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1. Introduction 

Metamaterials have spread over the scientific communities in many 

disciplines.  Electrical engineering and in particular radio science is not an 

exception. Introduction of materials with negative permittivity and 

permeability brought about many novel applications, such as invisibility 

cloaks or superlens. This thesis focuses on planar leaky-wave antennas based 

on periodic transmission lines with resonant loads also called metamaterial 

transmission lines. Based on 1-D metamaterial concept, leaky-wave antennas 

are able to scan the main beam radiation from backward to forward 

directions with seamless transition over the broadside. Angle scanning 

capability is desired for smart antenna links, reconfigurable arrays, radar 

antennas etc.  

In Chapter 2 the concepts of metamaterials, periodic structures and 

tuning elements are outlined with regard to the main principles and 

applications in terms of radio engineering. A model of MEMS developed and 

used as a part of the thesis work [I-IV, VI] is described and shown to provide 

a convenient tool for MEMS design. 

Chapter 3 is dedicated to leaky-waves and antennas. Main classes of leaky-

wave antennas are covered. A quasi-uniform scanning antenna system is 

introduced and experimentally verified [V]. Onward, composite right/left-

handed (CRLH) leaky-wave antennas [I-III] are analyzed.  

In Chapter 4 various transmission lines are examined [I] and a numerical 

analysis of leaky-wave antenna is performed in [II] and [III].  Design 

methods for periodic leaky-wave antennas are reviewed and an alternative 

design method for printed CRLH periodic transmission lines [VI] is 

introduced based on the Bloch analysis. The design approach is based on 

compensation of mutual couplings between the cells as additional parasitic 

inductances and capacitances added to a single unit cell.  

Chapter 5 reports the results of experimental verification of the design 

method proposed and important design parameters such as electrical cell 

size, manufacturing inaccuracies and operation frequency are analyzed and 

design recommendations are given on this base. 
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Chapter 6 and 7 contain summaries of published manuscripts and 

concluding remarks together with an assessment of possible future research 

direction. Manuscripts I-VII can be found in the appendix. 

1.1 Motivation, scope and objectives 
 

The periodic structure considered in this work is in general an infinite 

transmission line periodically perturbed by discontinuities. These 

discontinuities store either electric or magnetic energy and therefore can be 

considered reactive elements. The transmission line can, in general, be any 

kind of transmission line used at microwave or millimeter-wave frequencies 

(e.g. rectangular waveguide, planar transmission line, or dielectric 

waveguide). Applications of periodic transmission lines are widely spread 

due to their natural pass-band and stop-band characteristics and used as 

filters, phase shifters, band-gap structures, antennas, or couplers. 

The concept of metamaterials found its way into research and engineering 

life early in the last century, enabling novel ways to improve the functionality 

of devices and structures up to optical frequencies. Metamaterials describe a 

set of materials with properties not observed within natural materials. In 

particular, permittivity and permeability arising from the chemical and 

structural order can be under certain considerations simplified into the form 

to be used with conventional transmission lines.  

One of the areas where metamaterials brought significant improvement to 

known practices and the design of structures is antenna design, including 

dimensional reduction, matching circuits, and new classes of antennas. 

Along with the improvement to their properties, introduction of 

metamaterials has also uncovered unexplored possibilities not considered 

feasible before. In particular, the long-researched topic of leaky-wave 

antennas, starting from the slotted rectangular waveguide and continuing 

with the micro-sized planar transmission lines, benefited significantly from 

the establishment of metamaterials. Due to their non-resonant nature and 

possibility to achieve high directivity with a small electrical size, leaky-wave 

antennas are especially suitable for applications where the compactness, easy 

fabrication, and fine angular resolution of the antenna are essential. This is 

the case with, e.g., automotive radars and its upcoming shift to the 

millimeter-wave frequency range. The advantage comes from the possibility 

to steer the main beam angle with numerous possible applications in 

intelligent sensors, scanning antenna arrays, or short range links.  

Even though metamaterials are primarily defined as a bulk material with 

particular electrical properties, at microwave and millimeter-wave 

frequencies a 1-D structure is much easier to implement – this is the kind of 
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a structure to be dealt with throughout this thesis. The 1-D implementation 

is a straight forward process looking at metamaterial in light of transmission 

line and periodic structures theory. A 1-D metamaterial structure is obtained 

by periodically loading a transmission line with counterparts of its 

constitutive elements, inducing strongly dispersive properties of the formed 

structure. The period of the loading should be kept much smaller than the 

guided wavelength in which case the homogenization principle can be 

applied and the structure can be referred to as metamaterial. However, once 

the period is comparable to the guided wavelength, the structure can be 

called periodic, but not metamaterial. Keeping certain design principles in 

mind, this structure can behave as an antenna and, if tuned, or if the 

frequency of the feeding signal is swept, the direction of the main beam 

radiation can be controlled as well.  

In this work the tuning elements considered are RF MEMS (Radio 

Frequency Micro-Electro-Mechanical-Systems) varactors and printed 

capacitors. The MEMS technology represents a promising option for this 

kind of application with its potentially superior properties such as low loss, 

high tunability (compared to semiconductor or ferroelectric devices) and 

tuning step small enough to be considered continuous opposed to step-wise.  

Using commercially available simulators, a single unit cell of a periodic 

structure can be characterized. Because of neglected mutual coupling among 

the cells of resultant structure, the representation of the cascade based on 

this characterization yields inaccurate overall result. Design procedures of 

leaky-wave antennas have been described in many publications and vary 

significantly depending on the type of leaky-wave structure. Exact design 

methods for printed leaky-wave antennas are available and incorporate 

implementation of a specific-task full-wave code or extraction of complex 

transmission matrix roots. The latter combines usage of commercial software 

and correctly accounts for the mutual cell coupling providing a useful design 

tool. 

The aim of this thesis is to investigate the design of leaky-wave antennas 

for the frequency range up to 100 GHz and for the electrical size of loading 

period varying from small to comparable to the guided wavelength. The 

expected outcome is a thorough design guide for the whole band with the 

minimum time spent on numerical optimization. Additional goal of this work 

is to verify the possibility to control the main beam of a metamaterial based 

leaky-wave antenna in the millimeter-wave range.  

Since the development of microfabrication techniques, originating in the 

microelectronics industry, the fabrication of loaded planar lines – be it a 

simple structure from an engineering point of view – is rather unusual for 

microfabrication processes, and therefore challenging task, especially 
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considering MEMS varactors, which, unlike MEMS switches are yet to 

become a fully matured  technology. 

1.2 Scientific contribution of this work 
 

The new scientific results achieved in this work are connected mainly to 

the leaky-wave antennas based on CRLH transmission lines. Several 

prototypes of MEMS loaded leaky-wave antennas and interdigital capacitor 

loaded antennas were fabricated to prove the usability of MEMS technology 

and novel methodology for the design of periodic transmission lines based 

on planar lines in general. Following points represent the contribution to the 

scientific knowledge: 

1. Dispersive properties of various planar transmission lines are studied 

and shown suitable for leaky-wave antenna design in the range of 

millimeter-waves. 

2. Analytical and numerical feasibility study of using MEMS capacitor 

as a tuning element for leaky-wave antennas for automotive radar 

applications is elaborated. 

3. Analytical models and design procedure of distributed elements 

(such as MEMS capacitor, interdigital capacitor, and short microstrip 

section inductor) based on mixed analytical-numerical approach 

incorporating global optimization method is developed and verified. 

4. A general method for design of periodic transmission lines based on 

planar lines is outlined. This method combines the advantages of 

presently used methods– simplicity of use, very good accuracy, and 

validity up to millimeter-wave frequencies with potential extension 

to even higher frequencies. 

5. The general method for the design of periodic leaky-wave antennas 

with through-broadside scanning (or, balanced periodic 

transmission line) is numerically and experimentally verified at 77 

and 26 GHz, respectively. 

6. Design guidelines and considerations for periodic transmission lines 

are outlined and numerically studied with regard on the most 

important parameters – electrical size of the unit cell, frequency of 

operation, and fabrication tolerances. 
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2. Background 

2.1 Metamaterials 
 

Throughout the scientific and industrial world, materials have been 

considered to possess their properties within certain limits, discovered 

through the measurements of substances found in nature. The influence and 

response of materials to propagating electromagnetic waves are described by 

the inherent material parameters – permittivity and permeability, which 

themselves can be complex, and which have been traditionally confined to 

positive values. However, the realization of negative variations have been 

extensively studied in the past [1, 2], yielding artificially constructed 

materials, or metamaterials, which has spawned a new focus in the paradigm 

of electromagnetics and material research. 

The topic of artificial materials that will be discussed throughout this thesis 

has been considered already in the last century [3], but has been practically 

implemented only at the beginning of this century. The idea was to have 

effectively homogeneous material with properties not found with natural 

materials. Since these materials are ‘composed’ of conventionally used 

materials, the unusual properties are achieved by the structural order and 

orientation of the constitutive parts. Here, the notion of effective 

homogeneity is important because it gives rise to the limitation of 

applicability of such materials. The limitation is mainly connected to the 

frequency range in which we can consider the composed material 

homogeneous, i.e. consider the material being based on uniform matter. The 

traditional limitation is commonly defined whereby the period between the 

particles is smaller than a quarter of the guided wavelength of the wave 

transmitted through the material.  
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Figure 1 Particles of (left) negative μ media (split ring resonators), and (right) negative ε 
media, as suggested by Smith et al. [4]. 

Strictly speaking the quarter-wavelength limit is merely approximate and as 

such is not strictly defined.  

Recent work [4] has experimentally proven the purely theoretical notion of 

backward-wave media in which the phase is propagating in the opposite 

direction to the energy propagation direction. The first backward-wave 

media were realized by combining a wire medium, which was studied in the 

1960’s [1], and a split-ring resonator (SRR), studied already in the 1950’s [4, 

5]. In [4], Smith et al. proposed and demonstrated this composite periodic 

medium (displayed in Fig. 1) having effectively negative permittivity and 

permeability at microwave frequencies.  

