In [12], a nonreciprocal waveguide cell is
employed to measure the permeability through the use of the
Levenberg–Marquardt method. Monte Carlo simulation and the
finite-element method (FEM) are used in order to extract the
permittivity of arbitrary materials within a microwave cavity
in [13]. Complex permittivity is also reconstructed in [14] by
using neural networking inverse measurement procedures. Ad-
ditionally, the Newton–Raphson method has been employed in
order to match experimental data and computed values of fre-
quency shift and quality factor changes in cavity permittivity
measurements [15]. This optimization technique has also been
used for the permittivity inverse estimation of dielectrics within
short-circuited waveguides [16].

Genetic algorithms (GAs) have been used in the last few years
by the electromagnetic community as an optimization technique
[17]. GAs are proving to be useful for solving complex elec-
tromagnetic problems such as electromagnetic devices design
[18]–[20]. Regarding the specific use of GAs in permittivity
inverse measurements, a free-space multilayer structure eval-
uation has been carried by using analytical equations in [21].
The GA and the method of moments (MoM) have been simul-
taneously applied in [22] and [23] to measure the dielectric
constant of rectangular strips within rectangular waveguides by
comparing the measured and computed reflection coefficients.
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Furthermore, several studies have shown the successful use of
coaxial sensors jointly with GA techniques to predict the per-
mittivity of both saponification reactions [24] and solid mate-
rials [25].

Recently, the combination of GA and three-dimensional
(3-D) electromagnetic (EM) commercial software based on the
finite-integration technique (FIT) has proven that high-preci-
sion waveguide measurements can be carried out [26], although
this approach suffers from high computing times due to both
the high amount of generations needed by the GA to achieve
convergence and the huge amount of computing resources
employed by 3-D electromagnetic simulators.

In this study, an iterative inverse method for the complex per-
mittivity measurement of arbitrarily shaped samples within a
waveguide is presented. In fact, some complex sample geome-
tries used in this study, such as E-shaped or cylinder samples,
have not been measured in transmission/reflection waveguide
measurements yet since previous studies usually handle simpler
sample geometries [22], [23], [26]. Additionally, dielectric mul-
tilayer measurements have been carried out to show how this
technique can be employed to infer the permittivity of each ele-
ment in the dielectric structure. Therefore, the waveguide mea-
surement setups, evaluation functions, optimization strategies,
and numerical methods employed in previous studies [22], [23]
differ greatly from the ones proposed in this study.

The inverse technique uses an in-house-made EM simulator
based on FEM for two-dimensional (2-D) structures. For 3-D
scenarios, a FIT commercial software is used [28]. Both 2-D and
3-D EM simulators are used for computing the EM fields and
the scattering parameters of waveguide structures that contain a
dielectric sample with an arbitrary geometry. These computed
scattering parameters are then compared to the measured ones
through the definition of an objective error function that must
be minimized. In this case, a hybrid technique is used for min-
imizing the objective function and to reduce computing times.
As a difference with other studies [26], this hybrid technique is
based on the combined strategy of the GA and the gradient-de-
scent (GD) method in order to combine the advantages of both
optimization techniques. Furthermore, the results obtained by
2-D and 3-D software are compared in terms of accuracy and
computational cost.

II. INVERSE PROBLEM

In this study, we have observed several WR-340 waveguide
measurement cells containing different dielectric samples with
arbitrary shapes and positions. In order to compare both 2-D and
3-D approaches, we have restricted the sample shapes to provide
invariance along the shorter dimension of the waveguide cross
section. However, the proposed algorithm could work with any
kind of sample size, shape, or position by using the proposed
3-D approach.

The hybrid inverse technique reconstructs the permittivity
frequency behavior of arbitrarily shaped dielectric samples by
minimizing the difference between the measured and the com-
puted scattering parameters. Thus, this technique includes three
interrelated stages: the modeling of the waveguide EM behavior

as a function of the sample permittivity (direct problem), the
scattering matrix measurement of the waveguide cell filled with
the dielectric, and the matching of the measured and computed
scattering parameters (inverse problem) by using an optimiza-
tion procedure.

The relationship between the scattering parameters and com-
plex permittivity is not straightforward since the shape and po-
sition of the sample is only restricted to keep constant along
one space direction. As a consequence, the calculation of the
dielectric properties from the measured scattering parameters
requires an optimization method that uses the EM simulation of
the problem under test.

