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1 Introduction 

Improvements in additive manufacturing technology during recent years have enabled three-

dimensional (3D) printing technology to be used for fast prototype design and complex shape 

construction that are hardly manufacturable by conventional subtractive methods such as 

computer numeric control (CNC) machining or chemical etching. 3D printing also allows an 

extra degree of freedom in the tunability of the electromagnetic (EM) properties of the 

structures, complemented by less waste of used material, or general decrease of manufacturing 

costs, especially for prototyping and low-quantity fabrication [1].  

3D printing technologies can be used for developing periodic structures with engineered 

EM properties, for example, artificial dielectric substrates with spatial permittivity distribution 

allowing to attain an equivalent permittivity range as composition of several conventional 

dielectric substrates with different permittivity values. The benefit of such artificially 

engineered dielectric substrates lies in their fabrication, since they can be monolithically 3D 

printed from a single material. For a practical design, it is mandatory to know the exact values 

of the given EM properties, and any inaccuracy leads to often intolerable disagreements 

between the desired and achieved performance. The conventional approach used for 

characterization of such structures is an implementation of the effective medium theory 

approximations (EMAs) that mainly considers an inclusion to a host material volume ratio, 

further referred to as inclusion volume fraction, with limited consideration of the implied EM 

wave polarization effect [2]. 

To provide more accurate predictions, the effective constitutive parameters such as the 

effective permittivity and effective permeability of differently shaped artificial substrate unit 

cells with a predefined spatial distribution have to be described in a different way. The parallel 

plate capacitor (PPC) networks approach [3], which can consider a real physical shape of the 

structure, appears promising for further investigation and development of the models 

describing effective constitutive parameters of dielectric structures. However, simultaneous 

description of both the effective permittivity and effective permeability of artificial substrates 

containing metallic and dielectric inclusions is an ambiguous task that requires knowledge of 

the effective impedance of the medium. Due to this reason, an effective approach to 

determining the EM properties of the artificial substrates is found in the multi-modal transfer 

matrix method (MMTMM) [4], which enables the retrieval of constitutive parameters in the 

volumetric space of the entire unit cell what is suitable for 3D printed structures. 

 Within the framework of artificial substrates that possess spatially distributed EM 

properties, gradient-index (GRIN) based lenses offer a prospective space for further 

performance improvements in the area of passive, chipless frequency-coded millimeter-wave 

retroreflectors [5]. Increasing the maximum detection range, achieving a wide angular 

coverage, stable radar cross section (RCS) response, and monolithic integrations of frequency-

coded retroreflector designs are highly desired. Since the frequency-coded retroreflectors may 

serve as anchors in the space, e.g. being built inside walls, they can find an application in an 

indoor environment for self-localization of the devices, e.g. drones, when there is no 

availability of the global positioning system (GPS). Further, the accuracy of a device´s 

localization and ranging is influenced by the maximum achievable absolute bandwidth of a 

radar system. Thus, moving from centimeter waves to millimeter waves and even higher 

towards sub-THz and THz frequencies is demanding for larger frequency bandwidths, i.e. fine 

time resolution required for high spatial detection accuracy [6]. Therefore, lenses with 

spatially variant permittivity profiles and their possible wide angular coverage and stable RCS 

enhancement of frequency-coded retroreflectors are another point of interest in the following 

chapters of this thesis. 
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2 State-of-the-Art 

An introduction into the 3D printed artificial periodic structures and dielectric substrates as 

the building elements exploitable for antenna and microwave designs is presented in this 

chapter. Basic limitations and advantages of conventional and intended design approaches are 

discussed. The electromagnetic properties of materials used in 3D printing are compared with 

those of common commercially available materials, and attention is turned to lenses with 

spatial distribution of the effective permittivity for wide angular coverage and stable RCS 

enhancements of passive, chipless frequency-coded millimeter-wave retroreflectors. 

2.1 3D Printed Artificial Substrates 

The 3D printed artificial substrates can be considered as a subset of artificial dielectrics 

with controlled effective permittivity/permeability values which can be regulated by the 

inclusions volume fraction, i.e. the ratio between the inclusions of some material embedded in 

another, a host material [7]. Typical examples of these structures are perforated dielectrics [8], 

grounded cuboidal metallic posts [9], or inclusions of various shapes in a two-dimensional or 

three-dimensional periodic lattice of the host medium [10]-[12].  Furthermore, the effective 

EM parameters of artificial substrates are frequently obtained directly by measurements 

without prior predictive analysis that estimates their tunability range of the EM parameters 

and anisotropic behavior [13]. 

In principle, 3D printed artificial dielectric substrates are created by adding top and 

bottom covering layers on the base inclusions pattern, which is filled by a chosen material. 

The covering layers then introduce some degree of structure´s anisotropy and their effects are 

more discussed in [12]. Note that in this thesis, we dominantly focus on the EM parameters in 

the parallel and perpendicular polarization directions, as they represent the boundaries 

between which the EM parameters can take values even for oblique EM wave incidence. 

The importance of accurate knowledge of the effective permittivity and effective 

permeability tensor values is obvious in phase sensitive antenna and microwave design 

applications. For example, phase shifters for feeding antenna arrays [14], long microstrip 

transmission lines and microwave filters [15], or circularly polarized antennas [16]. 

Improvement in predictive models can, therefore, make the designs more efficient. 

 The typical inclusions patterns of the artificial dielectric substrates are depicted in 

Fig. 2.1. The inclusions are colored in cyan, and the host is colored in yellow. 

                            
                     Cross       Cube with cross          Cube              Mesh           Cylinder 

 

                      
                   45° Cube           Rectangle            Triangle                     Hexagon 

Fig. 2.1 Typical inner inclusions patterns of artificial dielectric substrates. 
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2.1.1 Effective Medium Theory Approximations 

The purpose of the effective medium theory (EMT) concept is to characterize the dielectric 

properties of heterogeneous mixtures containing microscopic particles with a defined 

inclusions volume fraction. Effective in these terms means that the composite mixture 

responds to electromagnetic excitation as it would be homogeneous. The main limitation of 

the EMT is the impossibility to predict resonance behavior of the studied structures, so the 

general requirement on the inclusions size is that they have to be sub-wavelength, typically 

smaller than λ0/10. However, this restriction is related to the assumption that subwavelength 

structures can be analyzed from a quasi-static point of view [17]. On the other hand, the 

advantage of EMT is its applicability to magnetic, magnetoelectric, and to some extent, even 

to anisotropic materials [2]. 