Through backward-wave media, i.e. media exhibiting negative refraction, 

one can make a perfect lens [6] (principle sketch shown in Fig. 2), going 

beyond the square wavelength resolution limit due to cancellation of 

decaying evanescent waves, which are responsible for the focusing limit of 

conventional lens. 

The concept of negative refraction was verified by Shelby et al. [7]. For the 

verification, a 2-D prism of SRRs and a wire media combination was 

fabricated, which demonstrated a measured negative refraction (scattering 

angle) of transmitted wave in microwave region.  

Many papers on metamaterials followed, either conceptual or application 

oriented, together with number of textbooks. The textbooks focus mainly on 

the transmission line approach to metamaterials [8], analytical modeling of 

metamaterial structures [9] and present a compilation of scientific papers 

from different authors on the underlying physics and experimental 

verifications [10], or discuss the design and applications [11] emphasizing 

devices operating in visible or near-visible frequency range. 
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Figure 2 Sketch of a perfect lens based on left handed medium and negative refraction of 
rays impinging the boundary from the left hand side. 

In this thesis the transmission line (TL) approach will be the pivotal theory 

used for the design and analysis of the leaky-wave antenna [12]. Since early 

papers describing metamaterials as a cascade of infinitesimally small circuits 

of lumped elements in one, two or three dimensions [5-7], numerous papers 

and monographs have been published [8, 13-17]. Examples of 1-D and 2-D 

metamaterial TLs are displayed in Fig. 3. A metamaterial transmission line 

is formed by loading conventional TL (right-handed TL: microstrip line, 

coplanar waveguide, rectangular waveguide, dielectric waveguide, etc.) by 

series capacitor, C, and shunt inductor, L, (together forming left-handed TL). 

This combination gives rise to highly dispersive behavior and the possibility 

of backward-wave propagation. Strictly speaking, the circuits in Fig. 3 do not 

represent the homogenization principle [18] since the RH TL does not appear 

in the form of series inductance and parallel capacitance, which would in this 

case be per-unit length quantities. This is common practice with the 

homogenization principle, but here the RH TL is in the form of sections of 

TL with certain wave impedance, Z0, propagation constant, β, and length, l. 

 
Figure 3 1-D and 2-D examples of lossless metamaterial transmission line composed of 
sections of a host transmission line and loaded with a LH circuit in order to obtain strongly 
dispersive characteristics.  
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2.2 Periodic structures 
 

Speaking of material in general, we most frequently mean a bulk piece of 

uniform matter. This is of course a theoretical assumption since indeed real 

materials differ significantly from the models used. There are always 

inhomogeneities (at least on the atomic level) and statistic irregularities. 

Nevertheless, applying homogenization, averaging and mixing rules [8, 19] 

we obtain accurate means for describing the response of a realistic material 

to applied electromagnetic fields. From an engineering point of view, one of 

the first distinctions between materials has been the division into conductive 

and insulating materials. Starting with these quantities the knowledge of 

material properties has vastly increased in volume and diversity. 

Electromagnetic properties (and mixing rules) of materials are 

comprehensively described in [19] and will also be the main focus of this 

chapter. 

Artificial bulk media (composites) have been a matter of research long 

before metamaterials were considered. The need to decrease the weight or 

dimensions of materials in certain applications [26] has been a natural driver 

for the development of artificial material research and engineering as a 

standalone branch. Artificial dielectrics [20] for light-weight microwave 

lenses and chiral materials for microwave radar absorbers [21] are just a few 

examples of artificial media applications.  

Traditionally when thinking about certain medium, one imagines a matter 

composed of atoms ordered in more or less periodic fashion in a lattice. In 

connection to the electromagnetic characteristics of a given medium, if the 

period of the lattice is much smaller than the wavelength of the propagating 

wave, the macroscopic response can be described in terms of permittivity and 

permeability. Based on this fact one would automatically think that in order 

to create some artificial medium one would have to deal with atoms 

themselves. Looking at the size of the wavelength of micro or millimeter-

waves, the situation is different. Order of centimeters or millimeters allows 

us to use known practices and materials arranged in a periodic way to obtain 

the macroscopic response that is similar to naturally occurring media, or as 

definitions of metamaterials [3, 6, 22-24] suggest, even properties not found 

with natural materials. In this fashion, parallel metallic plates have been 

used instead of a heavy dielectric lens for a horn antenna [25]. Metamaterials 

can be viewed as homogeneous materials and, roughly speaking, the 

composing particles can be seen as atoms on a microscopic scale. 

Nevertheless, depending on the frequency for which the metamaterial has 

been designed, the particles can even be seen by the naked eye, for instance 

at microwave frequencies, see Fig. 4.  
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Figure 4 (left) Crystal cubic structure, and (right) metamaterial – periodic inclusions in a 
host medium.  

Practical implementation of 3-D metamaterial structures is achievable 

through, for example, layered media stacked on top of each other with 

appropriate motives etched on their surface. However, this results in the 

desired properties being dependent on the polarization of the propagating 

wave. Negative refractive index media was initially achieved with structures 

composed of arranged split ring resonators (SRR), wire media (see Fig. 1) 

and so called fishnet structures at microwave frequencies up to the optical 

region [26-29]. In the optical range, 3-D structures have often one dimension 

considerably smaller than the wavelength even though the number of stacked 

layers can go up to ten [30].  

Thus it is clear that the three-dimensionality of metamaterials can have a 

different meaning compared to what we usually imagine, with respect to the 

real structure. This can be reflected in the shape of a structure when the 

desired properties can be reached by using one layer of a medium instead of 

a bulk composed of many. Because the properties of metamaterials are 

strongly dependent on the distance of neighboring elements and layers, due 

to strong coupling effects, the flexibility and uncertainty of the design can 

increase. A metamaterial is considered 3-D when the addition of extra 

stacked layers does not change the polarization response of the metamaterial 

unit cell [30]. 

In the visible region the fabrication becomes challenging with regard to the 

required size of the unit cell and losses. At these frequencies metals exhibit 

large losses and become difficult to use as a building material for 

metamaterial structures. Dielectric spheres can be used instead. These 

posses negative permeability which is controlled by the size of the spheres 

[31]. Second order resonance of dielectric spheres is an electric dipole 

resonance [31] and it enables us to assemble a purely dielectric metamaterial 

by including spheres of different sizes into a host medium, provided that the 

size of the spheres is smaller than the wavelength of the applied field [32-35].  

Fabrication processes stand for another chapter of bulk metamaterial 

production since the smallest features are usually sized in fraction of the 

wavelength. With growing frequency of operation, the fabrication processes 
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become more sophisticated and thus costly. Through microfabrication 

processes commonly used today, metamaterials can be composed by stacking 

the layers on top of each other using, for example, electron-beam lithography 

[35]. Although layer stacking is commonly used in practice, structures based 

on 3-D isotropic intra-connected unit cells can be realized by direct laser 

writing or directional evaporation technique [36, 37]. Vertical deposition of 

metal allows an almost arbitrary shape of the unit cell, making the 

conventional layered 3-D metamaterials truly bulk materials. Combining the 

metal and dielectric sheets, plasmonic waveguides are obtained, whereby the 

coupling of such waveguides can yield a material with negative refractive 

index [38]. 

2.3 Transmission line based metamaterials 
 

In the previous chapter, metamaterials were considered in terms of a bulk 

piece of effectively isotropic matter composed of artificial particles that were 

smaller than the wavelength of the applied field. The analysis of these 

structures is mainly achieved through the application of Maxwell’s 

equations. However, describing metamaterial layers in terms of the 

transmission line theory [39] is very convenient due to its relative simplicity 

and accuracy. Moreover, this approach reveals the link between periodically 

loaded transmission lines and regular metamaterials which obey to the same 

laws if we restrict our consideration by averaged electric and magnetic fields.  

Impeccable advantages of transmission line theory compared to full wave 

analysis make it very useful particularly in engineering practice and design 

of metamaterial-based structures and periodically loaded transmission lines 

[8, 11, and 14]. In this case, the coupling of propagating waves has to be 

treated as a lumped source at the terminal of metamaterial transmission line, 

since the plane wave naturally does not couple to the transmission line 

without an appropriate transition, e.g. an antenna. Therefore the excitation 

has to be properly accounted for, which is in most applications done by 

default since the transmission line excitations are well-known and used [39]. 

On the other hand, with limitation on the wave polarization the free-space 

coupled transmission line metamaterial was demonstrated [40] through a 

transition layer similar to a horn antenna without vertical walls.  

In this thesis we mainly work with 1-D metamaterial transmission lines. 

The 2-D and 3-D lines which are in essence an expansion of the 1-D structure 

are thus omitted from the analysis.  

Description of any matter in terms of electromagnetic (EM) field 

interactions is done through two main parameters, permittivity ε and 

permeability μ. According to Maxwell’s equations these relate the electric and 
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magnetic fields to the electric field density and magnetic flux density, 

respectively. Permittivity and permeability are, in general, tensors. Here we 

will mainly consider the EM wave to propagate in one direction, namely z. 

Thus, the constitutive relations can be written in the following way: 

 
)Ejε(εD ZZ

 
)Hjμ(μB ZZ

 
(1)  

Here, E is the electric field, D is the electric field density, H is the magnetic 

field, and B is the magnetic flux density. Transmission line theory allows us 

to express the permittivity and permeability in terms of impedances and 

admittances that compose a unit cell of a TL [39]: 
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Here p is the period size, and CR, LR, CL and LL are the per-unit cell 

parameters of the host TL and loading series capacitance and shunt 

inductance respectively. In general any kind of TL can be characterized in 

terms of cascaded infinitesimally small portions which are described by a 

series inductance, accounting for current flow, and a parallel capacitance, 

accounting for the voltage difference between conductors of the transmission 

line. The wave propagating through a TL composed of such cells is often 

called a Bloch wave which is typical for periodic crystal structures [8, 18, and 

22].  

