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This paper outlines an original shape optimization library backed by a three dimensional (3D) full-wave electromagnetic
(EM) simulator, combining several efficient structural optimization techniques and suitable for viable computer-aided
design (CAD) of complex microwave components. The microwave components are modeled by finite element method
(FEM) and their dimensions and shape are optimized using four techniques: design of experiments (DOE), level-set
method (LS), topology gradient (TG) method, and genetic algorithm (GA). The various methods allow determining the
optimal geometry, shape or topology of 2D or 3D objects within the microwave device, by minimizing iteratively a cost func-
tion related to the desired specifications. Typical demonstration illustrates the versatility of the proposed library based on the
design of a dual mode dielectric resonator filter in order to improve its unloaded quality factor by keeping the same frequency
isolation, their accuracy and efficiency are verified by the available measured results.
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I . I N T R O D U C T I O N

Technological revolutions in the field of microwave and com-
munication systems are pushing requirements for the exploi-
tation of electromagnetics-based computer-aided design
(CAD) [1–4]. Further innovative designs may be achieved
using powerful three dimensional (3D) full-wave electromag-
netic (EM) simulators in conjunction with sophisticated
optimization algorithms. Conventional optimization tech-
niques incorporated into EM simulators, will not realize
their full potential for the designer since they consist in
trying dimensional variations on an initial design and using
the information gained to improve on the design.

To overcome these restrictions, more generalist optimiz-
ation techniques have been invented (shape and topology),
that let engineers obtain the optimal configuration during
the object design phase, as they are implementing the
design of the geometry, shape, and the topology of the
structure.

This work presents a CAD library including efficient
global and local techniques for solving structural

optimization problems. The novelty of this work is to
couple several structural techniques, which apply to the geo-
metry, the boundary, and the topology of the structure, with
the possibility to exchange a solution from an algorithm to
another one, by keeping the same discretization, in order
to form a general CAD tool for shape optimization. As
shown in Fig. 1, an initial design may be optimized regarding
its geometry first, followed by its boundary and its topology
gaining more and more in generality for the solution. Indeed,
by exchanging a solution obtained, for example, from a tech-
nique dealing with the geometry of the structure to a tech-
nique dealing with its boundary allows us to extend the
domain, thanks to a new parameterization and to find by
this way the best solution. By changing the parameterization,
from geometry to boundary or from boundary to topology,
a global method may be employed with the developed
CAD library for exploring the solutions before refining
with a local method.

The aim of this research is to apply the CAD library to the
design of microwave devices. The rest of this paper is orga-
nized as follows. We describe the finite element method
(FEM), which is used to model the microwave components,
and the structural optimization techniques in Section II.
Section III illustrates the capability of the developed CAD
library to design microwave components. A demonstration
was given based on the design of a dielectric resonator
embedded in a metallic cavity in order to improve its electrical
performances (insertion loss and out-of-band rejection).
Finally, a conclusion is made in Section IV.
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I I . S H A P E O P T I M I Z A T I O N L I B R A R Y

The shape optimization library combines an FEM for the
analysis of the component and four coupled structural optim-
ization techniques.

A) Finite element method
For analysing a microwave component, the FEM is a popular
technique [3, 4] since both planar or waveguide structures
(including antennas) can be treated. Modeling a micro-
wave component with FEM requires discretizing the structure
into small mesh elements before solving Maxwell’s equations.
The system to be solved for its EM analysis is:

A(h)E(h) = B (1)

Here, A is a square symmetric matrix (Maxwell’s operator)
representing the structural and material properties of the dis-
cretized model, B is the column vector of the imposed sources,
and E is the unknown field vector.

In (1), both A and E depend on h, a parameter defined by
assembling small mesh elements, which can be a geometrical
dimension or more generally a variable describing a boun-
dary or a topological perturbation and can be optimized
with various techniques. In 2D, a metallic distribution can
be optimized on top of a substrate, switching between metallic
(h ¼ 1) or non-metallic (h ¼ 0) conditions for individual
mesh elements. In 3D, the shape of a dielectric component
can be optimized, switching between two permittivity values
for each mesh element.