The summary of various effective medium approximations (EMA) used for determination 

of the effective permittivity is presented in [2]. The best known EMA is the Maxwell Garnett 

(MG) mixing formula (Eq. 2.1). In general, the formula is suitable for isotropic inclusions such 

as cubes or spheres. 
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where 𝜀eff denotes the effective permittivity, f is the inclusions volume fraction, 𝜀h represents 

the permittivity of the host medium and 𝜀i is the permittivity of the inclusions. 

Although the MG EMA formula is commonly employed, its drawback might be in non-

symmetricity which may limit its applicability in the situation when the inclusions volume 

fraction is comparable to or higher than the host medium. For that case, another important 

EMA formula, the symmetric Bruggeman formula defined by Eq. (2.2) may provide more 

accurate results [18].  
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For mixtures with random geometry that could not be accurately described by the MG or 

Bruggeman EMAs, several alternative and more generalized formulas might be potentially 

more successful. In particular, the power-law (Lichtenecker) approximations given by Eq. 

(2.3), with variable parameter a (for a = 1/2, named as the Birchak formula, for a = 1/3, named 

as the Looyenga formula, or for a = 1, represents the linear law) are widely known. 

                            eff i h(1 )a a af f  = + −  (2.3) 

Another important issue connected with the effective permittivity prediction is the 

question of boundaries within which the permittivity values can lie. Widely spread is a Wiener 

limit defined by maximum (Eq. 2.4) and minimum (Eq. 2.5) bounds [18]. These boundaries 

define the extreme values of the effective permittivity which the studied effective medium 

exhibits in a non-resonant state for the given inclusion volume fraction.  
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The less strict boundaries for isotropic mixtures can be determined by upper and lower 

Hashin-Shtrikman (HS) bounds, which can provide satisfactory results in the case of 

honeycomb and pyramidal structures [19]. The study in [20] then states that the selected 

inclusions patterns can be described by the previously mentioned EMAs, but for more complex 

shapes, none of them can generally be used. The example of selected 2D inclusions 

distribution patterns with various EMA formulas and their results is shown in Fig. 2.3. 

    

Fig. 2.3 Patterns of hollow inclusions ((a) square, (b) circle, (c) diamond, (d) grid) – left, 

effective permittivity of different inclusions shapes in two dimensions, the permittivity 

of inclusions (yellow) and host medium (purple) are 5 and 1, respectively – right from 

[20] with permission © 2019 from Elsevier.  

The problem is further complicated in the case of conductive inclusions, where for 

example, the MG and Bruggeman EMA formulas can be exploited for the effective 

conductivity calculations of lattices with 45° rotated cubes [21]. Similarly, as in the effective 

permittivity calculation, the effective permeability of the mixture can be evaluated using the 

same formula (Eq. 2.1) by replacing permittivity with permeability [22].  The exploitation of 

3D printed conductive inclusions in a dielectric host medium is typically found not only in the 

field of artificial substrates but also in antenna miniaturization [23], or microwave components 

such as artificially engineered high-frequency capacitors [24]. 

2.1.2 Electrical Network Methods 

A potential analytical approach for the determination of the effective permittivity of 

dielectric structures that could overcome the shortcomings mentioned in the previous chapters 

lies in exploiting the parallel plate capacitor (PPC) networks method presented in [3]. This 

method is based on the division of a real dielectric structure into individual sub-cells which 

create parallel plate capacitors that are mutually connected in the electric network arrangement 

depending on the discretization of the structure. The effective permittivity is then calculated 

from the equivalent capacitance of this network and the known dimensions of the analyzed 

structure. The advantage of this method is that it allows describing more complexly shaped 

structures with a predefined geometry, their subsequent parameterization and faster 

computation than the finite element method (FEM), when the discretization is done 

numerically [25]. Since 3D printed artificial dielectric substrates belong to this kind of 

structures, the PPC method will be further investigated and compared with the conventional 

EMAs, including the accuracy evaluation. However, it is important to pay increased attention 

to the proper selection of discretization scheme for effective permittivity calculations [11]. An 

example of such a structure involving vertical and horizontal discretization is demonstrated in 

Fig. 2.4.  
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                      (a)              (b)                   (c) 

Fig. 2.4 Capacitors in vertical discretization (a), capacitors in horizontal discretization (b), 

cubical sample with rectangular inclusions (c) from [11] with permission © 2015 

IEEE. 

 In general, the PPC method assumes only capacitive and resistive elements (RC) [3], 

which limit the use of this method to the dielectric only inclusions including their dielectric 

losses. Such structures are described by the complex effective permittivity which can be 

approximated by frequency-dependent dielectric relaxation models (e.g. Debye, Cole-Cole) 

[26], or by the initial wide-band measurements of the EM properties of the materials. If we 

want to include conductive inclusions in the predictive model, we need to derive equivalent 

circuit networks involving simple lumped element (RLC), which may not involve dispersion 

behavior of the structures [27], or find a suitable topology and components that account for 

the incident wave scattering and higher order modes coupling, including transmission lines 

and spatially distributed impedances, or admittances, what can be complicated [28]. 

2.1.3 Multi-Modal Transfer Matrix Method 

A promising approach to the problem related to the effective constitutive parameters 

determination is found in the exploitation of a hybrid multi-modal transfer matrix method 

(MMTMM) [29]-[30]. The MMTMM is based on a combination of numerical and analytical 

approaches. In the first step, an initial numerical simulation is performed over the targeted 

frequency range to obtain the scattering parameters of the structure studied. In the second step, 

the scattering matrix is transformed into a multimodal transfer matrix (ABCD), which relates 

the voltages and currents on the input and output ports, as is demonstrated in Fig. 2.5. From 

the Bloch´s theorem [31], one can relate the phase shift across the given unit cell and its 

periodicity to the ABCD matrix and by solving the frequency-dependent eigenproblem, 

eigenvalues and eigenvectors needed for retrieval of constitutive effective parameters are 

calculated. The advantage of the MMTMM is that it provides the complex dispersive behavior 

of the structure, including losses in both the passband and stopband frequency ranges. When 

the MMTMM is used with multiple ports, even 3D periodic structures can be analyzed [32].  

