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This thesis investigates the use of transmission-line networks in various structures and devices that exhibit exotic
response to impinging electromagnetic radiation. The main topics that are studied are media supporting
backward-wave propagation, structures capable of electromagnetic cloaking, and a novel way of implementing
microwave lenses with volumetric transmission-line networks.

Backward-wave media support propagation of electromagnetic waves for which the phase advances in the direction
opposite to the energy propagation. Such media can be very useful due to certain exotic phenomena, for example,
negative refraction and resonant enhancement of evanescent fields, that enable imaging with sub-wavelength
resolution. In this thesis, the analysis methods derived for two-dimensional backward-wave transmission-line networks
are developed for the generalized three-dimensional case, and the results are verified with numerical simulations and
measurements. A way of coupling electromagnetic fields between a transmission-line network and a homogeneous
medium surrounding such a network is proposed and the operation of this coupling method is verified with numerical
simulations.

The idea of tailoring material properties to obtain electromagnetic cloaking of scattering objects has been extensively
studied in the recent literature. This phenomenon can be achieved with various methods. In this thesis a cloaking
method based on volumetric structures composed of transmission-line networks is proposed and studied. The basic
principle of cloaking and the related restrictions are analytically explained and the cloaking phenomenon is verified
with numerical simulations and measurements.

Coupling of electromagnetic fields between a transmission-line network and a homogeneous medium surrounding such
a network enables the utilization of these artificial materials in, for example, antenna applications. In this thesis this
possibility is used in implementing microwave lenses that can mitigate the unwanted reflections that are inherent to any
conventional dielectric lens.
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Väitöskirjassa tutkitaan siirtojohtoverkkojen käyttöä erilaisissa rakenteissa ja laitteissa jotka omaavat eksoottisen
vasteen näihin kohdistuviin sähkömagneettisiin kenttiin. Tutkimuksen pääkohteet ovat väliaineet joissa esiintyy
taaksepäin eteneviä aaltoja, rakenteet jotka pystyvät sähkömagneettiseen verhoamiseen, eli kappaleiden
kokonaissirontapoikkipinnan pienentämiseen, sekä uusi tapa toteuttaa mikroaaltoalueen linssejä volumetristen
siirtojohtoverkkojen avulla.

Väliaineissa joissa esiintyy taaksepäin eteneviä aaltoja sähkömagneettisten aaltojen vaihe etenee vastakkaiseen
suuntaan energian kanssa. Tällaiset väliaineet voivat olla erittäin hyödyllisiä johtuen tietyistä eksoottisista ilmiöistä,
kuten negatiivisesta taitekertoimesta ja vaimenevien aaltojen amplitudin resonoivasta kasvattamisesta, jotka
mahdollistavat kuvantamisen aallonpituutta tarkemmalla resoluutiolla. Tässä väitöskirjassa kaksiulotteisille
siirtojohtoverkoista koostuville taka-aaltoväliaineille johdetut analyysimenetelmät kehitetään yleisemmälle
kolmiulotteiselle tapaukselle ja nämä tulokset vahvistetaan numeerisin simuloinnein ja mittauksin. Menetelmä
sähkömagneettisten kenttien kytkemiseksi siirtojohtoverkon ja sitä ympäröivän homogeenisen materiaalin välillä
esitetään ja tämän menetelmän toimivuus vahvistetaan numeerisin simuloinnein.

Ajatusta materiaalien ominaisuuksien muokkaamisesta paljon sirottavien kappaleiden verhoamiseksi on tutkittu laajalti
viimeaikaisessa kirjallisuudessa. Tällainen verhoamisilmiö on mahdollista saavuttaa erilaisin menetelmin. Tässä
väitöskirjassa esitetään ja tutkitaan menetelmää joka perustuu siirtojohtoverkkoihin. Tämän verhoamismenetelmän
toimintaperiaatteet sekä tälle menetelmälle ominaiset rajoitteet selitetään analyyttisesti ja verhoamisilmiö vahvistetaan
numeerisin simuloinnein sekä mittauksin.