A. Scattering Parameter Computation: 2-D Approach

An in-house 2-D FEM-based software has been employed to
solve the wave equation

(1)

for each electric field component, by using the variational for-
mulation as indicated in [27] where is the vector electric field,

is the angular frequency, is the magnetic permeability, and
is the dielectric complex permittivity of the medium defined

as

(2)

where is the vacuum permittivity, is the dielectric constant,
is the loss factor, and the loss tangent.

This 2-D software is based on the online programming of
the PDE MATLAB toolbox [27], allowing the mode ex-
citation at the corresponding port and the definition of an ab-
sorbing boundary condition to provide adaptation in the other
port through the use of a general Neumann boundary condition.
In this way, the scattering parameters of the waveguide cell can
be computed from the electric field computation as

(3)

(4)

where is the total electric field at the center of port 1,
is the total electric field at the center of port 2, and and
are the incident electric fields at ports 1 and 2, respectively.

It is important to remark that the 2-D approach can be used
to compute the scattering parameters because the mode is
invariable across the smaller dimension of the WR-340 wave-
guide and due to the fact that the dielectric sample geometry
keeps constant along this dimension.

B. Scattering Parameter Computation: 3-D Approach

A more general approach is the use of 3-D EM simulators to
compute the scattering parameters. These programs permit any
kind of sample positions or shapes within the waveguide holder.
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In this case, the CST Microwave Studio 4.0 (CST MWS) com-
mercial software has been used in order to compute the scat-
tering parameters of the 3-D schemes of both the holder and the
dielectric sample.

CST MWS is a general-purpose electromagnetic simulator
based on the FIT first proposed by Weiland [28]. FIT provides
a general spatial discretization scheme that is applicable to
various electromagnetic problems, such as static field calcula-
tions or high-frequency applications in the time or frequency
domains.

C. Description of Optimization Techniques

The proposed optimization procedures used to carry out the
permittivity measurements are based on GA, GD, and the com-
bined strategy of both methods in order to make best use of their
specific advantages.

GA optimization methods are robust, stochastic search tech-
niques modeled on the principles and concepts of natural se-
lection and evolution. GAs are particularly effective when the
goal is to find a global optimum, which, in this case, is the com-
plex permittivity. In GAs, a population of potential solutions is
caused to evolve toward a global optimal solution. The evolution
toward a global optimum occurs as a result of two processes: on
the one hand, the pressure exerted by a fitness-weighted selec-
tion process, and, on the other hand, the exploration of the solu-
tion space, which is accomplished by recombination and muta-
tion of existing characteristics present in the current population
[17]. The best individual of the last generation is the start point
for the GD. GA optimization methods have been implemented
as MATLAB function [29].

Gradient methods are generally efficient when the function to
be optimized is continuous in its first derivative. These methods
use information about the slope of the function to follow a search
direction of the minimum. The best advantage of GD methods
is that convergence can be very fast if the error function shows
high gradients toward the global minimum. However, GD may
get stuck on local minima. In this study, a multivariable opti-
mization MATLAB function that implements the quasi-Newton
method has been employed [30].

In this study, we suggest a hybrid optimization technique
GA GD that employs the GA and GD at different stages

of the search. The GA initiates the search and locates the
zone of the global optimum, and then the GD searches the
optimum [31]. Starting from this improved initial point, this
search quickly converges. Obviously, it is assumed at this stage
that, close to the global optimum, the objective function is
differentiable and without local minima. This hybrid optimiza-
tion technique has also been compared in terms of accuracy
and computing times to both pure GA and GD optimization
approaches.

Fig. 1 shows the flowchart of the hybrid technique. First, an
initial population is randomly generated. A population is a group
of potential solutions or individuals, . Each individual
consists of a sequence of genes representing the unknown pa-
rameters. In this case, the genes are the dielectric constant and
the loss tangent of the sample, , and the genera-
tion is the iteration number during GA optimization.

Fig. 1. Flowchart of the hybrid technique.

The objective function evaluates the difference between sim-
ulated and measured scattering parameters, and this fitness is
assigned to the individual. Then, the Selection, Crossover, and
Mutation operators are applied to results of each population
until the solution converges [17]. The termination condition is
the number of generations .

The objective function used in this study is [24]

(5)

where is a weighting factor, , with and
, are simulated scattering parameters expressed as linear

magnitudes, is the number of evaluated frequencies, , with
and , are measured scattering parameters, and

and are the measured or computed phase
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Fig. 2. Sample 1 geometry and position in waveguide holder. M1.