                        
                          (a)                   (b) 

Fig. 2.5 Principal schematic of the multimodal transfer matrix method used for 2D periodic 

structure (a), dispersion diagram of 1D corrugated PEC surface (b) from [30] with 

permission © 2021 IEEE. 
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Up to recently, periodic EM structures analyzed by the MMTMM have been defined by 

a square shape that represented the smallest possible unit cell. However, when the analyzed 

structures create a rectangular unit cell, e.g. hexagons, they do not represent the smallest 

possible unit cell, but rather a larger structure, i.e. a supercell. This leads to multiple 

eigenproblem solutions outside the first Brillouin zone that manifest themselves as modes 

folding into the first Brillouin zone, as shown in Fig. 2.6. A recent study on this phenomenon 

in periodic EM structures was published in [33], and further development of the MMTMM is 

required to include this effect, e.g. by employing modes unfolding algorithms [34].  

 
 

Fig. 2.6 Atomic structure of graphene with its supercell (red rectangle) and primary cell (blue 

parallelogram) (a). Panels (b) and (c) show the first Brillouin zones of the supercell 

and the primary cell, respectively, with high symmetry points and lines. Panel (d) 

shows the phonon dispersions of the supercell. Panel (e) shows the phonon dispersions 

unfolded into the primary-cell Brillouin zone from [34] with permission © 2016 from 

Elsevier. 

2.1.4 Numerical Methods 

In the field of numerical simulations, the effective permittivity can be extracted by several 

methods. The extraction of EM parameters based on a dispersion diagram is an easily 

applicable numerical method [35]. For its calculation, the eigenmode solver in commercial 

computer aided design (CAD) electromagnetics software can be used. The effective relative 

permittivity εr,eff is then extracted by Eqs. (2.6) and (2.7). 
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where β denotes the propagation constant and λ0 is the free-space wavelength. 
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where Δφ represents the phase difference and l is the length over which the phase change 

applies (or periodicity). 

However, the disadvantage of the eigenmode approach implemented in the commercial 

numerical solvers lies in inability to calculate the complex dispersion diagrams, i.e. the 

imaginary part of the complex propagation constant representing the attenuation constant. 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/supercell
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/brillouin-zone
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/phonon
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Another method exploitable for the effective permittivity and effective permeability 

extraction is the transmission/reflection method based on the Nicholson-Ross-Weir (NRW) 

algorithm, which uses the transmission (S21) and reflection (S11) coefficients obtained from the 

scattering parameters at the input and output ports of a waveguide or a coaxial line [36]. For 

practical measurement, its improved iterative version, which does not require the sample to 

touch at the reference planes, should be used [37]. Similarly, the free-space or transmission 

line methods can be exploited [38]. All these techniques are generally broadband, but their 

precision for tan(δ) determination is often limited, up to the range of 10-2-10-3.  

Another method which is suitable for the extraction of the material´s effective EM 

properties of low-loss materials with tan(δ) down to 10-6 is based on the perturbation theory 

and uses both narrowband resonators and wideband split-post dielectric resonators (SPDR) 

[39]. In principle, the effective relative permittivity is determined by the frequency shift 

between the unloaded and sample loaded resonator states, and the dielectric losses depend on 

the corresponding Q-factors. 

2.1.5 Materials and Tunability of Their Properties 

The materials used in 3D printing technology are being continuously developed as the 

demands on their desired properties are still increasing. The range in which the EM properties 

can be tuned is limited mainly due to their relative permittivity, relative permeability, and 

associated dielectric losses/conductivity of the materials at a given frequency range. 

Common materials used in fused decomposition modeling (FDM) 3D printing comprise 

polylactic acid (PLA), acrylonitrile butadiene styrene (ABS), polyethylene terephthalate 

(PET), polycarbonate (PC), high-density polyethylene (HDPE), nylon, high-impact 

polystyrene (HIPS), and mixtures with carbon fibers, cork, wood, steel, copper, or ceramics. 

The materials used for conventional stereolithography (SLA), two-photon polymerization 

(TPP), and polymer-jetting (PJ) 3D printing are mostly UV curable resins, and for ceramic 

SLA, the special oxides such as alumina (Al2O3) or zirconia (ZrO2) are possible to be used. 

Compared to additive 3D printing techniques, conventional subtractive methods use materials 

such as Rexolite, Teflon, Rogers® dielectric substrates, or high-resistive silicon (HR-Si). 

Moreover, even materials with high conductivity such as the Electrifi filament or special 

conductive pastes are of great interest in the electrical engineering field. The summarization 

of the EM properties (permittivity εr, dielectric loss tan(δ), electrical conductivity σ) of the 

selected materials is presented in Table 2.1. 

Table 2.1 Electromagnetic properties of selected materials used in additive (3DP) and 

subtractive technology. 

Material Parameters @ frequency Technology Ref. 

PLA εr = 2.71, tan(δ) = 0.0063 @ 10 GHz FDM 3DP [40] 

ABS εr = 2.6, tan(δ) = 0.0054 @ 10 GHz FDM 3DP [40] 

PC εr = 2.68, tan(δ) = 0.002 @ 100 GHz FDM 3DP [41] 

Alumina εr = 9.5, tan(δ) = 0.0004 @ 100 GHz 
SLA 3DP 

Subtractive 
[42] 

Rogers® RT 

Duroid 6010 
εr = 10.2, tan(δ) = 0.0023 @ 10 GHz Subtractive [43] 

HiRe-Silicon εr = 11.68, tan(δ) = 0.00015 @ 100 GHz Subtractive [42] 

DuPont 

CB028 ink 
σDC = 4.76·106 S/m / σ = 2·105 S/m @ 10 GHz FDM 3DP [44] 
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2.2 3D Printed and Spatial Permittivity Distributed Lens 

Antennas 

The most promising applications of structures with a spatial permittivity distribution can be 

found in the engineering field of gradient permittivity lenses, lens antennas, and microwave 

filters. 

2.2.1 Lenses with Spatial Permittivity Distribution 

The lenses and structures with spatial distribution of EM properties can be employed in 

many applications. For example, they can be used for aperture phase correction of horn 

antennas [45], excitation of hybrid modes in dielectric loaded antennas to enhance antenna 

gain and aperture efficiency [46], beamforming applications for radar imaging and multiple-

input-multiple-output (MIMO) communications [47], or enabling an ultra-wideband 

performance [48]. Spatially distributed inclusions of artificial dielectric substrates can be 

exploited to broaden the impedance bandwidth of patch antennas [49], or to enable the 

generation of a circularly polarized wave by a linearly polarized dipole antenna [50].  

