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Abstract

This dissertation focuses on the development of methods for the design and opti-
mization of pixelated microwave structures. A novel optimization algorithm, Binary
Ink Stamp Optimization (BISO), was proposed and demonstrated strong perfor-
mance on benchmark problems as well as in practical antenna and filter designs.
A design strategy for SIW horn antennas employing pixelated dielectric loads was
introduced and validated through the design of three antennas. An automated pro-
cedure for waveguide filter design based on pixelation was developed and applied
to two X-band filters. All prototypes were fabricated using 3D printing. The TR
method was used to characterize the electromagnetic properties of the 3D-printed
materials used for the design of the aforementioned structures.

Keywords
pixelated microwave structures, SIW horn antennas, waveguide filters, evolutionary
algorithms, binary optimization, 3D printing

Abstrakt

Tato disertaCni prace se zaméruje na vyvoj metod pro navrh a optimalizaci pixe-
lovych mikrovinnych struktur. Byl navrZen novy optimalizacni algoritmus nazvany
Binary Ink Stamp Optimization (BISO), ktery prokézal své vlastnosti jak na testo-
vacich Ulohéach, tak i v praktickych navrzich antén a filtr(. Byla predstavena navr-
hova procedura pro SIW trychtyfové antény vyuZivajici pixelové dielektrické zatéze
a ovéfena na navrhu tfi antén. Byla predstavena automatizovana procedura pro na-
vrh vinovodovych filtri zaloZenych na pixelaci, ktera byl aplikovana na navrh dvou
filtr( pro pasmo X. Vsechny prototypy byly vyrobeny pomoci 3D tisku. Pro charak-
terizaci elektromagnetickych vlastnosti 3D tisténych materiald pouZitych pro navrh
vySe zminénych struktur byla vyuZita TR metoda.
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Introduction

The eld of 3D printing technology is currently experiencing signi cant growth.
Previously, 3D printing found applications mainly in the industrial and academic
sectors, primarily due to the cost of acquiring 3D printers. The advantage of 3D
printing is undoubtedly the ability to manufacture almost any computer-generated
model. In the development teams of technology companies, 3D printing is primarily
used in the prototyping process, signi cantly shortening it.

3D printing nds applications across a spectrum of industrial and scienti ¢ sec-
tors, including aerospace, automotive, healthcare, and even the fashion industry.
Its applications lie mainly in the aforementioned development process, as well as in
simplifying the production of complex-shaped components.

As the development of 3D printing itself progresses, the variety of usable mate-
rials also increases. The most widespread is printing with thermoplastics, such as
Acrylonitrile Butadiene Styrene (ABS) or Polylactic Acid (PLA), but metals, ceram-
ics, sand, and glass can also be used for printing. Di erent printing processes are
naturally used for various materials. For example, for printing with thermoplastics,
the Fused Deposition Modeling (FDM) technology is employed, which involves lay-
ering melted plastic pushed through a nozzle. Other technologies use processes such
as heat sintering, ultraviolet radiation curing, chemical catalyzed curing, electron
beams, or adhesive.

The principle of 3D printing implies that, unlike traditional manufacturing pro-
cesses such as machining, it is an additive process. Material is layered using one of
the mentioned approaches to achieve the desired structure. The most widespread
3D printing technology is undoubtedly the aforementioned FDM. A relatively broad
range of thermoplastics can be used for printing. Printing materials are available in
the form of a string wound on a spool. This string is fed into a heated nozzle, where
the material is melted and extruded at positions speci ed by the print program. In
this way, individual layers are printed, from which the entire model is subsequently
formed. Stereolithography (SLA) serves for high-resolution product printing. In
this technology, the curing of a photopolymer resin using ultraviolet radiation is
employed for printing. The printing material is in liquid form.