Since the cell size – period p – is very small compared to the wavelength, 

the currents and voltages at the gates of each cell differ only by a complex 

propagation constant, this assumption is referred to as the Floquet theorem 

[8]. Another useful concept is the ABCD, or, transmission matrix which 

relates the currents In+1=Ine-γp and voltages Vn+1=Vne-γp at the gates of 

consecutive cells. For a two port circuit [39]: 
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The propagation constant, γ, describes the properties of the wave 

propagating through the periodic structure and can be obtained from (3) by 

solving the characteristic equation [39]: 
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yielding [39]: 
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cos TT DAγp   (5)  

which can be used for extraction of the dispersion from simulation software 

after substituting the ABCD parameters for the scattering parameters: 
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The impedance at the ports, which might be different from the impedance at 

any point within the cell, can be as well derived combining the Floquet 

theorem and ABCD matrix [8, 39]: 
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The sign of the solution depends on the direction of the traveling wave and 

the structure is assumed to be symmetric (AT = DT). 

Transmission line metamaterials are widely used due to their favorable 

characteristics, mainly backward-wave propagation, low losses and ease of 

manufacture. Improved performance was observed with directional couplers 

[41, 42], phase shifters [43, 44], power dividers [45, 46], and antenna 

miniaturization [47]. 

2.4 Tunable elements at millimeter wavelengths and MEMS 
 

Tuning of any device has two main functions. The first is to compensate for 

inaccuracies originating from fabrication errors. The second is to improve 

and extend the functionality of a device by changing the properties which are 

essential to its function. In this chapter we will concentrate on the latter in 

the band of microwave and millimeter-wave frequencies. Thin film, planar 

and waveguide technologies are dominating these bands and the tuning 

elements have either mechanical or electrical nature.  

With waveguide technology the tuning is done through various kinds of 

metallic or dielectric screws, slits, wires, resonant irises, and diaphragms 

which by mechanical adjustment change its electrical properties, most often 

impedance. By loading the waveguide with a reactive load, the waveguide can 

become resonant, filter, or couple some of the energy of the wave. Examples 

of these tuning elements are shown in Fig. 5. 

 
Figure 5 Waveguide tuning components: rectangular waveguide cross-section with inserted 
capacitive diaphragm, resonant aperture in circular waveguide and rectangular waveguide 
capacitive tuner (grey parts are metallic). 

Planar technologies offer a broader variety of tuning elements due to easy 

integration of many components adopted from low frequency applications. 

Lumped elements used for tuning of circuits are in terms of technology 
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relatively easily transferable to the millimeter wavelength region. 

Semiconductor based components and micro-electromechanical systems 

(MEMS) are well developed devices, which can be used as electronically 

adjustable components.  

In general, increasing the reverse voltage applied to a PN junction 

decreases its capacitance due to the increased width of the depletion region 

in the junction, which serves as a tuning element in many applications over 

a wide range of frequencies. Industrial demand for simpler filter networks 

without multiple switched filter branches has boosted the development of 

tuning elements, which has enabled reconfigurable filters requiring less 

space and material to be used. The tuning can be either step-wise, or 

continuous. For discrete tuning MEMS switches [48], CMOS [49], FET 

transistors [50, 51], HEMT transistors [52], liquid crystals [53], or PIN 

diodes [54] can be used, whereas for continuous tuning, MEMS capacitors, 

ferroelectric materials [55] or varactor diodes [56] can be employed. 

Varactor diodes as tuning elements are widely used mainly up to X-band 

(8.2-12.4 GHz) frequencies. Low price makes them very attractive in this 

frequency region. In addition, with monolithic design higher frequency 

regions and a high degree of integration can be achieved. The insertion loss 

introduced by these switches depends on the number of diodes in the 

sequence and varies approximately on the order of a couple of decibels [57], 

which is not of great concern in the aforementioned frequency band since 

signal sources provide sufficient power levels.  

Ferroelectric based capacitors, which can change the dielectric permittivity 

through an applied DC voltage, can be suitably incorporated into monolithic 

designs [58], but their high loss renders them unfavorable for wider use. 

Ferromagnetic materials are also reported to be used for tuning elements 

[59] but have not widely spread due to their low reconfiguration speed and 

higher cost.  

MEMS devices can be used as a switch or as a variable capacitor [48, 60]. 

The main principle with MEMS is based on transformation of electrical or 

thermal energy into mechanical movement of the membrane. The main 

advantages, compared to solid state devices [49, 50, 52], or ferrite layers [61] 

are high isolation and quality factor, low weight and loss, small operational 

currents, and good compatibility with planar technology.  

Switches can be cantilever or bridge type (see Fig. 6). Their implementation 

within low- or high- frequency applications is dependent on the contact type.  
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Figure 6 Cantilever (left), and bridge (right) - type of MEMS placed over a microstrip 
transmission line with a gap capacitor. 

Low frequency switches can be metal-to-metal or resistive contact, whereas 

high frequency embodiments are usually capacitive, i.e. there is a small gap 

between the electrodes which are typically maintained in the ‘on’ state 

through a thin dielectric layer. Here we concentrate on radio frequency 

MEMS (RF MEMS). These are actuated by DC voltage to ensure electronic 

control [62, 63].  

At low frequencies MEMS can be considered either purely capacitive (off 

state) or resistive (on state). Parasitic effects become non-negligible with 

increasing frequencies, resulting in more detailed equivalent circuit models, 

and their characterization. With growing frequency, besides the useful 

capacitance, part of the energy stored in the MEMS will be distributed 

between the parasitic inductances and capacitances. Since the parasitic 

components are in the order of useful capacitance, they will influence the 

performance of RF MEMS significantly.  

The utilization of RF MEMS has found its place with many reconfigurable 

circuits like filters [64], phase shifters [65], impedance tuners [66], 

oscillators [67] and amplifiers [68]. Periodic transmission lines can be 

included in the filter category even though here they are mainly considered 

for leaky-wave antenna applications. Thus, by utilizing MEMS devices the 

main beam angle can be steered; for example, the series capacitor shown in 

Fig. 3 will be implemented as a steering MEMS element. 

The following text will give a brief overview of the procedure of MEMS 

varactor design which was needed for successful implementation of a 

periodic TL. Due to the operation frequency of the proposed transmission 

lines being in the range of mm-waves, precise RF model which includes 

parasitic reactances was developed and verified. After an analytical model 

was found, a mixture of analytical and numerical optimization was used to 

optimize the performance of the MEMS [I, II, and III]. The computational 

electromagnetic model (CEM) and its equivalent circuit are shown in Fig. 7. 

The analytical design formula for MEMS parallel plate capacitance is [62]: 

 
,

g
AεC 0

PP
 

(8)
  

where A is the overlapping area of membrane and microstrip, and g is the 

gap height between the membrane and microstrip line.  
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Figure 7  MEMS varactor model and its equivalent circuit: (left) angled view, (center) side 
view, and (right) substitute circuit. Cff is the fringing capacitance, CPP the parallel plate 
capacitance, CGap the microstrip gap capacitance, CEnd microstrip open end capacitance and 
LS series membrane inductance [VI]. 

The desired value of the capacitance was obtained with (8) and formulas for 

calculation of microstrip gap capacitance and open end capacitance [69]. The 

values of other parasitic components were obtained from basic transmission 

line equations [39]. A CEM model was created and simulated based on this 

analytical design. The results were exported to Matlab and compared with 

the results obtained by the analytical model. By means of particle swarm 

optimization (PSO) [70], the simulation results were fitted to the analytical 

data, which resulted into a set of corrections for the model parameters. This 

process was repeated until the desired capacitance values were achieved. 

This way we obtained a precise and fast method of MEMS device modeling 

and numerical characterization. An example of resultant comparison of fitted 

analytical model data and CEM model simulation results obtained from 

HFSS is shown in Fig. 8. 

 
Figure 8 Comparison of magnitude and phase of fitted analytical model and results 
obtained from FEM simulation for MEMS varactor. Solid and dashed lines are HFSS 
simulation results and cross and circle lines are analytically fitted data [VI]. 

In [71-74], alternative approaches to MEMS modeling are introduced. The 

design method used in [I, II, and III] is mainly useful when scattering 

parameters [39] obtained from EM simulation software and Matlab (or any 

other suitable programming language) are available, which is advantageous 

during design of RF systems since the MEMS model does not have to be 

designed using separate tools.  

Besides the guided wave applications mentioned, MEMS are widely used in 

antenna structures [75-78] with some initial studies also in the field of leaky-

wave antennas [79]. Overview of LWAs steered using the alternative 

technologies mentioned can be found in [80-85]. 
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3. Leaky-wave antennas 

3.1 Leaky-waves 
 

There are several types of waves which can propagate along open or closed 

wave-guiding structures [86]. In the case of a closed lossless structure the 

wave either propagates without attenuation (propagating field mode) or it is 

exponentially decaying along the structure (evanescent wave). In a layer of a 

lossless medium, there are continuous and discrete spectra of propagating 

waves. Quantitatively, wave numbers of such waves are either purely real or 

imaginary.  

In a lossy structure the wave numbers are complex, having a real and 

imaginary part simultaneously, and the energy of the wave is being 

dissipated in metal, dielectric or radiation. This is the case for all realistic TLs 

especially at millimeter-waves. Waves with complex wave-numbers can 

propagate also along lossless guiding structures (e.g. waveguide with 

longitudinal slot), in which case we identify them as leaky-waves.  

Leaky-wave is a type of complex wave which may be excited in open wave-

guiding structures or closed ones with continual or periodic perturbation. A 

portion of a wave propagating along the transmission line is continuously 

radiating. In the leaky-wave regime radiation losses per unit length dominate 

over dissipative losses. 

In order to excite a leaky-wave, a wave-guiding structure has to be 

perturbed by some kind of discontinuity. Using periodic perturbation with a 

period, p, we excite an infinite set of traveling wave components at each 

perturbation. These are referred to as space harmonics and can be expressed 

in terms of Floquet theorem, assuming the general time dependence as ejωt 

[87]: 

 

zjk0eS(z)F(z)
 

(9)
  where S(z) = S(z+p), F(z) is a field quantity, k0 is a propagation wave number 

and S(z) is a standing wave repeating its self every period p. Describing the 

standing wave in terms of Fourier series and inserting it into (9), we obtain 

[87]: 
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zjk nenSS(z)
 

(10)
  

Wave number kn is defined as periodic function kn = k0 + 2πn/p with n = 0, 

±1, ±2… Components of the sum in (10) are in general infinite in number and 

decay very fast with increasing order of a given harmonic.  