A very promising technique is the quasi-conformal transformation optics (QCTO), which 

is applicable for transforming the radiation pattern of patch antennas, e.g. to behave like a 

dipole antenna, to enlarge the half-power beam-width (HPBW) from 90° to 300°, or to shift 

the main lobe from the elevation direction to the azimuthal direction [51]. The advantage of 

the QCTO over the traditional transformation optics (TO) methods is that the calculated spatial 

distribution of the effective EM parameters allows the exploitation of isotropic or uniaxially 

anisotropic dielectric materials, which are better accessible in various fabrication methods than 

biaxially anisotropic and magnetic materials [52]. The QCTO technique enables to transform 

the geometry of a structure into a new desired shape with a good preservation of its original 

performance, for example, a liquid-based QCTO Luneburg lens with an ultra-wide-angle beam 

steering capability of ±90° was demonstrated in [53]. With these regards, the QCTO has a 

large potential to be easily implemented for applications requiring wide-angle beam-scanning 

antenna performance.  

However, a common problem with the combination of QCTO lenses and planar antenna 

array feeds is their poor impedance matching. This issue was first addressed in [54], by adding 

an anti-reflective layer that helped to maintain a stable antenna gain of a QCTO Luneburg lens 

in the angular range of ±55°. Nevertheless, further studies on this effect for higher beam 

scanning angles and higher relative permittivities that ceramic materials can achieve are still 

missing.     

2.2.2 Retroreflecting Lenses 

Another area where the QCTO-based structures have a large potential of performance 

enhancements are retroreflectors. Retroreflectors are structures that retransmit an EM wave in 

its incidental direction. In [55], a metallic trihedral corner reflector was replaced by a dielectric 

compressed reflector. Similarly, a parabolic reflector with the main beam reflected in a single 

direction up to ±47° away from the broadside was realized in [56]. Further, as a retroreflector 

can be exploited a Luneburg lens backed by a slant polarizer to enable omnidirectional 

reflections [57]. 

The combination of lenses with spatially distributed permittivity, especially when 

combined with the QCTO technique, is potentially very promising for frequency-coded 

passive, chipless retroreflectors enabling high-accuracy RFID for an indoor localization in 
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millimeter-wave and THz frequency bands [5]-[6]. For these purposes, a single permittivity 

dielectric lens backed by dielectric resonators (DR) is able to significantly increase the RCS 

of the given DR coding particles. However, it leads to increasing impedance mismatch and 

unwanted scattering with increasing the lens size [58]. A particular improvement of this 

problem was reported in [59], where a 2D Luneburg lens provided better impedance matching 

to the free-space and the RCS enhancement of 18 dB at a frequency of 6.2 GHz was achieved. 

At millimeter-wave frequencies, a 40 mm diameter polypropylene dielectric lens with a 1D 

photonic crystal (PhC) resonator achieved the RCS enhancement of 14 dB in [60]. The 

exploitation of PhC structures for a passive RFID system may be more beneficial since a 3D 

printed high-Q PhC resonator tag showed better RCS performance than is expected for the DR 

resonators at a frequency of 90 GHz, but due to high attenuation loss, the maximum read-out 

distance was limited only to 8.5 cm [61]. Such a finding can be potentially developed and 

improved by a combination of a dielectric lens with spatial permittivity distribution, e.g. 

Luneburg lens, allowed by a low-loss 3D printing technology [42] as proposed in [5]. The 

concept of this device is depicted in Fig. 2.7.  

       

Fig. 2.7 Wide-angle dielectric lens-based retroreflector with frequency-coded high-Q PhC 

resonators from [5] © 2020, The author(s). 

The current challenges of passive, chipless RFID systems at millimeter-wave frequencies 

and the possibilities of frequency-coding with corner reflectors are summarized in [5]. Then, 

the advantage of PhC-based tags over DR tags lies in the possibility of using lower permittivity 

materials (εr = 9.5 [42]) instead of very high permittivity materials (εr = 37 [58]), which are 

hardly accessible. Overall, the main drawback of the current solutions is the limited angular 

coverage, given by the RCS patterns of the used retroreflectors. With further research, both 

aforementioned disadvantages could be investigated, and novel solutions enabled by a 

constantly improving additive manufacturing technologies allow for effective designs from 

millimeter-wave towards THz frequencies.   
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3 Objectives of Thesis 

The previous state-of-the-art section of this thesis thoroughly described problems connected 

with artificial dielectrics and lenses with spatial distribution of the effective EM parameters. 

The use of effective medium approximations for description of 3D printed dielectric substrates 

with various inner inclusions patterns is limited. Hence, a precise analytical description can 

improve the design accuracy and speed up the design process. Therefore, the first objective of 

the thesis will be:  

Objective 1: Description of artificial dielectric substrates with selected inclusions by an 

analytical modelling based on the parallel plate capacitor method. 

The parallel plate capacitor method will be exploited to describe the effective permittivity by 

a diagonal tensor, including the dielectric losses of the real materials. The selected 

arrangement of inclusions will be described by a single unit cell and analytical models 

involving its actual physical shape. A dielectric anisotropy will be determined for the case 

with covering dielectric lids, i.e. creating a dielectric substrate, and without covering lids, in a 

wide permittivity range of available materials in 3D printing technologies. Various 

discretization schemes with serial, parallel, or serio-parallel capacitor networks will be 

evaluated. These models will be further compared to the selected effective medium 

approximations, and their accuracy will be validated by numerical simulations and 

measurements.  

Since artificial substrates containing conductive and dielectric inclusions have a large 

potential of the effective constitutive parameters tunability, the second objective of this thesis 

will be: 

Objective 2: Description of artificial substrates containing conductive inclusions by an 

analytical (hybrid) method and determination of their effective constitutive 

parameters by the multi-modal transfer matrix method. 

At this objective, the multi-modal transfer matrix method will be explored for their 

determination of a selected 3D printed artificial substrate structure. The tunability range of the 

effective permittivity and the effective permeability will be studied, including the conductivity 

effect of metallic inclusions. The results achieved will be validated by numerical simulations 

and measurements of a fabricated sample. 

Thanks to the possibilities of 3D printing technologies, lenses with spatial distribution of the 

effective permittivity have the potential to enhance the performance of passive, chipless RFID 

systems based on frequency-coding identification. Therefore, attention will be focused on 

those lenses and exploitation of the QCTO, hence the third objective will be: 

Objective 3: The research of lenses with spatial distribution of the effective permittivity for 

retroreflective and frequency-coded retroreflective structures, which allow 

wide angular coverage and stable RCS. 

The capability of the classical and the QCTO modified Luneburg lenses will be assessed in 

order to increase the RCS and hereby the maximum readout distance of self-localization tag 

landmarks at millimeter-wave and sub-THz frequencies. Further, investigation of increasing 

maximum detection angle by the QCTO-enabled design and the possible integration with 

retroreflective structures to improve overall compactness will be examined.  
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4 State-of-the-Work 

In this section, the selected publications of the author are discussed and their contribution to 

the field of scientific research is evaluated. The achieved results are summarized, and their 

potential improvements are suggested for future investigation. 