In recent years, 3D printing has also found its application in the eld of micro-
wave technologies leading to a signi cant increase in publications focusing on 3D-
printed microwave structures. These publications explore various aspects of 3D
printing and its impact on the parameters of printed microwave structures. This
includes deviations in material permittivity when using di erent printing pro les,
changes in the electromagnetic properties of 3D-printed material over time, printing
resolution, surface roughness of 3D-printed structures, and more. Due to the vari-



ations in electromagnetic parameters of materials from di erent manufacturers and
even among di erent colors of the same material from one manufacturer, it is nec-
essary to perform a custom characterization of the electromagnetic properties of
3D-printed materials. The establishment of suitable measurement methods is par-
ticularly challenging for composite 3D-printed materials. It has become standard to
utilize 3D printing to manufacture prototypes of published microwave structures to
expedite the production process. With advancements in 3D printing technologies,
its utilization in higher frequency bands is becoming feasible. For example, 3D-
printed microwave structures operating in the submillimeter wave band have been
published. Currently, there are also available 3D printing technologies combining
multiple materials, including combinations of dielectric and metallic materials. This
allows for the printing of complete structures, such as antennas with PCB boards, at
once. These aforementioned facts suggest that 3D printing in the eld of microwave
structures is rmly established, and its future utilization is poised for growth due
to the opportunities it o ers compared to conventional manufacturing methods.

As mentioned earlier, 3D printing enables the production of unconventional struc-
tures, making it practically possible to print any 3D object created using computer-
aided design. For the design of unconventional structures, unconventional methods
must also be sought. Pixelization is one of these methods. In principle, it involves
dividing the area dedicated to the nal structure into small elements (pixels) and
adjusting the properties of these elements to achieve the desired characteristics of
such a structure. The simplest case is binary pixelization, where pixels can be in
one of two states. For example, it may involve the presence of material where a
pixel is either lled with material or not. A further stage is multi-state pixelization,
where there are multiple discrete states. An example could be a perforated struc-
ture where each pixel is described by an area with a hole whose diameter can have
one of several prede ned values. The nal stage is continuous pixelization, where
pixels can take on a value within a prede ned continuous interval. However, this
method of pixelization is the most demanding in terms of design and physical real-
ization of such a structure. Generally, the biggest challenge for an e ective method
of designing pixelated structures is the number of possible combinations of pixels.
Describing an area with a larger number of pixels increases the number of possible
realizations exponentially, and these possibilities need to be explored, which can be
computationally intensive. With the rapid growth in performance of common PCs
or workstations, the design of such structures becomes feasible.



1 State of the Art

This chapter reviews the state of the art in the four main elds addressed in this the-
sis: the use of pixelated structures in microwave applications, Substrate Integrated
Waveguide (SIW) antennas, waveguide Iter design, and 3D-printed material char-
acterization. For 3D-printed microwave structures, unconventional solutions such as
pixelization o er new possibilities, and the rst part of this chapter discusses the ap-
plication of pixelated structures in microwave technology as well as methods for their
optimization. SIW horn antennas are valued for their ease of manufacturing and
integration with planar circuits, though they typically su er from high side and back
lobes and unequal radiation patterns in principal planes; therefore, recent methods
to improve these parameters are reviewed, along with state-of-the-art 3D-printed
structures based on SIW technology. In the eld of microwave waveguide lters,
automation and machine learning approaches are becoming increasingly important
for design e ciency, and recent advancements in these areas are explored, with an
emphasis on how exible manufacturing approaches such as 3D printing support
unconventional designs. For both elds, pixelization may lead to unconventional
solutions that could address the aforementioned limitations. Finally, for e ective
microwave structure design, knowing the electromagnetic parameters is crucial, so
state-of-the-art methods for characterizing 3D-printed materials and their properties
are summarized.

1.1 Pixelated Microwave Structures

A pixelated structure can be thought of as one that is created by dividing the space
dedicated to the implementation of the structure into elements (which may or may
not be the same size) whose properties are independently controlled to achieve the
desired response. The simplest case is binary pixel structures where pixels can be
in two states. An example of a binary pixelated structure in the eld of microwave
applications is a planar Printed Circuit Board (PCB) structure where the elements
may be in two states either with or without copper (as shown in Fig. 1.1). When
each element is described by more than one bit, the structure becomes multi-state.
An example of a microwave multi-state pixelated structure is the pixelated dielectric
resonator antenna presented in [3], shown in Fig. 1.2. Each pixel may have a height
in the range of 2 mm to 30 mm.