B) Design of experiments (DOE)
DOE is a simple technique for optimizing the geometrical
dimensions of a structure. Also, in combination with response
surface modeling (RSM), DOE is an efficient optimization

technique. Previous work has demonstrated the advantages
of DOE in the modeling and optimization of RF/microwave
circuits [5].

In this framework, a DOE technique is adopted with FEM
in order to optimize the geometrical dimensions of microwave
components (length, diameter, thickness, etc). The DOE
approach steps are as follows: first, EM analysis of the
system helps identify the important variables to be considered.
Then, these variables are included in a factorial experiment
and the responses are recorded using an FEM simulator.
Explicit statistical models are developed for each of the
responses as a function of the input variables. Optimization
constraints are afterwards applied to these models and the
values of the input variables that best satisfy all of them are
calculated by applying a local or a global method.

C) Level-set (LS)
The LS method is used for solving optimization problems with
evolving geometries [6]. The basic idea of the LS is that the
domains and their boundaries are represented with the
so-called LS function of a continuous function rather than a
boundary parameterization. The function is expressed in an
implicit form of a high dimensional function. The boundary
changes are traced by the deformation of this function (esti-
mating a gradient based on the shape derivative). The
design boundaries are changed in order to minimize an objec-
tive function of a shape optimization problem.

Over the years, the method has proven to be a robust
numerical device for designing of microwave devices [7]. In
this paper, an LS method coupled with FEM is applied to opti-
mize the boundaries of a microwave component captured on a
fixed mesh by minimizing iteratively the cost function related
to the model specifications. The latter mesh is supported by
FEM discretization and the boundary is then moved during
optimization along with the gradient direction by modifying

Fig. 1. Techniques developed for the CAD library: G stands for global optimization methods and L for local optimization methods.
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the physical property of the mesh elements considering their
inclusion or exclusion of the structure.

D) Topology gradient (TG)
This technique has been successfully applied for designing
microwave components and antennas [8]. The TG method
evaluates the gradient of a cost function related to the
model behavior with respect to the characteristics modifica-
tion of small topological elements, very locally (h ¼ 0 � 1
or h ¼ 1 � 0). One can note that the topological elements
are directly the mesh (finite) elements, or a collection of
them, and are characterized by an individual value for h.

The optimization procedure starts from an initial configu-
ration of the domain and converges iteratively to the optimum
using the gradient calculation for each topological element. All
of the elements with a negative gradient can be modified
(physical properties are modified) to minimize the cost func-
tion, and the procedure is repeated iteratively until a local
minimum is attained.

E) Genetic algorithm (GA)
GA was applied for the optimization of several microwave
structures and antennas [9]. It is an evolutionary optimizer
(EO) that takes a sample of possible solutions (individuals)
and employs genetic operators for optimization. In this
work, a GA coupled with FEM aims to optimize the shape
or the topology of microwave components, by applying an
on/off strategy. Chromosomes are characterized by binary
genes (h ¼ 0 or 1) supported by the discretized FEM struc-
ture. GA begins an optimization process starting with a
large population of randomly generated or predetermined sol-
utions characterized by a fitness function. These solutions
undergo a mutation or recombination process to produce
better solutions until the population converges to a final
unique solution or some other criteria are met.

I I I . A P P L I C A T I O N T O T H E D E S I G N
O F D U A L M O D E D I E L E C T R I C
R E S O N A T O R F I L T E R

In order to show the validity of the developed library in 3D, a
demonstration aiming to improve the electrical performances
(quality factor and stopband) of dual mode dielectric resona-
tor filter was given.

A) Initial design
Dielectric resonators provide all of the advantages of compact-
ness and lightness and offer higher Q’s as well as better temp-
erature stability over conventional waveguide resonators.
Moreover, dual-mode dielectric resonator filters have been
widely used in transmission and satellite communication
systems due to their high selectivity, small size, and mass [10].

The investigated structure, presented in Fig. 2, consists of a
dual mode dielectric resonator truncated at the 4 corners and
embedded in a metallic cylindrical cavity. It has four contacts
with the metal walls, which ensure its maintenance. The reso-
nator is weakly excited by a rectangular window connected to
standard rectangular waveguides. The dielectric material is
characterized by a relative permittivity (1r) of 12.6 and a
loss tangent (tan d) of 5.5 × 1025. The metal is characterized
by a conductivity (s) of 4.7 × 107 S/m.