4.1 Objective 1 

The first objective of the thesis deals with the description of artificial dielectric substrates with 

selected inclusions by an analytical modelling based on the parallel plate capacitor (PPC) 

method. The goal is to analyze a selected unit cell by the PPC method for different relative 

permittivities that possess available 3D printing materials. Further investigation is focused on 

the selection of discretization schemes, i.e. equivalent capacitor networks arranged in vertical, 

horizontal, or combined direction for different relative permittivity values. The unit cell is 

chosen to be a cross that is composed of three rods and is often exploited in structures with 

spatial permittivity distribution, e.g. dielectric lenses. Because the cross is also symmetric, and 

thus, assuming that it is isotropic, by creating a dielectric substrate from it, the structure will 

become uniaxially anisotropic. 

 Therefore, the following questions are as follows: 

• How good is the PPC method to include the anisotropy effect in the principal 

polarization directions?  

• How are the effective medium theory approximations (EMAs) accurate to predict the 

effective relative permittivity during the inclusions volume fraction change compared 

to the PPC method? 

• Is it possible to determine the dielectric losses of the structure by the PPC method?   

The research published in Paper [A] answers the first two questions, with conclusions 

that the anisotropy effect can be precisely determined for low permittivity materials, together 

with the use of the vertical discretization scheme in the large inclusions volume fraction range. 

However, for high permittivity materials (εr > 30), and higher inclusions volume fractions (Vi 

> 0.6), the discrepancy increases, and the combination of vertical and horizontal discretization 

may be preferred. The reason for this is that the electric energy density over the unit cell is 

distributed more homogeneously, and thus the polarization effect inside the structure cannot 

be described only by one dominant discretization direction. Further, the PPC method 

outperformed the results obtained by the commonly used EMAs in the largest inclusions 

volume fraction range. The PPC method can be feasible for a relatively accurate and fast 

estimation of the effective relative permittivity of the artificial dielectric structures whose 

geometrical and dielectric properties are parametrized.  

The future work in this area can be related to the connection of the PPC method with 

multi-objective optimization and machine learning techniques, where the suitable unit cell 

geometries showing targeted effective permittivity will be searched out. Also, further 

continuation may be in the analytical model derivation of the unit cells with tilted walls, 

showing biaxially anisotropic behavior, e.g. hexagonal or triangular unit cells. 

PhD student´s contribution: The PhD student derived the closed-form effective relative 

permittivity equations of the unit cell with a cross shaped dielectric inclusion with and without 

covering lids. Further, he evaluated the effective relative permittivity of the investigated 

structures numerically in CST Studio Suite and compared those results with the data obtained 
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from the derived closed-form equations and the ones obtained by the common EMAs 

approach. Finally, he evaluated the dielectric anisotropy of the investigated structures and the 

relative errors. The co-authors conducted the effective permittivity measurements and 

supervised the research and the paper. 

The Paper [B] answers the third question related to the determination of an artificial 

dielectric substrate dielectric losses. The PPC models for the cross-based unit cell are now 

treated as sub-capacitors with a complex capacitance, which is based on the complex 

permittivity measurements at the studied frequency range. In this case, the PPC method is able 

to predict both the effective relative permittivity and the effective dielectric losses for the given 

inclusions volume fraction and the polarization direction. To verify the results obtained from 

the PPC-based models, the measurement method employs TE011 and TM010 mode resonators 

that are suitable for measurement of uniaxial anisotropy. In addition, eigenmode analysis with 

dielectric losses calculation was exploited. For measurements, both resonators were first 

fabricated, and the transmission coefficients of the empty cavity resonators were compared 

with the numerical simulations and matched to include the effects of the surface roughness of 

the walls, the effective diameter of the resonators, and the coupling of the excitation loops. In 

the second step, the samples of the cross-based artificial dielectric substrate were 3D printed 

from a low relative permittivity material (PLA) and then inserted into resonators at the specific 

position to obtain the transmission coefficients. The measured results were matched to the 

simulated ones using solid samples with equivalent effective parameters. Finally, a very good 

agreement was achieved, verifying the ability of the PPC method to precisely determine the 

effective complex permittivity. 

The future work can be focused on the measurements of high-permittivity materials that 

allow for a larger tunability range of effective complex permittivity. 

PhD student´s contribution: The PhD student implemented two resonators method for 

effective complex permittivity and anisotropy evaluation of an artificial dielectric substrate 

based on a cross unit cell. Further, he applied the PPC predictive models for the given unit 

cell, which he verified by numerical simulations based on dispersion analysis and 

measurements realized in two resonators. Finally, he evaluated the dielectric anisotropy and 

relative errors. The co-author 3D printed the artificial dielectric substrate samples and 

supervised the research and the paper. 

4.2 Objective 2 

The second objective of this dissertation is related to the description of artificial substrates 

containing conductive inclusions by an analytical (hybrid) method that determines their 

effective constitutive parameters, i.e. the effective complex permittivity and effective complex 

permeability. The multi-modal transfer matrix method (MMTMM) binds the voltages, 

currents and scattering parameters on the wave ports placed on the boundaries of an examined 

structure via the Bloch´s theorem. The goal of this thesis is to determine the effective relative 

permittivity and effective relative permeability of an artificial substrate containing metallic 

inclusions. For this study, a self-supporting metallic inclusion based on four crossing rods and 

dielectric covering lids is selected. 

Based on the chosen configuration of the structure, the following research questions 

arisen: 

• What will happen if the dielectric lids are removed and only a fully metallic 

structure is presented to the propagating EM wave? 



 17 

• How accurate are the results obtained by the MMTMM compared to the numerical 

simulations? 

• What is the tunability range of the effective constitutive parameters that can be 

achieved? 

• How accurate is the MMTMM compared to the measurements? 