The k vs. β diagram has proved to be a very useful tool for the analysis of 

radiating structures. Separate space harmonics have their own dispersion 

curve, or, frequency dependent propagation constant, and can all together be 

plotted into a dispersion diagram. Mode coupling can occur between 

separate harmonics, meaning that the resultant dispersion diagram of a 

loaded line can be obtained by taking into account this coupling effect 

between the modes of an unloaded line. Depending on the sign of the group 

velocity, modes can couple in two ways – directional coupler type of coupling 

– i.e. both modes propagate in the considered frequency band dividing 

energy between each other. Second option is that a band-gap will occur, 

which prevents the wave propagation altogether [88]. Looking at Fig. 9 one 

can see that the coupling of unloaded transmission line space harmonics and 

the basic mode takes place always with modes with oppositely directed group 

velocities, resulting in a band-gap when βp = 2π(n-1). 

The kp vs. βp diagram for an open periodic structure is displayed in Fig. 10. 

Solutions for unilateral excitation are superimposed on the dispersion curves 

of the unloaded TL. If the line is inside the sequence of triangles the wave is 

fully bound to the guiding structure and is classified as a surface wave [86]. 

If the line passes through the shaded area, energy is continuously leaked into 

the free space. Such space harmonics radiate because the transversal wave 

number in the shaded region has real values, or it is higher than the free 

space wave number. This is illustrated in Fig. 11 where the complex leaky-

wave propagates along a grounded slab. For this wave to radiate, the 

transversal wave number has to be real, which in this case is when kY  = (k2 – 

kZ2)1/2 is real.  

In Fig. 10 we can see that more space harmonics can radiate at the same 

time for n = -1 and n = -2, whereby the harmonics radiate simultaneously in 

the overlapping radiation frequency bands, B-1 and B-2. This results in two 

beams with different angles of radiation in the overlapping frequency region. 

Depending on the application, this may be in fact desirable or not, the latter 

being for the case of scanning antennas.  
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Figure 9 k0 vs. β diagram of a loaded TL. Dashed lines denote original space harmonics of 
an unloaded TL with infinitesimal loading spaced by 2π/p, and full lines denote the 
dispersion curves after the mode coupling. 

  
Figure 10 k0p vs. βp diagram of an open periodically loaded TL with a radiation region 
denoted by the shaded area, and solutions of the dispersion for unilateral excitation. B-1 and 
B-2 are the bands in which the space harmonics are leaky. 

The dispersion diagram in Fig. 10 is valid for printed periodic structures 

which do not support transverse surface waves. The structures mainly 

considered here, however – printed periodic 1-D structures based on 

grounded dielectric slab – do support surface waves due to finite transverse 

dimensions [89]. The radiation regions of the dispersion diagram thus 

change by including new regions of leakage into the surface wave modes.  

In Fig. 12 such dispersion diagram is displayed. There are eight distinct 

regions of radiation. The ones with apostrophe identify radiation into the 

forward region and without into the backward region. The horizontal dotted 

line designates the cut-off frequency of TE1 surface wave. The TM0 surface 

wave has cut-off at DC [86].  

The full line limits the fast wave region (β < k0) as in Fig. 10. In regions A 

and A’ leakage only into the TM0 mode is present. Regions B and B’ limit 

simultaneous propagation of TM0 and TE1 modes. In regions C, C’, D and D’ 

free space wave leakage occurs. Additionally, in C and C’ the TM0 surface 

wave propagates and in D and D’ both TM0 and TE1 waves occur.  
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Figure 11 Leaky-wave propagation along a grounded dielectric slab. Energy is continuously 
radiated into the free-space along the direction of propagation Z under a given angle θ. The 
region of exponential growth means that the energy radiated increases in Y direction. The 
causality is not violated since the radiated energy is not growing to infinity but due to the 
specific position of the source it grows only until certain maximum value above which it is 
zero again. 

 

Figure 12 Dispersion diagram of a 1-D periodic transmission line based on grounded 
dielectric slab with finite transversal dimensions. Dashed lines define the propagation of a 
TM0 surface wave, dashed-dotted lines of a TE1 surface wave, and solid lines of a space wave 
[89].   

This ‘extended’ dispersion diagram explains in detail possible radiating 

regions that may appear with periodic structures based on grounded 

dielectric slabs with finite dimensions in transverse direction (perpendicular 

to the direction of propagation of a guided wave) [89]. 

3.2 Uniform and quasi-uniform structures 
 

The first leaky-wave structure was a rectangular waveguide with a 

longitudinal slit [90] on the narrow wall (Fig. 13). The first periodic leaky-

wave antennas (LWA) were also based on rectangular waveguides and were 

meant to improve the properties of uniform structures by decreasing the 

leakage constant to obtain narrower main beam [91]. The main principle 

with waveguide antennas was to introduce a non-symmetrical perturbation 

which disturbs the currents flowing on the inner walls which causes the 

structure to radiate.  

Such structures were studied around 1950 by Hansen [92], Rotman [93], 

and Hines and Upson [91]. The design principles developed have been used 

for many decades to follow.  
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Figure 13 Examples of (left) uniform and (right) periodic leaky-wave antenna. In the uniform 
case, the cross-section of rectangular waveguide is the same along the structure. In the 
periodic case, a grounded dielectric slab with metal strips introduces periodic perturbations. 

Much later, several other structures were investigated for leaky-waves, e.g. 

superstrate-substrate combination [94] and 2-D structures [95] based on 

partially reflecting surfaces.  

With the advance of metamaterials [5-7], an increasing number of 1-D and 

2-D structures were studied and verified [96-100]. More recently, substrate 

integrated waveguides allowed combining simple fabrication and high 

functionality of quasi-uniform leaky-wave structures [101-103].  

The first important distinction with leaky-wave antennas was based on the 

structure profile, which can be uniform or periodic [90]. The transverse cross 

section of uniform structures is not changing along the structure. With 

periodic structures the profile is periodically modulated by some kind of 

discontinuity, example of which is shown in Fig. 13. The second important 

categorization is based on dimensionality of the structure – 1-D and 2-D 

leaky-wave antennas are recognized so far. The feeding method for the 

structure divides this type of antennas to end-fed structures and center-fed 

structures [104]. By feeding the structure either at one end or in the middle, 

we obtain one or two main radiation beams respectively, see Fig. 11 and Fig. 

14.   

 
Figure 14 Center-fed structure loaded with matched load on both ends with two main 
radiation beams. 

Quasi-uniform leaky-wave antenna structures can be treated as essentially 

uniform because the period of the perturbation is much smaller than the 

guided wavelength and the fundamental n = 0 space harmonic is radiating 

[105]. Therefore the periodicity is not directly involved with the radiation; 

see rectangular waveguide [87] or substrate integrated waveguide (SIW) 

structures [106]. Here, the basic guiding structure is a rectangular waveguide 

based on a metalized planar dielectric with closely spaced vias forming a 
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rectangular waveguide. The basic propagating mode is TE10 and the current 

responsible for radiation is written as: 

 
zjk

0
zeII(z)  )14(  

where I0 is the amplitude and kz is the complex propagation constant along 

the Z axis (see Fig. 11); this is essentially the same as (9) considering that the 

period, p, is very small which is the case for quasi-uniform structures.  

The air filled waveguide is a standard example of uniform and quasi-

uniform structures, conditioned by p << a. Since the basic TE10 mode of a 

waveguide is a fast-wave (β < k0) it starts to radiate around the cutoff 

frequency up to the point when βp = π when the n = -1 space harmonic 

becomes leaky and two radiation beams are observed. Design of a quasi-

periodic leaky-wave structure will be described next, on the other hand, 

characteristics and design guidelines for uniform structures can be found in 

[12, 90, 107, and 108]. 

SIW structures can become leaky through various means, e.g., by 

introducing a periodic perturbation, uniform perturbation, or by decreasing 

the density of vias on one side of the waveguide [106, 109-111]. The sparse 

wall of vias effectively becomes a partially reflective surface and a portion of 

the energy from the propagating wave is continuously radiated [112]. Due to 

the simplicity of fabrication and ease of integration, SIW technology is a 

suitable option for fabrication of LWAs for millimeter wavelengths [113]. 

Long lasting interest in millimeter-wave technology is motivated by the 

scarcity of frequency bands in lower frequency regions. In addition to wider 

bandwidths, improved performance of many devices and availability of 

advanced technologies (e.g. thin film) further supports the development of 

systems operating in W-band, e.g. automotive radar [114], imaging sensors 

[115], or short range communication links [116]. 

Many applications in the millimeter-wave range require scanning the angle 

of the main beam, which can be achieved mechanically or electrically. In [V] 

we proposed antenna architecture based on a substrate integrated waveguide 

in order to cover a wide angular range at 94 GHz. The aim was to provide an 

alternative solution to structures with complicated feeding networks [117], 

volume intensive lenses or reflector antennas [118].  

The usual challenge with leaky-wave antennas is to obtain a wide scanning 

range and since their fractional bandwidth is rather small a solution 

proposed here is to use three switched antennas to cover a range of angles 

from 5 to 55 degrees (measured clockwise from Y axis in YZ plane, see Fig. 

11). The scanning of the radiation angle is based on the change of the 

propagation constant, which is achieved through varying the period, p, and 

width, w, as shown in Fig. 15. The effective width of a waveguide formed by 

SIW is given as [106]: 
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Based on the information on the equivalent waveguide width, the span of 

radiation angles can be obtained through (6). In this case, β = (k2 - kc2)½ 

where                                        [39].  

 
Figure 15 Substrate integrated waveguide with a sparse wall responsible for power leakage 
on the right side (metalized bottom not displayed). 

By using the transverse resonance method [119] we can obtain the limit for 

the value of the relative permittivity of the substrate used for SIW fabrication 

in order to avoid total reflection inside the SIW. Satisfying this condition, the 

SIW is continuously leaking part of the energy of the propagating wave. From 

the condition of the substrate permittivity and cut-off frequency [120], the 

minimum operation frequency of the LWAs can be obtained. At the same 

time the number of antennas needed to cover a desired angular range can be 

derived provided that the scanning angle limits of the particular antennas are 

overlapping to seamlessly cover the whole range. 