Fig. 3. Sample 2 geometry and position in waveguide holder. M1.

Fig. 4. Sample 3 geometry and position in waveguide holder. M1.

of scattering parameters, respectively. In this study, has been
fixed to 0.5 for all simulations.

III. EXPERIMENTAL SETUP

An Agilent 8720 vector network analyzer and several WR340
rectangular waveguides have been used to measure the scat-
tering parameters . Figs. 2–5 show the different samples’

Fig. 5. Sample 4 geometry and position in waveguide holder. M2.

Fig. 6. Dielectric multilayer structure and position in waveguide holder. ML1.

Fig. 7. Dielectric multilayer structure and position in waveguide holder. ML2.

geometry and waveguide holders used during measurements.
Sample 1 was a PTFE cylinder, while samples 2 and 4 were
mechanized as two rectangular slabs of PTFE and epoxy resin
mixed with fiberglass doped with iron–oxide materials, respec-
tively. In sample 3, the PTFE was shaped into a capital E. Figs. 6
and 7 show the dielectric multilayer structures within the wave-
guide. In Fig. 6, the multilayer 1 (ML1) is composed of PTFE,
fir wood, styrofoam, and polyester resin. Multilayer 2 (ML2) in
Fig. 7 has five components: PTFE, Styrofoam, polycarbonate,
fir wood, and epoxy resin. In both structures, all of the materials
that make up the structure completely fill the waveguide cross
section.
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TABLE I
PERMITIVITY RESULTS FOR SAMPLE 1 (M1, CYLINDER)

Consequently, six materials have been employed for di-
electric properties estimation: PTFE (M1), epoxy resin mixed
with fiberglass doped with iron oxide (M2), fir wood (M3),
Styrofoam (M4), polyester resin (M5), and polycarbonate
(M6). PTFE has been used for validation purposes due to its
wide use in literature. The frequency bandwidth ranged from
2.2 to 3.3 GHz for single materials’ measurements and from
2 to 2.75 GHz in the case of multilayer structures.

The use of these low-loss materials is due to the fact that
waveguide measurements are not very precise when dielectric
losses are low. Thus, we have chosen the worst case to test the
proposed inverse measurement technique.

Finally, a 10 2 34 cm rectangular monomode cavity has
been used in order to obtain additional data for the permittivity
of the epoxy resin. The excited mode for the cavity was TE107
and the operating frequency set to around 3 GHz. In this case,
the sample was a 0.234 2 1 cm rectangular sheet placed at
the center of the cavity. For multilayer structure permittivity val-
idation, the Nicholson–Ross method has been used [5] to mea-
sure the individual permittivity of each component.

IV. NUMERICAL RESULTS AND DISCUSSION

Several inverse measurements have been performed to illus-
trate the accuracy and computational cost of the proposed tech-
nique in the evaluation of complex permittivity. In order to test
the accuracy of the 2-D inverse procedure, the value of com-
plex permittivity of both M1 and M2 dielectrics has been mea-
sured by using an Agilent 8720 Network Analyzer and the Ag-
ilent 87051 software,1 yielding for M1 and

for M2. This commercial software
uses the Nicholson–Ross technique to obtain the complex per-
mittivity [5]. Since the resolution of waveguide methods for
low-loss material is restricted by the uncertainty of the network
analyzer, the permittivity of M1 is compared to the permittivity

1Agilent Technol., Innovative Measurement Solutions Inc., Help 85071, ver.
D1.00, 1988-2001

TABLE II
PERMITIVITY RESULTS FOR SAMPLE 2 (M1, RECTANGULAR)

TABLE III
PERMITIVITY RESULTS FOR SAMPLE 3 (M1, E-SHAPED)

from literature [2], and the permittivity of M2 has been calcu-
lated through the use of a cavity measurement. All of the simu-
lations were carried out in a personal computer with a 2.4-GHz
Pentium IV processor and 512-MB RAM memory.