Sähkömagneettisten kenttien kytkeminen siirtojohtoverkon ja sitä ympäröivän homogeenisen materiaalin välillä
mahdollistaa näiden keinotekoisten materiaalien hyödyntämisen esimerkiksi antennisovelluksissa. Tässä väitöskirjassa
tätä mahdollisuutta käytetään siirtojohtoverkoista koostuvien mikroaaltolinssien toteuttamiseen. Tällaiset linssit
kykenevät vähentämään perinteisille dielektrisille linsseille tyypillisiä, linssin toiminnalle haitallisia heijastuksia.
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6.1 From [XI]. (a) Dispersion in a transmission-line (TL) network for ax-
ial propagation (ky = 0, k = kx), in a homogeneous dielectric material
with εr = 4.66 and in free space (“light line”). (b) Analytically calcu-
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1 Introduction

The electromagnetic response of a material is defined by the properties, such as
permittivity and permeability, of this material. The design of devices that utilize
electromagnetic field phenomena is based on knowing how the material in question
behaves when electromagnetic fields are applied to it. Different natural and man-
made electromagnetic materials are used for various purposes, such as insulators and
conductors in electronic devices. The recent development of so-called metamateri-
als has opened new possibilities to design materials taylored for specific purposes.
By definition, metamaterials differ from other man-made materials by having elec-
tromagnetic properties that are not readily found in nature. Because of the fact
that an engineer is not anymore restricted by the values of the materials’ electro-
magnetic constitutive parameters that are readily available in nature, he or she is
free to design conventional devices in a new, and possibly more advantageous way.
Furthermore, many aspects of metamaterials may result in not only improvement of
conventional devices, but in the creation of whole new classes of devices for various
applications.

In this thesis, the design and use of so-called transmission-line networks is considered
as an option to create structures that enable exotic and unnatural, or otherwise ben-
eficial type of wave propagation, and most importantly, allow free design of the elec-
tromagnetic response of the structure. The thesis consists of three specific research
directions. First, the design and development of three-dimensional transmission-
line networks for structures supporting backward waves are considered. This work
is a generalization of the well-known concepts of one- and two-dimensional periodi-
cally loaded transmission-line networks. Furthermore, a novel way of coupling these
types of networks to the surrounding medium, such as free space for example, is pre-
sented. The introduction of these coupling structures is very important in enabling
the use of transmission-line networks in applications that require free propagation of
electromagnetic waves in the medium surrounding the transmission-line networks,
such as many antenna applications do. Within this thesis, three-dimensional loaded
transmission-line networks, exhibiting backward-wave propagation characteristics,
are studied analytically and numerically, and the main results are confirmed with
experiments.

Second, the development and design of structures capable of electromagnetic cloak-
ing, i.e., reducing the scattering and absorption of impinging electromagnetic waves,
are considered. This topic in general has aroused rapidly increasing interest in the
scientific community during the past few years. The goal of this research direction
is to study structures that can be used for decreasing the total scattering cross sec-
tion of various objects. In the ideal case, an object can be placed inside the cloak
structure in such a way that all scattering is removed. This basically means that
the object and the cloak structure are made invisible to the surrounding electro-
magnetic fields. Within this thesis work, cloaking based on volumetric networks of
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transmission lines is proposed and studied analytically, numerically, and experimen-
tally. This approach has many benefits as compared to other cloaking techniques, for
example the simplicity of design and manufacturing, and wide operation bandwidth.

The third research direction is the introduction of a novel approach to the realization
of microwave lenses, enabling the creation of low-loss microwave lenses to be used, for
example, in antenna applications. Also here the use of volumetric transmission-line
networks plays a key role, as the proposed lenses are effectively artificial materials
composed of such networks.

The research methods used in this thesis include analytical, numerical, and exper-
imental work. Analytical equations are derived for the study of wave propagation
and impedance in various structures. Numerical simulations are conducted for the
verification of the predicted theoretical models and for the study and optimization
of different types of structures. Operation of some of the designed structures and
devices are confirmed with measurements.

The rest of the thesis is organized in the following manner:

Chapter 2 gives a general overview of the subject of metamaterials and of three spe-
cific topics related to such materials, namely, backward-wave media, electromagnetic
cloaking, and antenna applications.

Chapter 3 reviews the background of the analysis of periodic structures and trans-
mission-line networks. The methods discussed in this chapter form the basis of the
theoretical analysis presented in this thesis.