The scanning capability comparison is displayed in Fig. 16 for analytical 

and simulated results. It can be seen that approaching the broadside 

radiation (Θ = 0°) the performance deteriorates due to the approach to the 

cut-off frequency of the waveguide, which is dominated by strong dispersion. 

Resultant angular coverage of the system of three SIW antennas can be seen 

in Fig. 16. 

 

)/( reffc εwk
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Figure 16 (top) Comparison of scanning ranges estimated by SIW formulas and by CST 
Microwave studio for three antennas, (bottom) measured patterns (in YZ plane in Fig. 15) of 
antenna system for the frequency range from 88 (cyan dotted line, Θ ≈ 10°) to 94 GHz (solid 
green line, Θ= 55°) [V]. 

3.3 1-D periodic structures 
 

The first periodic leaky-wave structures, i.e. rectangular waveguides, 

become leaky by introducing periodic circular holes along one of the walls 

[12, 90]. Since the holes are closely spaced, the principles of design for 

uniform structures can be used. The initially real propagation constant of the 

TE10 fundamental mode [39] is smaller than the free-

space wave number which is the condition for the leaky-wave propagation 

constant to become real and thus radiate. The angle of radiation and leakage 

constant [12] are derived using the stationary phase 

principle and under consideration of at least 90 % of power being radiated.  

A convenient method to analyze waveguide based LWAs is the transverse 

resonance method (TRM) [39], which is in general used to obtain resonant 

frequencies of various cavities and wave numbers of complicated wave 

guiding structures, such as dielectric loaded rectangular waveguides or 

grounded dielectric slabs, etc. First, the equivalent circuit of transversally cut 

structure is drawn. Every discontinuity is substituted by impedance 

depending on its topology. Secondly, a reference plane is chosen and the 

circuit is solved for the condition of equality of the impedances when looking 

to either side of the plane [119]. The advantage of this method compared to a 

thorough EM analysis with applying boundary conditions is its simplicity. In 

[90] a thorough analysis of the most typical rectangular waveguide based 

LWAs has been done in terms of the TRM, yielding a summary of circuit 

parameters and attenuation constants needed to design such LWAs. The 

TRM can be used as well with planar structures, as shown in [119, 120], where 

a substrate integrated waveguide is used as the main wave guiding structure 

and leakage is achieved by decreasing the period p (see Fig. 15).  

Opposed to uniform structures, periodic structures can easily radiate in 

both forward and backward directions and usually radiate from n = -1 space 

harmonic [121]. Looking closer at the propagation constant of a leaky-wave 

2)/( akβ 2
0
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propagating along the structure in Fig. 11, the difference between the forward 

wave and backward wave is following: since the imaginary part of  
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where αZ and βY are positive constants, and βZ is a phase constant of a given 

space harmonic. 

If βZ > 0, αY is negative suggesting that the wave is amplified along the Y 

direction (Fig. 11). But in order for this solution to be physical, this 

amplification has to have a limit. If the leaky-wave was defined in the whole 

of space, the field strength would diverge to infinity in the transverse plane. 

In reality, the structure is finite and thus the growth of the amplitude 

continues only until a certain region above the structure, which is defined by 

the position of the source. Due to the exponential growth in the Y direction, 

this wave is called improper or non-spectral. 

Comparatively, if βZ < 0, αY is positive and the wave is exponentially 

decaying in the Y direction and is called proper or spectral. Together with the 

character of the wave, the sign of βZ decides if the wave is forward or 

backward, i.e. if the angle of radiation θ is positive or negative, respectively 

(in YZ plane, see Fig. 11). 
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4. Design of 1-D periodic and CRLH 
leaky-wave structures 

4.1 Introduction 
 

Depending on the topology of the basic wave-guiding structure, application 

and dimensionality, the design procedures can differ significantly. Since the 

main types of TLs used for LWA design are rectangular waveguides, 

substrate integrated waveguides and various forms of planar transmission 

lines, the design and analysis methods are chosen accordingly. In the 

following section main design methods for periodic structures are reviewed 

and universal method developed as a part of the thesis is introduced.   

To obtain the distributions of the fields associated with the waves 

propagating through planar periodic structures the functions of 

proportionality which connect the current density and vector potentials, or 

Green’s functions, can be used. Here, the field on the aperture can be 

expressed as an inverse Fourier transform of Green’s function. The electric 

component of the far field is equivalent to the Fourier transform of the 

aperture field and is mainly defined by the continuous part of the spectrum 

of the total field. The spectral Green’s function has singularities in the form 

of poles and branch points. To identify whether the pole is significantly 

contributing to the leaky-wave field, the steepest descent method [122] of 

asymptotic evaluation can be used. It consists of transformation of the 

complex propagation constant plane to the cylindrical coordinate system, 

and deformation of the integration path to the steepest descent path. The 

position of the leaky-wave pole (in fast wave region or slow wave region) 

determines whether the contribution to the total field is significant or not 

[107, 108, 122]. 

First method for full-wave analysis of planar periodic structures is 

described in [123] and is based on a solution of mixed potential Green’s 

functions, with exceptional accuracy. Application of the method presented in 

[123] requires a specific-task full-wave periodic program to account correctly 

for the coupling of neighboring cells, which is rather demanding. More 

references on the developments of full-wave methods and analysis of modal 
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properties of printed 1-D leaky-wave structures can be found in [123-129].  

In [130] and [131] a computationally efficient approach to the calculation of 

mixed potential Green’s functions is introduced, extending the work in [123] 

to arbitrarily shaped structures. 

An approach based on the combination of numerical and analytical tools 

using the energy dissipated in a unit cell of periodic transmission lines, based 

on a microstrip line, has been introduced in [132]. Series and shunt modes 

of CRLH unit cells corresponding to the series and shunt resonances are used 

to extract the power dissipated within the structure for these two modes. 

Through the relation of these powers and circuit parameters of a given unit 

cell, its parameters are calculated. Comparison of numerical and analytical 

results (based on the data extracted from numerical EM solvers) showed 

ample agreement. Alternatively, even and odd-mode impedances can be used 

to describe behavior of arbitrary symmetric CRLH structures [133, 134]. 

Usual approximation used when simulating a single unit cell is, that the 

behavior of a single isolated unit cell is invariant when placed into a cascade. 

Because the discontinuities excite radiative fields, coupling between the 

neighboring cells can occur. To account for this coupling, a structure 

composed of a number of cells [121] or, an automatic routine implementing 

correct extraction of eigenvalues defining the wave numbers of a wave 

propagating along the periodic transmission line [135] can be used. 

A MEMS controlled CRLH TL based phase shifter design procedure was 

introduced and experimentally validated in [71, 136, 137]. The procedure in 

[71] is based on numerical extraction of the parameters of the cell and 

optimization on the circuit level with iterative steps. The experimental 

validation is focused on one cell structure, its phase shifting ability, and was 

not expanded to periodic TLs. 

CRLH TL based leaky-wave antennas, which radiate from n = 0 space 

harmonic have the advantage of absence of so called ‘open-stopband’ which 

is a well known issue with conventional leaky-wave antennas and waveguide 

arrays [12, 89], i.e. antennas radiating mainly from n = -1 space harmonic 

[12, 126]. Nevertheless, recently, a conventional leaky-wave antenna 

radiating from the n = 0 space harmonic was demonstrated [138]. The 

problem of open-stopband has been addressed [139] and finally eliminated 

[140, 141] by designing a suitable matching network, through which the 

Bloch impedance of each cell is matched to the impedance of the host TL at 

the broadside frequency assuring a flat response of Bloch impedance and 

antenna gain. 

For many application oriented designs of periodic TLs the transmission line 

theory based approach is convenient due to its ease of use and its accurate 

description of the fundamental physics of metamaterials. The generally 
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accepted limitation to the application of the concept of effective homogeneity 

is that the size of the unit cell should be at most a quarter of a guided 

wavelength [8, 10, 14, and 16]. Exceeding this limit, the amplitude and phase 

variation of the fields over the cell length becomes significant. As mentioned 

in Chapter 2, the homogenization principle is built on substitution of the 

small sections of host TL by series inductor and shunt capacitor since the 

voltages and currents are quasi-stationary in this region. Loading the TL by 

series capacitor and shunt inductor, series and shunt resonant circuits are 

formed with different resonant frequencies in general. Further on, we will 

consider mainly the case when these frequencies are equal or the so-called 

balanced case [8, 16, and 17] being important for application in through-

broadside scanning leaky-wave antennas. The properties of a balanced 

CRLH TL are extensively described in [8, 14, and 18].  

Being strongly application oriented, the generally used design procedure 

for periodically loaded TLs in [8] starts with a choice of substrate and the 

dimensions of the chosen TL type. The per-unit length capacitance and 

inductance can be determined [39, 69] based on the cell size p. From the 

equations for resonance frequency for series and shunt circuits, and having 

chosen the center frequency for the TL, we obtain the values of series 

capacitance and shunt inductance needed to balance the unit cell. Using 

distributed elements to realize the capacitance and inductance, after the 

initial estimate of their values and their parasitic components, their separate 

full-wave simulations are performed. From these simulations the parasitic 

components are calculated based on derivatives of the impedance and 

admittance matrices at the extraction frequency and recursively corrected 

until sufficient accuracy is reached. Cascading the required number of cells, 

the periodic TL design is completed.  

All the methods mentioned in this section have their advantages and 

disadvantages. After introducing the method developed as a part of this 

thesis in the next two sections, a comparison of the methods introduced will 

be presented. 

4.2 Unit cell design 
 

The design methods reviewed vary in accuracy, numerical and analytical 

demands, and the span of applicability. The algorithm proposed and verified 

herein is relying on the TL theory approach for initial design, and follows the 

rules for the design of 1-D periodic TLs based on planar lines. Emphasis with 

this method was put mainly on its ease of use, efficiency and universality.   

In [I] a set of planar TLs (see Fig. 17) was investigated to verify the 

dispersive properties of unit cells based on these TLs and to establish which 
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structures are suitable to achieve a fan-shaped beam emanating from a LWA 

based on a given TL design. Based on the observation of the dispersion curves 

and Bloch impedance, all of the structures investigated were found to be 

suitable for the LWA application, since all dispersion curves indicated 

propagation constants that exhibited a band in which their values are below 

that of the free space propagation constant, with forward and backward wave 

regions with seamless transition.  