For example, in microwave antenna design, pixel structures have demonstrated
their versatility primarily in planar form. Works published in [4] [6] showcase the
use of pixel structures in designing multiband and narrowband monopole planar
antennas. The proposed antennas exhibit high Bandwidth (BW) at dimensions



comparable to conventionally designed antennas and maintain good gain stability
over the entire operating BW. Another application of planar pixel structures is il-
lustrated in [7] where they are utilized for antenna miniaturization. The proposed
loop antenna, operating at 900 MHz, showed a remarkable 60% reduction in dimen-
sions. In [1], a planar pixelated structure is employed to reduce the mutual coupling
between two microstrip antennas. After applying the resonant structure, mutual
coupling between the antennas was signi cantly reduced. This serves as an example
of the signi cant advantages of pixelization approaches where properties can be im-
proved without adding any components or increasing dimensions, solely by applying
pixelation to the space between the antennas. The work presented in [8] focuses
on a pixelated planar antenna tailored for Internet of Things (IoT) applications.
Instead of the common square geometry, cross-shaped pixels are used, providing ad-
vantages due to potential singularities at the cell corners. A microwave waveguide
Iter based on pixelated planar inserts is presented in [9]. The optimization process
involves selectively turning pixels on (copper) and o (no copper) on the dielectric

Fig. 1.1: Example of binary pixelated microwave structures in planar form. Adopted
from [1] and [2].

Fig. 1.2: Wideband circularly polarized dielectric resonator antenna composed of
8x8 dielectric square bars. Adopted from [3].



sheet resulting in three identical pixelated structures that provide the desired |-
ter response. In the eld of sensing applications, [10] presents a pixelated angular
displacement sensor. This sensor is realized as a planar complementary split-ring
resonator with an inner pixelated structure achieving a signi cant enhancement of
the sensor sensitivity.

Pixelated structures in non-planar forms were employed in [3] and [11]. The
work in [3] introduces a wideband circularly polarized pixelated Dielectric Resonator
Antenna (DRA), composed of 8x8 dielectric square bars (Fig. 1.2). The lengths of
these bars are optimized to achieve desired performance characteristics. A similar
strategy is applied in [11] for designing a linearly polarized DRA where the pixelated
structure is organized in a 13x13 grid. Both studies emphasize that the pixelated
structure enhances antenna performance, such as BW or gain while maintaining the
dimensions of conventional DRASs.

Many state-of-the-art works deal with optimization procedures for these struc-
tures. The optimization of pixel structures involves a key aspect. A owchart of a
typical optimization process for pixelated microwave structures is shown in Fig. 1.3.
In [12] [14], the impact of individual components in the global optimization process
on the design of pixel antennas is thoroughly examined. The examined compo-
nents were the chosen optimization method, the selected criterion function, and the
parameters set for the Genetic Algorithm (GA). For the design of a phase-gradient
metasurface lens in [15], the GA is employed to optimize pixelated unit cells as
well. The lens matrix comprises seven cells each optimized for di erent transmis-
sion phases. The work in [16] introduces the utilization of a Multi-Objective Binary
Particle Swarm Optimization (MOBPSO) algorithm, a modi cation of Binary Par-
ticle Swarm Optimization (BPSO) based on Pareto dominance. This algorithm is
employed to optimize a dual-band planar antenna, and the authors emphasize its
ability to deliver satisfactory antenna performance with weak dependency on the
initial antenna geometry. In [2], a pixelated RF planar lter is presented. In this
study, a search algorithm named Direct Binary Search (DBS) was utilized for the
optimization of the pixelated structure. The principle of this algorithm involves ip-
ping a prede ned number of pixels. After each ip, the pixelated structure undergoes
evaluation by the tness function. If improvement is detected, the ipped pixels are
retained; conversely, if the tness function worsens, the change is discarded.

In the realm of pixelated structure design, the integration of Arti cial Intelli-
gence (Al) has also been explored. In [17], a planar pixelated dual-band antenna is
designed using Convolutional Neural Network (CNN) regression. It is noteworthy
that the training data for the CNN is based on a pixelated design derived from
another article with limited allowable changes, speci cally in the lling of empty
pixels. The total number of geometries included in the training dataset was 5016.