The research presented in Paper [C] answers the aforementioned questions and comes 

with the following conclusions. The fully metallic core of the novel proposed unit cell 

configuration presents an electromagnetic bandgap (EBG) to the propagating EM wave with 

relatively high cut-off frequency, depending on the unit cell size. When the dielectric lids are 

added, propagation of the fundamental quasi-TEM mode is allowed and the proposed artificial 

substrate exhibits effective permittivity and permeability, which are tunable in wide range 

depending on the ratio between metallic and dielectric parts, e.g. the effective relative 

permittivity and the effective relative permeability can vary between 4.5 and 14.5, and 0.69 

and 0.24, respectively. The results obtained from the MMTMM agree very well with the 

numerical simulations performed in the free-space environment, assuming TEM wave 

propagation. The numerical simulations performed in the enclosed waveguide environment 

then show a slightly larger difference in the effective relative permittivity value, which is 

caused by the cosine E-field distribution in the rectangular waveguide. The measurement 

results were obtained by the waveguide method, which is affected by this non-ideal E-field 

distribution using the Nicolson-Ross-Weir (NRW) algorithm, and thus the effective relative 

permittivity was slightly higher, as expected. Nevertheless, the effective relative permeability 

agreed very well with simulations. The experimental part of this work verified for the first 

time the applicability of the MMTMM for artificial substrates with metallic inclusions.  

The future development of the MMTMM can be focused on the artificial EM structures 

based on the hexagonal, or triangular arrangement that are fully metallic, or dielectric. 

PhD student´s contribution: The PhD student implemented the hybrid MMTMM and 

performed its evaluation on an artificial dielectric substrate with a self-supporting conductive 

inclusion. Further, he metallized the SLA 3D printed sample by a conductive nickel spray and 

compared the simulated results obtained from the free-space and waveguide environment 

using the NRW algorithm with the measurement. The co-author 3D printed the sample, 

conducted measurement in the waveguide by the transmission/reflection method, and 

supervised the research and the paper. 

4.3 Objective 3 

The third objective of this dissertation is focused on the improvement of the wide angular 

coverage and stable radar cross section (RCS) response leading to an increased maximum 

readout distance of the passive, chipless millimeter-wave and sub-THz frequency-coded 

retroreflectors. To do so, a Luneburg lens which has a variable spatial permittivity profile is a 

good candidate for this purpose. The transformation of the spherical EM wave into planar EM 

wave and vice versa is a desirable property of this lens since this functionality can be exploited 

for retroreflection, particularly frequency-coded by high-Q resonators placed behind the lens, 

and thus enabling passive ranging and sensing. Also, the Luneburg lens shows a reduced 

parasitic scattering due to gradient permittivity profile matched to the free-space environment, 

and the affordable required effective permittivity values are easily accessible by exploiting 

effective medium theory in 3D printing technologies, making its fabrication cost-effective. 

 The questions related to this problem are: 
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• What angular range of the Luneburg lens retroreflector can be achieved at millimeter-

wave frequencies and how is its RCS comparable to the conventional radar 

retroreflectors, which are commonly used as a frequency-coding surface? 

• How good is the angular and detection performance of the frequency-coded 

retroreflector based on the resonators in a photonic crystal (PhC) medium? 

• What are the limits of the Luneburg lens exploitation at millimeter-wave and sub-THz 

frequencies employing 3D printing and other fabrication technologies? 

• How can the overall compactness of the Luneburg lens with the coding part be 

improved? Can it be integrated as a monolithic device without losing its functionality? 

The research published in Paper [D] presents the angular performance of the Luneburg 

lens retroreflector backed with aluminum foil at a millimeter-wave frequency of 80 GHz. The 

angular range achieved with almost stable RCS performance is ±75° what outperforms a 

classical dihedral and trihedral corner reflectors that have high RCS in the limited angular 

range around ±45°. Since the Luneburg lens has a spherical profile, the achievable 3D field of 

view (FoV) is another advantage over the classical retroreflectors which can work only in their 

principal planes. However, high precision in lens fabrication and low roughness of the 

reflective surface are required to avoid unwanted ripples in monostatic RCS characteristics. 

When the metallic reflective surface is replaced by the PhC frequency-coding medium 

created from high-Q dielectric resonators, coupling rod antennas, and low-loss materials, the 

energy reradiated from the resonators through the Luneburg lens back to the reading antenna 

creates a long tail response in the time-domain, which can be easily filtered out by properly 

selected time-gating windows resulting in the frequency-domain detection. Also, multi-bit 

detection, i.e. detection of multiple devices by angle of arrival (AoA) sensing method is 

possible. Additionally, the magnitude of the received signal can be used for the distance 

measurements, enabling ranging functionality. The Luneburg lens with a diameter of 25 mm 

provides an improvement in read-out distance from 20 cm (single coding particle) to more 

than 1.2 meters with the use of Rogers RT/Duroid 5880, and more than 4 meters with the use 

of alumina ceramics [62]. 

PhD student´s contribution: The PhD student designed a 3D Luneburg lens with spatially 

distributed permittivity from stacked perforated dielectric substrate layers which he 

numerically verified as an antenna and retroreflector by simulations at millimeter-wave 

frequencies (W-band). Further, he prepared fabrication data for the drilling machine and 

compared the measured results with the simulated ones. He wrote the major part of the paper 

related to the performance of the lens and frequency uncoded retroreflector. The co-authors 

fabricated the lens and performed a characterization of the frequency-coded tag landmark, lens 

antenna radiation patterns, monostatic RCS patterns, materials characterization, and 

supervised the research and the paper. 

The limits of the Luneburg lens exploitation at millimeter-wave frequencies (W-band) 

are described in Paper [E], where the stereolithography (SLA) 3D printed Luneburg lens made 

by a cross unit cell is investigated and the lens parameters degradation (maximum operational 

frequency, side-lobe levels (SLLs)) caused by the dispersion properties are elaborated. The 

main frequency limitations are the unit cell size, which is defined by the printing resolution of 

the 3D printer (higher is better) and the maximum relative permittivity of the material used 

(lower is better). The major effect of the dispersion is in the lens gain reduction, whereas the 

effect on SLLs change is negligible. The comparison to the conventional computer numerical 

control (CNC) machining fabrication performed in Paper [D] is also performed, which showed 

that the classical fabrication methods may still outperform the modern 3D printing approach 

in the time and functional parameters costs. 



 19 

PhD student´s contribution: The PhD student designed a 3D Luneburg lens with spatially 

distributed permittivity from the cross unit cells and evaluated the lens performance by 

numerical simulations at millimeter-wave frequencies (W-band). Further, he prepared the 

fabrication files and compared the achieved results with the Luneburg lens realized in 

Paper [D]. The co-author fabricated the designed lens by an SLA 3D printing, conducted the 

lens antenna characterization, and supervised the research and the paper.  