 

Figure 17 Investigated structures for application in LWAs, from the left – microstrip, 
microstrip with capacitive grounding, coplanar waveguide, and coupled stripes line [I].  

The radiation properties of these structures were studied in [I] and [II] 

where the structures were loaded with MEMS varactors as series capacitors 

and short microstrip lines as shunt inductors. It was found that the shape of 

the radiation patterns most often resembles the distribution of the field of 

the basic propagating mode, and that structures without a ground plane 

radiate a portion of energy above and below the plane of the substrate, which 

is undesirable for application with LWAs. Therefore, coplanar waveguide and 

coupled strips lines were not further investigated. 

In [III] the properties of microstrip based LWAs were investigated closely 

with an emphasis on the MEMS implementation and the resulting 

verification of scanning capability of the antenna when sweeping the 

capacitance of the MEMS. The dispersion curves for different MEMS 

capacitances are displayed in Fig. 18 together with the dependence of the 

scanning angle on the MEMS capacitance for the simulated and analytical 

case. 

In [IV] a structure based on a microstrip line loaded with MEMS capacitors 

is designed, fabricated, and measured (measurement results shown in 

Chapter 5). The shunt inductance had to be increased due to the bonding 

wires which ensure a connection of the inductors to the ground plane, see 

Fig. 19.  
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Figure 18 (left) Example of dispersion curves (center frequency 77 GHz) for three different 
MEMS capacitances. Comparison of analytical and numerical results (right) of scanning 
angle vs. MEMS capacitance dependence [III]. 

 

 

Figure 19 (left) Isometric and (right) top view on a unit cell based on a mircostrip line 
loaded with series MEMS capacitor and four shunt inductors grounded through bonding 
wires, which add to the total inductance [IV]. 

At this point, we will continue with the description of the design method 

from the basics in order to gain an overall perspective. It is a convention to 

start the design of periodic metamaterial transmission lines with the design 

of a unit cell comprising the resultant structure. The transmission line model 

in the simplest case includes components of a host transmission line, i.e. 

series inductance and shunt capacitance and the load of the transmission line 

– series capacitor and shunt inductor (see Fig. 20).  

Due to the load, the transmission line becomes strongly dispersive [11]. 

Keeping the condition for the balanced state, the dispersion diagram 

typically exhibits a periodic region where the propagation constant of the 

loaded transmission line is smaller than in free-space, and the band gap (a 

region of frequencies where the wave constant drops to zero) bandwidth 

tends to zero. If the balance of the structure is not kept, the band gap, which 

corresponds to a standing wave, appears, whereby the transmission becomes 

zero and the reflection unitary, in this frequency region.  

The precision of the design procedure used in [8] decreases with increasing 

center frequency. The higher the frequency, the more the parasitic 

components influence the overall performance of the unit cell. Approach of 

the analytical design, with a separate loading design and numerical 

optimization, works quite well at low frequencies (up to around X band), 

where the parasitic components are much smaller compared to the useful 

ones.  
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Figure 20 Simplified model of a CRLH TL unit cell, CR and LR are the parasitic components 
of the host TL, CL and LL are the loading elements, and p is the period size. 

Increasing the frequency, the values of useful reactances have to decrease 

and thus the structure is increasingly influenced by parasitic components of 

the complex impedances of the distributed elements. After the analytical 

design, numerical simulations are usually required in order to verify the 

functionality of the cell before cascading (to obtain a periodic TL) and 

fabrication. At a few gigahertz the time spent on numerical simulations and 

optimization is relatively short. However, increasing the frequency the 

optimization time becomes significant. Thus, if we want to avoid excessive 

numerical optimization, the approach to the design has to be modified.  

The modification comes from including the parasitic components into the 

model of the unit cell at the beginning of the procedure and compensating 

for the periodicity of the final structure. The equivalent circuit model of the 

cell naturally depends strongly on the technology used. Therefore, no 

universal model can be used despite the fact that they may often be quite 

similar. In our example we used interdigital capacitors, MEMS capacitors, 

and a short stub for the inductor as loading elements of the microstrip line. 

Similar procedure is used as with the MEMS capacitor in Chapter 2.4 with 

the difference that we consider the whole unit cell as an entity to be 

optimized. Another factor is coupling of the evanescent fields excited at the 

discontinuities, which couple with each other and further complicates the 

design of the unit cell.  

To show the performance of the modified method, the design and 

validation of a unit cell at a center frequency of 26 GHz and 77 GHz will be 

reviewed based on [VI]. Obtaining the capacitance and inductance values 

from the balanced state condition (provided that the parameters of host 

transmission line and center frequency are fixed), the design of the loading 

elements has to be performed separately as suggested in [8]. For the short 

TL section inductor the same procedure can be used as for the MEMS (or 

interdigital) capacitor design using corresponding model. The number of 

numerical/analytical iterations is small if the analytical model corresponds 

to the actual distribution of energy in the unit cell structure.  

The likelihood of the band gap occurrence (once analyzing the whole unit 

cell composed of separately designed loading elements) is increasing with 

increasing center frequency, even though we can extract the parameters of 

the loading with reasonable accuracy. The band gap appears due to the finite 
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precision of this method and mainly due to the coupling of evanescent fields 

excited at the series capacitor and shunt inductor. Mutual position of the 

loading within the unit cell is vital to this coupling effect [VII]. It was found 

by systematic testing that there is an optimal position of the capacitor and 

inductor for which the band gap is very small. This position is a subject to 

some optimization, but as the period size is always a fraction of the guided 

wavelength, time spent on this task is negligible. 

4.3 Universal design method for CRLH periodic TL and leaky-
wave antennas 

 

The final dimensions of the balanced unit cell will, for most practical 

structures, differ from the ones obtained by analytical formulas. With the 

unit cell balanced, the common practice is to cascade the desired number of 

cells to obtain a periodic TL, leaky-wave antenna, phase shifter, patch 

antenna, etc.  

At low frequencies the cascaded structure is close to the balanced state due 

to small influence of parasitic components and coupling, and a few iterations 

of numerical optimization are required to obtain well balanced structures, 

even though the iterative steps at this point may take considerable time 

depending on the number of cells in the cascade.  

An increasing center frequency gives rise to intra-cell coupling of the 

distributed loading elements. In addition, inter-cell coupling influences the 

performance of the structure significantly. More precisely, by adding more 

cells into the cascade, the balance of the structure increasingly deteriorates, 

which results in a modified band gap that could be zero for the one cell case 

but differs with each added cell. The most significant difference is evident 

with the first additional cell – typically the band gap grows twenty five times 

(with center frequency being 77 GHz) and keeps growing, see Fig. 21.  

 

 

Figure 21 (left) Scattering parameters, and (right) dispersion diagram for structures with 
increasing number of cells, based on a cell balanced at 77 GHz with constant dimensions. 
Deterioration of the balanced state can be observed with each increase in cell number. 

Theoretically each cell couples to every other cell in the whole structure. 

The closer the cells are, the stronger the coupling. At the same time, there is 
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a limit to the band gap growth since the contribution of distant cells is 

negligible compared to the ones in the vicinity of the observed cell.  

The limit for this coupling has been found to be approximately fifteen cells 

[VI] with planar structures. Authors in [121] and [142] found this limit to be 

twelve and six respectively.  In [121] a Bloch wave analysis was used to 

compare the full-wave analysis based on a solution of Green’s function of 

a single unit cell and found the number of cells required to approach the 

precision of the full-wave method was at least twelve.  

In [142] an extraction method based on the derivatives of impedances from 

the equivalent circuit model was used and found that at least six unit cells 

were required to obtain an approximation with sufficient precision (for 

lossless structure, two or three cells are enough). Both of these methods 

concentrate on the analysis of periodic TLs which yield the characterization 

of the unit cells and its components. This information may be useful for 

iterative design procedures, i.e. after designing the unit cell and simulating 

the corresponding properties using full-wave numerical software solutions, 

one can extract the values of cells’ constituents and correct them accordingly, 

reiterating in order to obtain the cascade of the desired number of cells. Due 

to the aforementioned inter-cell coupling, the cascade of individually 

balanced (and identical) unit cells will result in an increased band-gap size 

with each added cell. 

Analytically, this band-gap growth can be attributed to increasing and/or 

decreasing the values of the loading elements. Having the transfer function 

of the equivalent circuit model of our cell, a pair of dimensionless coefficients 

can be derived. Multiplying the values of LL and CL by these coefficients we 

obtain a unit cell whose band-gap is identical to the one observed with the 

cascades in Fig. 21. Examples of these coefficients are illustrated in Fig. 22 

for particular periodic TL designs. 

 

Figure 22 Coupling coefficient examples for various substrates and capacitor dielectrics. 
For the CL coefficient, the blue and red traces represent the air dielectric and the rest 
represent Silicon dioxide as the MEMS dielectric (legend assigned dielectric is the carrier 
dielectric of the whole structure). The data points (crosses, circles, and squares) are fit by 
linear curves [VI]. 

By inverting this procedure, i.e. by multiplying the values of LL and CL by the 

inverse of the coupling coefficients we decrease the value of LL and increase 
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CL, thus un-balancing the unit cell. However, the corresponding cascade with 

the chosen number of cells will be balanced. This is because the coupling of 

parasitic fields between the cells will compensate for the band-gap which was 

created for the one-cell structure. An example of comparison of analytically 

obtained and actual resultant coefficients is displayed in Fig. 23. Solid 

agreement can be observed with the inductive coefficient.  

 

Figure 23 Comparison of analytically predicted and actual (based on full wave simulation) 
coupling coefficients. The data points (crosses and circles) are fit by polynomial curves [VI]. 

The capacitive coefficient is more erroneous, however, observing the scale of 

the error (in the order of 0.02) we can conclude that the analytical prediction 

of both coupling coefficients is precise. Applying this method, we obtained a 

series of cascades each of which is balanced around the center frequency with 

almost zero band-gap – see Fig. 24. 