A. 2-D Inverse Measurements

Tables I–IV show the complex permittivity, the error obtained
by (5), and the computation time with different techniques,
namely GD, GA and the proposed hybrid technique GA GD
for Samples 1–4, respectively. In all of these inverse measure-
ments, the MATLAB 2-D in-house-made code was employed
to model the waveguide cell behavior. In the particular case of
Table I, two termination conditions are used: one is based on a
maximum iteration number or maximum number of generations
for GD or GA, respectively, and the other one is based on a
required accuracy (2%) around the optimum value provided by
the GA GD algorithm.
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TABLE IV
PERMITIVITY RESULTS FOR SAMPLE 4 (M2, RECTANGULAR)

For Tables II–IV, in the case of using a pure GD optimization
technique, the initial point is shown, and the maximum iteration
number is set to 25. For GA optimization, 25 individuals, 50
generations, and the ranges for M1 and

and for M2 are used in simulations.
Finally, for the hybrid optimization strategy GA GD , the
GA stage uses five individuals and 25 generations while GD
maximum iteration number is set to 10.

The frequency discretization number was different for the dif-
ferent sample geometries in measurements and simulations. For
Sample 1, five frequency points were used while, for Samples 2
and 4, ten points were used. Additionally, due to the particular
scattering parameters’ frequency behavior of Sample 3, the fre-
quency discretization was increased to 25 points.

From the results in Table I, it can be concluded that GA
GD is more effective than the GA or GD algorithms used in-
dividually. In fact, results demonstrate that, to obtain a similar
accuracy for both dielectric constant and loss factor than the
GA GD method, the computing time is much higher for both
GD or GA methods used individually. In terms of iterations, GA
needs 214 generations with five individuals in each generation
and pure GD uses 41 iterations versus 25 generations plus ten
iterations of the GA GD method. The number of iterations
of GD is less than that for GA GD when the initial point is
close to the solution (see case GD2), but, if the initial point is
far from the solution, as is the case for GD1, then this optimiza-
tion algorithm does not converge. From Table I, one also can
conclude that the GA algorithm is not a suitable algorithm for
increasing the accuracy of the permittivity at the final stages of
the optimization process. This is due to the fact that GA does not
converge as a function of the objective function as fast as other
methods such as GD do. Thus, using GA during the whole op-
timization process may lead to high computing times when a
required accuracy must be reached.

From these data, several conclusions can be obtained. First
of all, the convergence of the GD optimization method very
strongly depends on the initial point. In fact, for all PTFE sam-
ples (Tables I–III), the algorithm does not converge to the ref-
erence value when the start point is 6.56- 3.92. Nevertheless,
if the start point is set to 2.51- 0.7, the algorithm converges in
most cases. Additionally, GD convergence times also depend
very much on the measurement configuration and initial point.

The GA converged to the reference value in all cases, and for
all PTFE samples the dielectric constant relative error always
kept below 2%. Sometimes, the convergence times were even
better than those provided by GD optimization as in Table I.

Fig. 8. Magnitude of measured and computed scattering parameters for
Sample 3 and GA + GD optimum value (" = 2:064� j0:033).

Additionally, the error provided by (5) was lower with GA opti-
mization than with GD for Tables I, III, and IV, which indicates
that GA is able to match the measured and computed scattering
parameters in a better way than GD technique.

The hybrid optimization strategy GA GD always con-
verged to the reference value and provided the best errors when
applying (5) and, for Samples 1–3, the relative error for the di-
electric constant was always lower than 2%. Sometimes, the
GA GD convergence time was even better than for the GA
optimization method in Tables II and IV. From these data, one
can conclude that the proposed hybrid optimization technique
provides the best accuracy of the optimization methods studied.

Figs. 8 and 9 compare the measured and the computed scat-
tering parameters for the best result of the GD GA opti-
mization and Sample 3 both in magnitude and phase, respec-
tively. Permittivity measurements in waveguides may introduce
various complications, related both to formation of transverse
modes or the appearance of resonance phenomena in measured
objects. These phenomena have been observed for Sample 3
around 2.9 GHz. It can be observed that the proposed optimiza-
tion strategy is able to predict the measured resonance around
2.9 GHz and the agreement between the computed and mea-
sured scattering parameters is fine. This agreement is due to the
fact that the employed software takes into account all of the pos-
sible modes that may appear in the waveguide structure through
the use of Maxwell’s equations.

Similar results have been obtained for all the samples.
Figs. 10 and 11 illustrate the behavior of both the magnitude
and phase of measured and computed parameters for Sample 4.
Again, the hybrid optimization technique and the 2-D EM
simulator are able to closely follow the experimental behavior
of measurements.

B. 3-D Multilayer Inverse Measurements

The CST MWS commercial software has been used to carry
out inverse measurements for ML1 and ML2 structures pro-
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Fig. 9. Phase (radians) of measured and computed scattering parameters for
Sample 3 and GA + GD optimum value (" = 2:064� j0:033).