Further, the suitability of a planar Luneburg lens design made from high-resistive silicon 

(HR-Si) for sub-THz frequencies in the range between 220 GHz and 330 GHz is corroborated 

in Paper [F]. This paper deals with both the planar Luneburg lens and the wide-angle 

frequency-coded retroreflector with high-Q resonators embedded in the PhC medium. First, a 

20 mm diameter Luneburg lens realized on the 200 µm thin very low-loss HR-Si wafer 

allowed an increased detection range over 30 cm compared to a few cm without the lens 

configuration. Second, the lens functionality enabled a wide angular range of ±65° for the 

coding particles. The fundamental TE0 propagation mode in the lens is middle dispersive 

which is advantageous for covering the whole targeted frequency band with bandwidth over 

110 GHz which can be exploited in future 6G communications for high throughput data rates. 

The frequency limits are again determined by the unit cell size, which depends on the 

mechanical stability of the walls and the minimum hole diameter achievable by the deep 

reactive ion etching (DRIE) manufacturing technology used. The disadvantage of the design 

may be increased fragility. 

PhD student´s contribution: The PhD student designed a planar Luneburg lens which can be 

realized on a very thin and very low-loss HR-Si dielectric wafer in the sub-THz band (220 

GHz–330 GHz). Further, he verified the lens performance by numerical simulations and 

prepared the data for lens fabrication. He used a rescaled PhC frequency-coding tag for 

integration with the lens model and verified its functionality by simulations. He wrote the 

major part of the paper related to the lens design, its numerical simulations, and comparison 

with the measured data. The co-authors fabricated the designed structures separately for 

individual characterization, conducted lens antenna parameter measurements, frequency-

coding tag landmark characterization, and supervised the research and the paper. 

Since the current designs required to be composed of some focusing device, such as a 

lens, and coding particle, such as resonators, separately, the new approach of mutual 

integration was first proposed in Paper [G], where the concept of quasi-conformal 

transformation optics (QCTO) based flattened Luneburg lens backed by the 3D PhC with high-

Q resonators is proposed. A very large simulated angular range of ±87° is achieved assuming 

a high-permittivity material (εr = 17.5) while the detection of the PhC coding particle is 

possible up to an angle of ±75°, depending on the coupling position at the bottom of the lens. 

The proposed combination shall improve the compactness of the whole frequency-coded 

retroreflector because the coding particles will be integrated with the lens surface. However, 

for practical realization by 3D printing technique and monolithic integration, only one material 

with the same relative permittivity can be used. For the proper functionality and maintaining 

the compact size of the coding PhC part, alumina ceramic with high permittivity (εr = 9.5) is 

selected as the reference material.  

PhD student´s contribution: The PhD student proposed a novel concept of a passive, chipless 

frequency-coded retroreflective identification tag landmark based on a QCTO Luneburg lens 

with flattened bottom and a 3D PhC with coding resonators, which improves the overall 

compactness of the identification tag landmark. Further, he evaluated the lens performance by 

numerical simulations at millimeter-wave frequencies (W-band). The co-authors designed the 

3D PhC coding part, performed high performance numerical simulations of the whole 

identification tag landmark, and supervised the research and the paper. 
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Due to the reason that the permittivity profile of the QCTO Luneburg lens has to be 

adjusted accordingly to match the permittivity of alumina, which is used for the PhC coding 

part, a novel design is proposed in the following Paper [H]. The relation between the maximum 

beam-steering capabilities of the QCTO Luneburg lens and the maximum relative permittivity 

value is elaborated with the conclusions that the maximum permittivity provided by alumina 

allows for the beam-steering range of ±70°. Further, the effects of real capabilities and 

restrictions of lithography-based ceramics manufacturing (LCM) 3D printing on the lens 

performance are evaluated. Since the study on the broadband impedance matching layers 

(IML) in [54] was conducted assuming the maximum relative permittivity of 2.9, the effects 

of using different broadband IMLs to the free-space environment on the antenna gain and 

impedance matching were investigated, assuming a maximum available relative permittivity 

of 8.9. In our work, the best results are achieved for the exponential IML, while in [54], the 

best results were achieved for the Klopfenstein IML. The performance of the designed QCTO 

Luneburg lens is successfully verified by the measurements at a frequency of 40 GHz as a lens 

antenna and a metal backed retroreflector, which was firstly evaluated in this extensive work.  

PhD student´s contribution: The PhD student proposed a flattened 3D QCTO Luneburg lens 

with a permittivity profile adjusted to the alumina for LCM and created MATLAB codes for 

generation of its simplified and full fabrication models in CST Studio Suite at millimeter-wave 

frequencies (Ka-band). Further, he designed and, by numerical simulations, evaluated 

different broadband IMLs profiles to improve overall impedance matching of the lens 

permittivity profile to the free-space environment. He also simulated the performance of the 

designed lens as a retroreflector when its bottom surface is backed by a reflective layer. In 

addition, he described the effects of non-ideal fabrication process on the lens antenna 

performance and compared the measured results to the simulations. The co-authors helped 

with the calculation of the adjusted QCTO Luneburg lens relative permittivity profile in 

COMSOL Multiphysics, fabricated the lenses with and without IML by a ceramic 3D printing 

process, measured the lens antenna radiation patterns, conducted the monostatic RCS 

measurements of the retroreflector, and supervised the research and the paper. 

The future integration of the QCTO Luneburg lens with the 3D PhC coding part requires 

ensuring the impedance matching between the bottom lens permittivity profile and the PhC 

effective permittivity profile, especially the impedance of the input PhC waveguides, for 

maximizing the transmitted and reflected power. Thereafter, the monolithic configuration of 

the whole device will be possible. In addition, the dependence of the frequency-coded 

retroreflector functionality over the high temperature range (e.g. in case of fire) will be 

evaluated together with the maximum frequency achievable in the current design. Currently, 

unpublished results verify that the operation is possible up to a frequency of 95 GHz and a 

temperature over 900 °C. The results are intended to be summarized and submitted for 

publication in the near future. 
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5 Conclusions and Future Work 

The dissertation thesis dealt with the research of 3D printed artificial electromagnetic 

structures containing dielectric and metallic inclusions of various geometries that could be 

exploitable for antenna and microwave component design. During this research, three main 

objectives were formulated and gradually solved. 

The first objective of the thesis was focused on the description of artificial dielectric 

substrates with selected inclusions by an analytical modelling based on the PPC method. The 

following original results were achieved: 

• Derivation of closed-form equations for effective relative permittivity 

determination of an artificial dielectric substrate based on a cross unit cell that 

outperforms conventional EMAs in the wide inclusions volume fraction range 

Paper [A]. 