 

Figure 24 (left) Scattering parameters and (right) dispersion diagram of structures with 
increasing number of cells based on a cell balanced at 77 GHz with adjusted dimensions. 
Balanced state can be observed with all the cascades. 

It is obvious from Fig. 24 that the method used for the design of periodic TLs 

proposed herein is efficient, fast, and easy to use. To the best of author’s 

knowledge this is the first method which describes, in such detail, the design 

of periodic transmission lines based on planar lines. It can be summarized 

into the following design sequence: 

1. Using formulas for a balanced TL [I, II, III], and arbitrarily chosen 

substrate, center frequency, and unit cell size, we obtain the values 

of CL, LL, CR and LL. Separate the design of series capacitor and shunt 

inductors according to Chapter 2.4. 
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2. Compensate for parasitic capacitances and inductances depending 

on the center frequency of periodic TL. For frequencies close to 

100 GHz this step is crucial. For frequencies closer to DC the 

parasitic components are very small and thus the compensation is 

less critical and can be included in final optimization of the structure.  

3. Compensate for inter-cell coupling by applying the coefficient 

multiplication for the corresponding desired number of cells. Similar 

consideration of operating frequency should be taken into account 

as in step 2. 

The design procedure is thoroughly described in [VI] with detailed 

description and analysis of each step. 

In Table I on the following page, a comparison of design methods for 

periodic TLs and leaky-wave antennas combined is presented. The method 

proposed here is named ‘modified CRLH’ and is mainly advantageous for 

planar periodic TLs with arbitrary metallization using mainly commercially 

available simulation software packages. 

Table I [page 47] Comparison of various methods for designing periodic TLs and leaky-wave 

antennas.  
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5. Experimental validation 

The aim of experimental validation within the frame of this work was to 

verify the through broad-side scanning capability of a MEMS based leaky-

wave antenna to confirm the design procedure of periodic TLs, and to 

observe the radiation pattern of leaky-wave antennas based on this periodic 

TL. This work was partially sponsored by the Tekes and European 

Framework Program 7 in order to develop new standards for future 

automotive radar technology within the SARFA (Steerable Antennas for 

Automotive Radar and Future Wireless Applications) and TUMESA 

(Tuneable Metamaterials for Smart Wireless Applications) projects 

respectively. The MEMS device was the crucial implementation technology 

to be used due to its potentially superior performance compared to other 

steering techniques discussed. 

5.1 MEMS based implementation  
 

Given the high demands of emerging automotive radar standards, such as 

the large scale of integration and high operating frequencies (77 GHz), clean 

room fabrication processes are required in order to fully utilize the 

advantages afforded by MEMS technologies. Based on cooperation with 

KTH, Sweden, a MEMS based leaky-wave antenna was fabricated. The 

fabrication consists of a number of steps and is jointly called ‘process flow’, 

which differs from structure to structure and is essentially a sequence of 

technological processes needed to fabricate a given structure. More about 

microfabrication processes and process flow in general can be found in [143]. 

For our purposes the process flow included the following procedures: 

adhesive wafer bonding; patterning of the MEMS electrodes on the silicon 

substrate; stripping of support wafers; metallization of silicone membrane; 

patterning; deep reactive iron etching (DRIE); and finally, wire-bonding to 

provide connection of the MEMS to the ground plane.  The fabrication 

process is described in more detail in [IV].  

Since every microfabrication process flow is subject to research and 

optimization [143], no universal procedure can be prescribed. Especially in 

the case of leaky-wave antennas, the microfabrication process is challenging 

and would in itself be enough for another dissertation.  
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Within the framework of SARFA and TUMESA projects, samples of leaky-

wave antennas based on microstrip line loaded with MEMS capacitors were 

fabricated (at KTH, Sweden) and measured (at VTT, Finland).  

A leaky-wave antenna based on a microstrip line loaded with MEMS has 

been analytically and numerically studied in [II]. The scanning capability 

with changing MEMS capacitance with realistic tuning ratio of 2 was found 

to be in the range from θ = -22° to +21° (see Fig. 25). 

 

Figure 25a Sketch of studied leaky-wave antenna with coordinate system, b Plot of total 
gain of studied antenna (yz plane cut) –for the tuning ratio higher than 2 [III]. 

Out of the many samples fabricated, S-parameters of those with 

capacitance CL such that the whole structure is out of balance were measured. 

The overlapping area of the MEMS membrane and the microstrip line 

determining the CL capacitance was the variable. Changing the overlapping 

(see Fig. 26), the resonance frequencies of the structure change (increase in 

overlapping decreases the resonance frequency). In Fig. 27 the comparison 

of measured and simulated data is displayed and confirms the assumed 

behavior [IV].  

Since the continuously tunable MEMS [144] for millimeter-waves 

applications remains to become fully matured technology, the experimental 

validation of a fixed frequency beam scanning leaky-wave antenna (LWA) at 

77 GHz was omitted. The concept of a fixed frequency scanning LWA was 

validated using a lower frequency (26 GHz) design based on a microstrip TL 

loaded with an interdigital capacitor and short microstrip section stub 

inductor. The results of this study are discussed in the following section. 

 
Figure 26 Overlapping O (determining the MEMS series capacitance) of the MEMS 
membrane and microstrip line (side view). 
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Figure 27 Comparison of simulated and measured results for different overlapping of the 
MEMS membrane and microstrip line (a) 10 μm, (b) 20 μm [IV]. 

5.2 Microstrip implementation at 26 GHz 
 

The implementation of a leaky-wave antenna at 26 GHz enabled 

confirmation of the design method for finite transmission lines based on 

planar lines, and permitted verification of the concept of fixed frequency 

scanning, via the change of one of the constitutive parameters of the loaded 

TL, which in this case, was the capacitance of the interdigital capacitor. 

Several substrates were considered for the fabrication and eventually RT 

Duroid 5880 with relative permittivity εr = 2.2, loss tangent tanδ = 0.0009 

and thickness h = 787 μm and metallization thickness t = 35 μm was chosen. 

A microstrip line with an impedance of 50 Ω was designed to comply with 

the measurement equipment.  

In order to verify the design method described in Chapter 4.3, a number of 

cascades centered around 26 GHz were designed. Applying the design 

method we obtained the dimensions of the capacitor finger length, lCAP, and 

the length of the inductor, lIND, shown in Fig. 28. 

 

Figure 28 Drawing of a unit cell of the verification structure, with period length, p, 
capacitor finger overlapping, lCAP, and inductor length, lIND [VI]. 

 The dimensions are shown in the Table II and are different for each 

cascade with N cells as expected. Simulation results for this structure are 

shown in Fig. 29 and 30 where the magnitude of scattering parameter S11 and 

the dispersion curves are shown, respectively.  
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Table II Dimensions of fabricated structures with increasing cell numbers, N, and 
corresponding dimensions of the elements, shown in Fig. 27 

N [-] lIND [mm] lCAP [mm] 
1 0.52 0.68 
2 0.49 0.70 
3 0.48 0.71 
4 0.46 0.72 
5 0.45 0.72 
6 0.44 0.73 
10 0.42 0.74 

Cascades are visibly balanced around the design frequency, resulting in very 

good matching at 26 GHz, and the dispersion curves have almost zero band-

gap corresponding to the balanced state. 

 

Figure 29 Simulation results of scattering parameters for structures with varying number 
of cascaded cells centered at 26 GHz. 

 
Figure 30 Simulation results of dispersion curves for structures with varying number of 
cascaded cells centered at 26 GHz. 

In Fig. 31, the resulting measurement of the scattering parameters for a 

structure composed of 20 cells is shown. Overall good agreement can be 

observed, and especially around the main resonance frequency with very 

good matching. In order to verify the balance of the structure, the radiation 

patterns were measured in YZ plane, according to Fig. 25a. If the designed 

structures are balanced, we should observe a through broad side frequency 

scanning capability. The periodic TLs designed can thus be described in 

terms of periodic leaky-wave antennas.  

Simulation results of frequency scanning in the range of 23 – 29 GHz are 

displayed in Fig. 32.  
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Figure 31 Comparison of measured and simulated results for a 20 cell structure [VI]. 

The range of the scanning angles for this frequency band is observed to be 

from -13° to 30°. In order to measure fabricated samples, 3.5 mm coaxial 

connectors were soldered to the structures. Ample agreement can be 

observed from the comparison of measured and simulated radiation patterns 

and maximum gain, see Fig. 33 and 34 respectively. Slight deterioration 

occurs for backward wave operation (23-25 GHz) due to the vicinity of the 

transition coaxial-microstrip [VI], which disturbs the radiated fields. For 

example, a side lobe at approximately 60° can be observed with most of the 

patterns due to the radiation caused by the transition [VI]. Full 3D 

measurement was not possible with regard to time and equipment 

constraints. The maximum directivity (and efficiency) of the twenty cell 

structure was estimated based on the measurements of radiation patterns of 

co-polar components in principal planes. This approximation is limited for 

antennas with one major lobe with low sidelobes. However, the sidelobes 

present in our structure decreased the accuracy of the approximation to such 

degree that we opted to exclude these results from final manuscript. 

Simulated radiation efficiency does not drop below 92 % in the whole band 

23-29 GHz. 

The main purpose of this experiment was to verify the functionality of the 

design procedure, i.e., the ability of the periodic transmission line (PTL) to 

scan the main beam angle through broad side with sweeping frequency, 

which was confirmed. 

 

Figure 32 Simulated results of radiation patterns for 20 cell structure [VI]. 