Fig. 10. Magnitude of measured and computed scattering parameters for
Sample 4 and GA + GD optimum value (" = 3:75� j0:032).

viding, in this way, the individual permittivities of each element
of the multilayer. The inverse measurement has combined the
use of both GA and GD optimization methods, and the obtained
results have been compared to Agilent 87 501 commercial soft-
ware based on Nicholson–Ross technique [5], which has been
applied to each individual element. Both GA generation and in-
dividual numbers have been set to 50 in these measurements
whereas GD maximum iteration number has been set to 100.
Table V shows the permittivity of each layer of ML1.

Fig. 11. Phase (radians) of measured and computed scattering parameters for
Sample 4 and GA + GD optimum value (" = 3:75� j0:032).

TABLE V
PERMITTIVITY RESULTS FOR ML1

From these results, it can be deduced that the method is able to
provide an acceptable estimation for both the dielectric constant
and loss factor of each multilayer component with a single mea-
surement. However, the accuracy is poorer than inverse mea-
surements carried out with single material samples.

The inverse permittivity measurement for each element of
multilayer in ML2 is shown in Table VI. In this case, the relative
error between the Nicholson–Ross technique, and the proposed
inverse algorithm is below 8% for all materials.

Figs. 12 and 13 show the comparison of measured and com-
puted and magnitudes and phases, respectively, for the
obtained permittivity of ML1 structure. In both cases, the fitting
between measured and computed scattering parameters is very
good. The accuracy loss versus the previous measurements can



622 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 54, NO. 2, FEBRUARY 2006

TABLE VI
PERMITTIVITY RESULTS FOR ML2

Fig. 12. Magnitude of measured and computed scattering parameters for ML1
and GA+ GD permittivity optimum values, as indicated in Table V.

be explained due to the fact that the permittivity error of a single
layer can be compensated by the error of another layer pro-
viding, thus, a good fitting for the scattering parameters, which
are a macroscopic measurement of the whole waveguide struc-
ture. Therefore, it seems that additional measurements with dif-
ferent sample orientations should be carried out in order to in-
crease the accuracy of this method when applied to dielectric
multilayer structures. Additionally, the sensitivity level of the
vector network analyzer also limits the accuracy of the proce-
dure for low-loss materials, as described before.

Fig. 13. Phase (radians) of measured and computed scattering parameters for
ML1 and GA+ GD permittivity optimum values, as indicated in Table V.

TABLE VII
PERMITTIVITY RESULTS FOR PTFE CYLINDRICAL AND E-SHAPED SAMPLES

C. 3-D and 2-D Inverse Measurement Comparison

Table VII compares the complex permittivity obtained by
the 2-D simulator and the permittivity obtained in a 3-D sce-
nario for Samples 1 and 3 and the hybrid optimization strategy
GA GD . From these results, one can observe that the error

computed by (5) is slightly smaller when using the 3-D simu-
lator than the error provided by the 2-D simulator. However, the
time needed by the 3-D simulator increases dramatically versus
the 2-D approach (in some cases, up to 50–60 times), and this
does not result in appreciable dielectric constant relative error
reductions.

V. CONCLUSION

A novel inverse method for permittivity estimation em-
ploying a hybrid optimization strategy based on GA and GD
methods has been implemented with an in-house-made 2-D
EM software and validated with measurements and 3-D EM
commercial software.

Several optimization methods, namely GD, GA, and
GD GA, have been used to determine the complex per-
mittivity by matching the measured scattering parameters with
the simulated scattering parameters. The results obtained with
these three methods have been compared, and, as a result,
the method that provided the best accuracy was a combined
strategy of the GA with the GD. The obtained results indicate
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that this combined strategy constitutes an efficient optimization
tool to calculate the complex permittivity of materials.

The hybrid optimization algorithm has been applied to dielec-
tric multilayer structures to obtain the individual permittivities
of each layer. Although good matching between measured and
computed scattering coefficients has been obtained, the accu-
racy of the elements’ permittivity is worse than that obtained
when applying the algorithm to homogeneous samples. Further
research is envisaged in this direction to increase accuracy for
these nonhomogenous structures.

The computing time comparison between 2-D and 3-D ap-
proaches indicates a time saving depending on the problem ge-
ometry, size, and frequency discretization, achieving, for some
of the measurement setups, values around 98%.
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