• Determination of the dielectric losses of the artificial dielectric substrate based on 

the cross unit cell Paper [B]. 

The second objective of the thesis was focused on the description of artificial substrates 

containing conductive inclusions by an analytical (hybrid) method and determination of their 

effective constitutive parameters by the MMTMM. The following original results were 

achieved and published in Paper [C]: 

• Determination of the effective relative permittivity and effective relative 

permeability of a self-supporting unit cell by the MMTMM and evaluation of their 

ranges for varying sizes of conductive inclusion. 

• Description of the influence of the finite conductivity of the inclusions on the 

effective constitutive parameters. 

The third objective of the thesis was related to the research of lenses with spatial 

distribution of the effective permittivity for retroreflective and frequency-coded retroreflective 

structures, which allow wide angular coverage and stable RCS. The following original results 

were achieved: 

• A 3D Luneburg lens realized at millimeter-wave frequencies (W-band) from 

stacked substrate layers using CNC drilling serving as an antenna or a wide-angle 

retroreflector with a stable RCS in an angular range of ±75° Paper [D]. 

• Experimental validation of wide-angle detection with stable RCS and maximum 

detection range enhancements using Luneburg lenses with passive, chipless 

frequency-coded RFID tag landmarks Papers [D, F]. 

• A 3D Luneburg lens realized at millimeter-wave frequencies (W-band) from cross 

unit cells using SLA 3D printing, limitations and comparison to CNC drilled 

version of the lens Paper [E]. 

• A 2D Luneburg lens realized at millimeter-wave frequencies (220–330 GHz 

frequency band) from a perforated HR-Si wafer using DRIE and its integration 

with rescaled PhC coding tag for passive, chipless frequency-coded RFID Paper 

[F]. 

• A novel concept that combines the 3D QCTO-based flattened Luneburg lens with 

a 3D PhC coding medium for integrated wide-angle passive, chipless frequency-

coded RFID tag landmarks Paper [G]. 

• A 3D QCTO-based Luneburg lens realized at millimeter-wave frequencies (Ka-

band) from cross unit cells using LCM 3D printing evaluated as an antenna and 

firstly as a retroreflector Paper [H]. 
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Considering the achieved results, it is apparent that all the objectives of this thesis were 

successfully accomplished. 

The future research direction related to artificial dielectrics can be in the evaluation of 

inverse design topology optimization [63], multi-objective optimization [64], and deep 

learning methods [65] that would create a spatial composition of the structure according to the 

requirements given by the input parameters. Furthermore, the study of various 3D EM 

structures involving conductive and/or dielectric inclusions in various supercell and lattice 

configurations, together with higher symmetries, which have shown promising results for the 

enhancements of operational bandwidths of various microwave and antenna structures [30], 

can be in the future focus of researchers. 

The next development of GRIN lenses and retroreflectors with coding parts can be seen 

in enabling continuous tuning capabilities, which are very demanding in the next era of 6G 

communications systems, especially in combination with the development of low-loss 

materials and fast, cost-efficient manufacturing techniques. Therefore, the future research 

target can involve a lower temperature sintering ceramic 3D printing process [66] to design 

GRIN lenses with a lower permittivity gradient that can increase the maximum operational 

frequency. Further, the continuous tunability enabled by the use of liquid crystal (LC) 

technology, or development of reconfigurable / functional materials allow novel devices with 

tunable functionalities to be explored.   
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Abstract 

The dissertation thesis deals with the research of 3D printed artificial electromagnetic 

structures exploitable for antenna and microwave component design. Artificial structures 

containing dielectric and metallic inclusions of various geometries are investigated, and their 

precise description, including the anisotropy effect, can improve the actual design speed and 

accuracy.  

First, the models based on the analytical parallel plate capacitor method are compared with an 

effective medium theory, numerical, and experimental results, which are provided for various 

parameters of materials available in 3D printing technology. The proposed models derived by 

the parallel plate capacitor method can generally be exploited for faster and highly accurate 

determination of the effective complex permittivity, which enhances its potential to be used 

with optimization techniques. Second, the hybrid multimodal transfer matrix method is 

exploited as a general and effective way for calculations of the effective permittivity and 

effective permeability of artificial structures containing both dielectric and metallic inclusions 

through the volumetric space of the structures studied. The artificial structures containing 

metallic inclusions generally allow to achieve a wide tuning range of the effective constitutive 

parameters. 

Finally, suitable structures with spatial permittivity distribution are developed for wide-angle 

millimeter-wave gradient-index Luneburg lenses employable as antennas or retroreflectors for 

wide angular coverage and stable radar cross section enhancements of passive, chipless 

frequency-coded radiofrequency identification tag landmarks which have a large potential for 

indoor self-localization.  

Abstrakt 

Tato dizertační práce se zabývá výzkumem 3D tištěných umělých elektromagnetických 

struktur pro návrh antén a mikrovlnných obvodů. Umělé struktury obsahující dielektrické i 

vodivé příměsi s různými geometrickými tvary jsou zkoumány a jejich přesný popis, včetně 

zahrnutí vlivu anizotropie, může zlepšit stávající přesnost a rychlost návrhu.  

Prvně jsou srovnány modely založené na analytickém přístupu modelování kapacitorů s teorií 

efektivního media, numerickou simulací a naměřenými výsledky, které jsou poskytnuty pro 

rozličné parametry materiálů, jenž jsou dostupné v technologii 3D tisku. Navržené modely 

metodou kapacitorů mohou být obecně využity pro rychlejší a přesnější určení efektivní 

komplexní permitivity, což zvyšuje potenciál dané metody při využití optimalizačních technik. 

Jako druhá je využita metoda vícemódových přenosových matic, která poskytuje obecný a 

účinný způsob výpočtu efektivní permitivity a efektivní permeability umělých struktur 

obsahující jak dielektrické, tak i kovové inkluze, napříč objemovým prostorem zkoumané 

struktury. Umělé struktury obsahující kovové inkluze obecně umožňují dosahovat široký 

ladící rozsah efektivních konstitutivních parametrů.  

Následně jsou navrženy vhodné struktury s prostorovým rozložením permittivity pro 

širokoúhlé Luneburgovy čočky s gradientním indexem lomu v pásmu milimetrových vln 

využitelné jako antény nebo retro reflektory pro zlepšení širokoúhlového rozsahu pokrytí a 

stabilní efektivní odrazné plochy u pasivních bezčipových frekvenčně kódovaných 

radiofrekvenčně identifikovaných orientačních bodů, jenž mají velký potenciál pro využití 

sebe-lokalizace uvnitř budov.  