10 15 20 25 30 35 40
-30

-25

-20

-15

-10

-5

0

Frequency (GHz)

|S
11

| (
dB

)

 

 

simulated
measured

-150 -100 -50 0 50 100 150
-30

-25

-20

-15

-10

-5

0

Scanning angle  (deg)

 

 

23 GHz
24 GHz
25 GHz
26 GHz
27 GHz
28 GHz
29 GHz



   

53 
 

 

 

-150 -100 -50 0 50 100 150
-30

-25

-20

-15

-10

-5

0

Scanning angle  (deg)

N
or

m
al

iz
ed

 a
m

pl
itu

de
 (d

B
)

 

 

measured
simulated

-150 -100 -50 0 50 100 150
-30

-25

-20

-15

-10

-5

0

Scanning angle  (deg)

N
or

m
al

iz
ed

 a
m

pl
itu

de
 (d

B
)

 

 

measured
simulated

-150 -100 -50 0 50 100 150
-30

-25

-20

-15

-10

-5

0

Scanning angle  (deg)

N
or

m
al

iz
ed

 a
m

pl
itu

de
 (d

B
)

 

 

measured
simulated

-150 -100 -50 0 50 100 150
-30

-25

-20

-15

-10

-5

0

Scanning angle  (deg)

N
or

m
al

iz
ed

 a
m

pl
itu

de
 (d

B
)

 

 

measured
simulated

a) 23 GHz 

b) 24 GHz 

d) 26 GHz 

c) 25 GHz 



   

54 
 

 

Figure 33a)-g) Comparison of measurement and simulation results of radiation patterns 
of a 20 cell structure for given frequencies [VI]. 

 
Figure 34 Comparison of measured and simulated maximum gain of a 20 cell structure. 
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Experimental verification includes also a fixed frequency scanning thirty cell 

structure at 26 GHz. Immaturities of MEMS technology, in terms of 

continuous capacitance change, resulted in the choice of an alternative 

structure with an interdigital capacitor. 

Measurements of the samples with different capacitance values at a single 

frequency point confirmed the concept of fixed frequency scanning see Fig. 

35. Since the aim of this experiment was to verify the scanning capabilities of 

the antenna, a thirty cell structure was manufactured based on the twenty 

cell structure, i.e. with the same dimensions. Fine tuning of the structure was 

omitted, and therefore the broadside performance of the antenna is not 

optimal. The observed scanning range is ±15 degrees (capacitance range 

from 40 to 110 fF, yielding a tuning ratio of 2.9), which is sufficient angular 

range for long range automotive radar [145], or adaptive of communication 

links [146]. The future success of MEMS as a quasi-continuous tuning 

element for millimeter-wave devices is dependent on the technological 

readiness in terms of achievable tuning range (up-to-date MEMS typically 

have maximum tuning ratio from 2 to 2.5) and reconfigurability. 
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Figure 35 Comparison of measured and simulated radiation patterns of a 30 cell structure 
at fixed frequency 26 GHz, a) broadside wave, b) forward wave with main beam angle 15 
degrees, and c) backward wave with radiation angle -15 degrees. 
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6. Summary of publications 

Publication [I]: “Leaky-wave regimes on MEMS-loaded transmission 

lines for mm-wave applications” 

Microstrip line, coplanar waveguide, capacitively shorted coplanar 

waveguide, and coplanar stripline are analyzed in terms of metamaterial 

transmission lines, more precisely in terms of the Bloch analysis. The main 

focus is on dispersive properties and in particular the possibility of achieving 

fast-wave propagation. MEMS capacitors are used in combination of shunt 

inductors to achieve this to be utilized for a leaky-wave antenna with 

significantly reduced losses compared to conventionally used diode varactors 

or magnetized ferrites. The dispersion and Bloch impedance are the observed 

parameters to determine the fast-wave propagation. Eventually the coplanar 

stripline and microstrip based leaky-wave antennas are numerically 

analyzed confirming the leaky-wave radiation. 

Publication [II]: “Beam-steering MEMS-loaded antenna based on planar 

transmission lines” 

Periodically loaded coplanar waveguide (periodic transmission line – PTL) 

is studied in this paper. Analytical and numerical analysis of suggested model 

is performed to investigate the dispersive properties of the planar 

transmission line loaded with a series capacitor, in this case a 

microelectromechanical (MEMS) capacitor, and a shunt inductor, in this 

case a short section of a microstrip. Initially a single unit cell of the PTL is 

studied and characterized. Radiation properties of the PTL are studied with 

structure composed of a cascade of the cell studied beforehand. It is verified 

that changing the MEMS capacitance, the angle of main beam radiation can 

be effectively steered. 

Publication [III]: “Leaky-wave antenna based on 

microelectromechanical systems-loaded microstrip line” 

An analytical model of a PTL is used to design a unit cell of a leaky-wave 

antenna loaded with MEMS capacitors and shunt inductors. Analysis and 

design are done through particle swarm optimization implemented in 
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Matlab and in numerical full-wave simulation software. Main beam radiation 

of the designed leaky-wave antenna is scanned from backward to forward 

direction with a seamless transition through broadside through changing 

capacitance of MEMS by increasing and decreasing the gap of the membrane 

above the transmission line. With a realistic capacitance ratio of 2 a scanning 

range is achieved to comply with future automotive far-sight anti-collision 

radar. 

Publication [IV]: “Leaky-wave antenna at 77 GHz” 

Previously designed leaky-wave antenna based on microstrip line loaded 

with MEMS capacitors and shunt inductors was modified to comply with the 

microfabrication constraints. Bonding wires and bonding pads connecting 

the inductors were added in order to connect the inductors to the ground 

plane. Fabrication of the samples consisted of ten processes described in 

detail in the paper. Measurements results of two samples showed good 

agreement with simulation. 

Publication [V]: “W-band substrate integrated waveguide technology for 

scanning antenna architectures” 

Scanning antenna architecture operating in the W-band was designed based 

on the leaky-wave antenna concept. The system consists of a number of 

substrate integrated waveguide based antennas depending on how wide 

angular scanning range is supposed to be covered. In our case the antenna 

system covers wide angular range starting from 7 to 56 degrees which is 

achieved by frequency scanning from 88 to 94 GHz. Return losses of the 

antennas are better than 10 dB in the whole band of interest and the beam 

width is 10°±3°. 

Publication [VI]: “A systematic design method for CRLH periodic 

structures in the microwave to millimeter-wave range” 

A precise methodology for design of periodic transmission lines based on 

planar lines is introduced in this paper. Inter-cell and intra-cell coupling are 

the main factors influencing the structure. Underlying physics of these 

effects are described and compensated. The relevance of the method 

proposed is increasing with increasing frequency, where the parasitic 

capacitive susceptances and inductive reactances have increasing influence. 

A microstrip based structure is designed and simulated at 77 and 26 GHz. 

The 26 GHz structure is fabricated and measured to verify the functionality 

of the method. Besides scattering parameters, radiation patterns are 
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measured as well to verify the through-broadside scanning capability of the 

balanced metamaterial transmission line.  

Publication [VII]: “Design aspects of finite periodic transmission lines 

based on planar structures” 

Detailed analysis of the relations within the unit cell of a periodic 

transmission line based on planar lines is done in this paper. Structures with 

electrical size of the unit cell in the range from 0.1 to 0.54λG are studied and 

evaluated in terms of the overall performance of the final structure and ease 

of design. General design guidelines are described with regard on the most 

influential parameters – electrical size, fabrication inaccuracies, and center 

frequency of operation. 
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7. Conclusions and future research 

In this thesis the periodic transmission lines have been investigated. At the 

beginning of the research, the main goal was to design a leaky-wave antenna 

for millimeter wavelengths based on planar transmission lines with 

electrically reconfigurable scanning capability. On the way to this end, many 

unanswered questions have arisen.  

The initial task was to investigate the dispersive properties of planar lines 

and to choose suitable option for experimental verification. Based on the 

analysis made, a general remark can be made, i.e. that the majority of the 

lines are capable to support desired dispersive behavior, though the ones 

with a ground plane are more suitable for the leaky-wave antenna for 

scanning radar application owing to the fact that the power is radiated 

mainly into one half space, improving the directive properties of the 

structure. 

Although leaky-wave antennas have been investigated extensively over the 

last decades, the transmission line based leaky-wave antennas have received 

considerable attention mainly since the advent of metamaterials. The state 

of the art of design of metamaterial leaky-wave antennas based on planar 

transmission lines mainly employs circular approach, i.e. initial design, 

subsequent analysis and correction of the structure until desired properties 

are reached. In this work a linear approach was introduced, i.e. design of the 

PTL structure with no recurrent loops.  

Since the original purpose was to design an electrically reconfigurable 

leaky-wave antenna for future automotive radar standards operating at 77 

GHz, the desired antenna pattern is thus ideally a fan beam shaped lobe with 

zero back radiation and zero sidelobes. Therefore a microstrip 

implementation was chosen to keep the back radiation at minimum. The 

microstrip-based leaky-wave antenna design was numerically analyzed and 

validated with a MEMS varactor as a tuning element with scanning 

performance confirming the long range radar requirements.  

An inherent inconsistency and imprecision of the design methods based on 

numerical approach was revealed during the design of periodic leaky-wave 

antennas, particularly when increasing the operation frequencies into the 

millimeter-wave range. Hence, an efficient and easy to use method based on 
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the compensation of parasitic elements and periodicity was developed for the 

design of PTLs based on planar lines covering the frequency range from a DC 

to approximately 100 GHz. Additional advantage of this method is that it can 

be generalized for a group of planar TL loaded with distributed elements with 

minor modifications, depending on the specific topology of the loading 

elements.  

Based on this method, a periodic leaky-wave antenna was designed and 

experimentally verified at 26 GHz. The through-broadside frequency 

scanning capability was observed, confirming the functionality of the 

method. Exchanging the MEMS varactor for an interdigital capacitor 

structure, due to the lack of technological readiness, we verified the 

possibility of scanning the main beam in the range of angles needed in order 

to be utilized for emerging automotive radar standards. The future usage of 

MEMS varactors depends on the maturity of the technology, particularly 

with regard to the long term performance and stability. 

The upper frequency limit of 100 GHz for the design method is only 

approximate. It was not tested beyond 77 GHz, thus the future research lies 

in extending the frequency span of its applicability. Additional extension of 

usage can be made with regard to different metamaterial structures. Since 

the metamaterial transmission line serves as a basis for many other 

applications besides antennas, there is a potential to develop efficient ways 

of design for two and possibly even 3-D metamaterial structures. 

PTLs represent a versatile platform for implementing metamaterial 

structures. For many applications the planar technology is especially suitable 

due to its high level of maturity and affordable price. Nevertheless, lasting 

challenges and dependency on technological readiness drive the research of 

metamaterial transmission lines further ahead.  
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