Chapter 4 and papers [I–V] present and discuss the results of the thesis that are
related to the study of three-dimensional transmission-line networks exhibiting back-
ward-wave propagation characteristics. The existing literature related to this topic
is also reviewed.

Chapter 5 and papers [VI–X] present and discuss the results of the thesis on the
topic of electromagnetic cloaking. Alternative approaches to electromagnetic cloak-
ing are also discussed.

Chapter 6 and papers [XI,XII] present and discuss the results of the thesis that
are related to microwave lens design. A novel way of creating lenses with mitigated
reflections is presented and studied. Alternative ways of reducing reflections in
microwave lenses are discussed.

Conclusions of the thesis are given in Chapter 7.
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2 Metamaterials

2.1 General

The definition of the term “metamaterial” varies in the literature, but most often
it is used to describe an artificial material that has exotic electromagnetic proper-
ties [1–6]. Usually these properties are defined by the constitutive parameters of a
material, such as permittivity ε and permeability µ. For detailed discussions on the
terminology of metamaterials, see, e.g., [4] and the references therein. In this thesis
we choose to use the definition adopted in [3]: a metamaterial is “an artificial effec-
tively homogeneous electromagnetic structure with unusual properties not readily
available in nature.”

To look more closely what this definition really means, let us explain the meaning
of the words in this definition more precisely. “Artificial effectively homogeneous”
simply means that the material is artificial (man-made) but that it behaves effec-
tively as a homogeneous material. To satisfy the latter condition, the cell size of the
microstructure of the material must be considerably smaller than the wavelength
of electromagnetic radiation inside the material. Since the wavelength depends in-
versely on the frequency of the radiation, we can conclude that a metamaterial may
not be a homogeneous material at some frequencies. There is no strict rule on the
limit of the cell size where a structure becomes effectively homogeneous. In [3] the
following rule of thumb is given: if the guided wavelength, i.e., the wavelength of
electromagnetic radiation in the material, is larger than 4 times the microstruc-
ture cell size, the material can be treated as being effectively homogeneous. The
literature and various approaches to the homogenization of artificial materials is
extensive, see, e.g., [7] and the references therein.

Looking at the second part of the previous definition of a metamaterial, we can
conclude that for a material to be metamaterial, it cannot be readily found in
nature. This definition is very appropriate since it is not too strict in demanding
that a phenomenon related to a specific metamaterial is not found in nature at all.
Many natural electromagnetic phenomena, such as occurs for example in plasma, can
be thought of being very exotic. They are simply not occurring in environments or
in materials that can be used in a specific application within a convenient frequency
range.

Artificial electromagnetic materials have been known since the 1940’s, when it was
found that by combining metallic particles in a host dielectric, an artificial material
could be created [8, 9]. Of course, this “material” can be identified only at frequen-
cies where the wavelength is large enough as compared to the structural period of
the material. This type of material, however, is not a metamaterial according to
our previous definition, since dielectrics with such properties as those used in [8, 9]
can be readily found in nature. Usually the motivation in creating these types of
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artificial dielectrics is that even though they do not possess any exotic electromag-
netic properties, they have some advantage over the natural materials having similar
electromagnetic properties. This advantage can be for example reduction of weight.

In radio engineering the metamaterials may find many applications since the used
frequencies are relatively low and the wavelength relatively large, thus enabling the
production of composite materials with enough accuracy. As an example, the mi-
crowave region is usually defined to be up to the frequency 300 GHz, where the
wavelength in free space is 1 mm. This wavelength can be still considered large
enough for the manufacturing of artificial materials having inclusions with a period
much less than the wavelength. It must be noted though that the free space wave-
length should not always be used as a measure when looking at the possibility to
homogenize a material since the wavelength inside the material is the defining fac-
tor. Thus, there is no strict rule on the frequency limits of realizable metamaterials,
since the material properties define the wavelength. Also, various manufacturing
technologies are continuously developed which are pushing the obtainable frequen-
cies higher all the time.

The research related to metamaterials has been constantly increasing in the 21st
century and has resulted in a large number of scientific publications. The various
research directions, applications, and main results have been discussed and reviewed
in several monographs [1–3, 10–17]. From these, the most relevant books regarding
the specific topics discussed in this thesis are [1–3], since [1] includes a general
review on the principles of modelling of composite materials, and the books [2, 3]
concentrate on the concept of transmission-line metamaterials.