In [18], a CNN is employed for designing a pixelated matching network for a power
ampli er. The authors mention that the CNN was trained on approximately 70,000
randomly generated geometries, a process that can be time-consuming especially
when a full-wave simulation is needed for geometry evaluation.

Recent work shows that pixelation can enhance the performance of microwave
structures. Pixelization is versatile and can be applied in various forms, from planar
to 3D structures. It often results in an unexpected shape, especially for structures
in limited or unexplored environments. Recent studies have demonstrated that
satisfactory designs can be achieved with low dependence on the initial structure,
allowing for the design of these structures without prede ned templates. When
combined with 3D printing, this approach o ers tremendous design variability. The
main goal of pixelization is to nd a structure with the desired performance. As the

Fig. 1.3: Typical owchart of an evolutionary optimization process of pixelated
structures. Adopted from [8].



number of pixels increases, the number of possible structures grows exponentially,
necessitating an e cient optimization process. The most widely used algorithm in
this eld is the GA which employs selection, crossover, and mutation procedures
during the optimization process. While this algorithm treats all bits with equal
importance, this can be ine cient for real pixel structures where some bits may
signi cantly a ect the structure's response more than others. Therefore, it would
be advantageous to develop an optimization process that considers the importance
of each bit during optimization. The mentioned DBS algorithm may be ine cient
for pixelated structures with a large number of pixels. This process is similar to
the Greedy algorithm which is e ective at nding the global minimum, but requires

a large number of tness function evaluations. This can be very time-consuming,
especially when full-wave simulation is necessary to evaluate the structure, making
its suitability for pixelization questionable. On the other hand, approaches using
CNN promise a fast optimization process, but the network needs to be trained,
which also requires a large number of evaluated combinations. For optimization,
some binary heuristic algorithms seem most appropriate.

1.2 Substrate Integrated Waveguide Horn Antennas

Substrate Integrated Waveguide SIW technology is an advanced technique that com-
bines the bene ts of rectangular waveguides and planar transmission line structures.
SIW structures are created by embedding metallic via holes in a dielectric substrate
to form a waveguide. These via holes connect the top and bottom metallic layers,
e ectively guiding the electromagnetic waves through the substrate in a manner sim-
ilar to conventional waveguides but within a planar form factor, as shown in Fig. 1.4.

This integration allows for the compact and low-cost realization of high-frequency

Fig. 1.4: Demonstration of Substrate Integrated Waveguide and its electric eld
distribution.



components and systems. SIW technology o ers several advantages including ease
of integration with other planar circuits and the potential for high performance
with reduced size and weight. Moreover, SIW structures exhibit low loss and good
shielding properties which are crucial for high-frequency applications.

Horn antennas are widely used in wireless applications due to their simple struc-
ture, high gain, e ciency, and wide BW. However, conventional waveguide-based
horn antennas su er from large volume, heavy weight, and high fabrication costs.
Promising alternatives are SIW horn antennas. They are electrically similar to con-
ventional horn antennas based on rectangular waveguides, easily integrable with
planar circuits, and can be fabricated using a low-cost printed circuit board process.
Unfortunately, SIW horn antennas have a narrow BW, high levels of side and back
radiation lobes, and primarily unequal radiation patterns in the E- and H-planes
(Fig. 1.5).

To enhance the performance of SIW horn antennas, various techniques can be
exploited. Higher gain and narrower beamwidth can be achieved by adding a di-
electric load in front of the antenna aperture [19]. By adjusting the shape of the
dielectric load or perforating it [20] (Fig. 1.6), a higher gain can be achieved. Printed
metal periodic transitions on top and bottom of the load are also a feasible approach
to gain enhancement of SIW horn antennas [21]. Periodic transitions for antenna
performance enhancement are also used in [22] (Fig. 1.7). In [23], a combination of
microstrip transitions in front of the antenna aperture and metalized blind via holes
provide enhancements of antenna gain while reducing its longitudinal dimension.
Although all these approaches improve the radiation properties of SIW horn an-
tennas, such structures still provide unequal beamwidths in E- and H-planes. SIW
horn antennas with equal beamwidths in E- and H-planes were presented in [24]
and [25]. Unfortunately, these structures are multi-layered devaluing the main ben-
e ts of one-layer SIW horn antennas, such as easy manufacturing and a low pro le
(Fig. 1.8).