The resonator is designed for working on its fundamental
TE1 mode. As shown in Fig. 2, the resonant frequency (F0)
is equal to 4 GHz and its unloaded quality factor (Q0) is
around 104. The frequency of the first higher-order mode
(F1) is around 6.4 GHz, which defines a frequency isolation
(FI) of 2.4 GHz.

B) Optimization of individual resonators

1) improvement of insertion loss

The goal of the design is to improve the unloaded quality
factor by optimizing the distribution of dielectric material in
the resonator region. The cost function (JQ0) is minimized
in order to reduce the distance between the scattering par-
ameter (S21 in dB) of the current model and the ideal (lossless)
resonator model.

JQ0 (S) =
∑N

i=1
−20 log10(|Sl

21(fi)|) + 20 log10(|Sc
21(fi)|)

∣∣ ∣∣2

(2)

Where fi is the frequency among the N frequencies used for
error computation and Sc

21 and Sl
21 are respectively the com-

puted and ideal scattering parameter S21.
Initially, LS, TG, and GA are applied individually. DOE

cannot be applied with the initial shape since no more par-
ameters can be tuned for optimizing the structure considering
a fixed cavity. The final solutions, shown in Fig. 3, are intro-
duced as initial solutions for each other technique in order
to improve the unloaded quality factor. The optimal solution
is attained by applying the LS and the TG successively. This

Fig. 2. Initial design and simulated response (S21 scattering parameter).
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solution is smoothed in order to obtain a simple and original
resonator form and approximated by the dielectric object
shown in Fig. 4(a). Since this approximation modifies the
optimal solution slightly, the resonator is parameterized
with three geometrical parameters, R and W described in
Fig. 4(a), and the thickness of the resonator. The latter are
finally optimized using DOE. The unloaded quality factor is
improved by 30% (Q0 ¼ 12 970) compared to the initial one
due to the concentration of dielectric material in the middle
of the cavity and the FI (2 GHz) remains sufficient considering
standard needs.

2) improvement of spurious performance

The second section of this demonstration carries on improv-
ing together the unloaded quality factor (Q0) and the FI.

The new cost function (J ) is formulated to recover the band-
width at F0 with similar characteristics and attenuate (above a
dB) or shift upward the second resonance at F1

J(S) = JQ0 (S) + JFI(S) (3)

With JFI(S) =
∑N

i=1
Re

������������������������
20 log10 |Sc

21(fi)|
( )

+ a

√( )4

(4)

where a is a positive real, which controls the maximum level
of scattering parameter S21 at frequency fi.

Figure 4(b) illustrates the final shape resulting from the
application of the previous cost function with the GA and

Fig. 3. Solutions attained by individual techniques.

Fig. 4. Optimized dielectric resonators.

Fig. 5. Simulations and measurements of initial and optimized resonators.
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the TG. The unloaded quality factor is improved by 29%
(Q0 ¼ 12 900) compared to the initial one and the FI is
extended to 2.8 GHz.

3) experimental validation

For validating the optimization techniques, the initial and
optimized resonators have been fabricated using a stereo-
lithography process [11]. Figure 5 presents the comparison
between the simulated and the measured performances. It
can be observed that the agreement between the measured
and the simulated results is very good.

C) Design of a dual-mode dielectric
resonator filter
A four-pole filter can be constructed using two dual-mode
dielectric resonators assembled together with a metallic cross-
iris. A four-pole dielectric resonator filter centered at 4 GHz
with 27.5 MHz bandwidth is designed using previous resonators
by applying a coupling matrix identification procedure [12].
Figure 6 shows a comparison between the initial and the opti-
mized filter responses in terms of transmission (S21) and dis-
sipation. It is obvious from these comparisons that optimized
filters offer higher performances than standard one.

I V . C O N C L U S I O N

In this paper, a CAD library combining four structural optim-
ization techniques coupled with FEM is developed for the
design of microwave components. These techniques are

described and applied to the design of a dual mode dielectric
resonator filter for improving its electrical performances. The
results show the potential of such a CAD library for the design
of advanced microwave components. The main advantages
are the rapid convergence and the versatility and the general-
ity of the procedure, which can be applied in two or three
dimensions.
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