Fig. 1.5: Typical radiation pattern of SIW horn antenna.
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Several works employ 3D printing for the manufacturing of structures based on
SIW. In [26], SIW components manufactured using 3D printing technology are
demonstrated for the rst time. The letter presents a SIW cavity resonator and
interconnect with four E-plane bends, both manufactured using 3D printing tech-
nology. In [27], 3D-printed SIW Iters with dierent in |l factors are presented.
By changing the in Il factor, the e ective dielectric constant of the material may
be modi ed, even locally. In [28], the minimization of the insertion loss of the 3D-
printed SIW is investigated by using a non-uniform honeycomb-shaped substrate. A
microwave micro uidic sensor based on a SIW cavity manufactured using 3D print-
ing technology is presented in [29]. Another 3D-printed micro uidic sensor based on
a SIW structure with a cavity is presented in [30]. The uniqueness of this work lies
in using a novel 3D print process that enables dielectric and conductive materials
to be printed simultaneously. In [31], a 3D-printed SIW horn antenna with applied
hard and soft walls to improve its directivity and front-to-back ratio is presented.

Fig. 1.6: SIW horn antenna with perforated dielectric load. Adopted from [20]

Fig. 1.7: SIW horn antenna loaded with tapered multistrip transition and dielectric
slab. Adopted from [22].
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Fig. 1.8: Photographs of the fabricated and assembled SIW horn antenna with equal
beamwidths in E- and H-planes. (a) Side view. (b) Perspective view. (c) Each
element before assemblage. Adopted from [24].

The authors mention that this antenna design is unable to be manufactured by con-
ventional machining methods. The authors used FDM 3D printing technology, and
the antenna was manufactured using very commonly used material PLA.

SIW horn antennas are a promising technology for future communication systems
since they can serve as directional antennas in planar form. Their performance may
be enhanced by using a proper dielectric load in front of the antenna aperture.
This leads us to the possible exploitation of 3D printing for these loads since the
technology can manufacture very complex dielectric structures. In the realm of
3D-printed SIW horn antennas, investigations seem to be at the beginning, leaving
much space to explore the possibilities. Moreover, the 3D printing industry is still
advancing, and new technologies will open new possibilities. For example, today
we are already encountering technologies that can produce entire PCBs using 3D
printing [32] (Fig. 1.9), enabling the manufacture of PCBs integrated with SIW horn
antennas at once.

1.3 Microwave Waveguide Filters

Microwave Iters are crucial for modern communication devices controlling the fre-
quency response of the system by providing transmission in the passband and atten-
uation in the stopband [33]. One class of microwave lters is waveguide lters. The
conventional design process consists of several steps [34]: choosing a suitable approx-
imation for the lter speci cations, synthesizing an equivalent circuit model, nding

its physical realization in the waveguide, and optimizing the Iter to meet desired
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responses. All these steps require speci ¢ experience from the designer (Fig. 1.10).

In recent years, there has been a signi cant increase in papers dealing with arti-
cial intelligence approaches for microwave lIter design [34], aiming for some level
of automation. In [35], the design procedure directly optimizes the shape of the
waveguide Iter using the shape deformation technique. In Fig. 1.11, the optimiza-
tion error per iteration and the starting and the deformed structure are shown.
However, prede ned parameters for optimization, determining the number of cav-
ities inside the lter, are required. In [36] and [37], topology optimization is used
for metallic microwave insert lters requiring the designer to de ne the number of
poles in some way.

Since arti cial intelligence approaches may lead to unconventional and complex
structures, conventional manufacturing processes may be unsuitable. However,
additive manufacturing seems suitable for rapidly fabricating such structures. In
[38], Selective Laser Melting (SLM) metal 3D printing is employed to create a waveg-
uide lter based on cavity resonators. Similarly, in [35], SLM 3D printing is utilized
for the aforementioned shape-optimized Iter. Both papers present waveguide lters

Fig. 1.9: Example of fully 3D-printed PCBs. Adopted from [32].

Fig. 1.10: General traditional design ow for microwave lters. Adopted from [34].
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