2.2 Backward-wave media

Perhaps the most studied special cases of metamaterials are the backward-wave
(BW) media having negative permittivity ε and permeability µ. They are often
also called negative-refractive-index (NRI) media, double-negative (DNG) media or
left-handed (LH) media [2, 3]. This type of medium was first theoretically studied
by Veselago in 1967 [18]. In the 21st century the subjects of metamaterials and
especially backward-wave materials have aroused continuously increasing amount
of interest after the publications containing the idea of a composite material with
simultaneously negative permittivity and permeability by Smith et al. [19], the first
experimental demonstration of negative refraction by Shelby et al. [20], and a theo-
retical study on the possibility of super-resolution by Pendry [21].

In a backward-wave medium the wave vector is antiparallel to the Poynting vector [1,
18,22]. Basically, this means that the phase propagates in the opposite direction with
respect to the energy. This effect, not found in any natural homogeneous material,
has some interesting consequences on the behavior of electromagnetic fields in these
type of media. For instance, when an electromagnetic wave penetrates an interface
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between a backward-wave medium and a medium with positive ε and µ (FW or
forward-wave medium, such as free space), the wave refracts negatively [23, 24] as
can be concluded by applying the Snell’s law to such an interface.

The first experimental demonstration of a backward-wave medium was realized with
a metamaterial composed of metallic wires and metallic ring-shaped resonators
called split-ring resonators [19, 20]. In this case, the effectively negative ε is due
to the metallic wires, having a Drude-type dispersion (e.g. [25]) that allows for
negative values of ε. The effectively negative µ, having a Lorentz-type dispersion
(e.g. [25]), is realized by designing the resonators in such a way that at a certain
frequency, the resonators exhibit a strong magnetic resonance, allowing the effective
µ to have negative values. The concept of artificial magnetic materials made from
metal inclusions with various shapes (broken loops in many cases) have been widely
studied in the literature [26–29].

Due to the inherently dispersive and resonant material parameters, the backward-
wave metamaterials realized with broken loops have, in most cases, very high losses
and narrow bandwidth. Despite of this, the negative refraction of an electromag-
netic beam through a prism-type metamaterial block was experimentally demon-
strated [20]. After this, also others have given further experimental verification of
this phenomenon, e.g., [30,31]. Metamaterials, and especially backward-wave mate-
rials based on the use of resonant inclusions such as those in [20], have been widely
studied and further developed in the recent literature, see, e.g., [4] and the references
therein.

One very special property of backward-wave materials is that a parallel-sided slab
of such a material, when the material properties are designed to meet certain spec-
ifications, can act as a so-called “superlens” [1,21]. An idealized superlens, which is
sometimes called “perfect lens”, is a device that can focus a point-source field to an
infinitely small area. This means an imaging device that has infinitely high resolu-
tion, i.e., infinitely small details of the source field can be recognized in the image
plane of the device. It is well known that the classical limit of image resolution is in
the order of the wavelength of the used electromagnetic radiation [32]. This is due to
the fact that the evanescent waves, that carry the information of the sub-wavelength
details of the source, are in any media exponentially decaying as a function of the
distance. This means that in any image which is not in the very near-field of the
source, only propagating modes add information, and this results in that the image
resolution is approximately

∆ ≈ 2π
1

kt,max

≈ 2π
1

k
= 2π

λ

2π
= λ, (2.1)

where kt,max is the maximum transverse wavenumber contributing to the image, k
is the wavenumber in the medium where the wave travels, and λ is the wavelength.
A superlens is capable of “amplifying” the decaying evanescent modes and, in the
ideal case, preserving the information carried by these modes in the image [1,21].
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According to the above discussion it is clear that a superlens differs greatly from
any conventional lens. Traditionally, the word “lens” is used for a device that can
focus for example a plane wave into a focal spot. A superlens cannot achieve this,
the waves that are normally incident to the superlens slab are simply transmitted
through the slab without any refraction. Instead, a superlens can achieve imaging
of, e.g., a point source as depicted in Fig. 2.1.

Figure 2.1: Imaging of propagating waves in a parallel-sided slab of a backward-
wave medium, sandwiched between two regions of forward-wave medium. The thin
lines illustrate how two rays are refracted negatively at the slab interfaces and form
an image on the other side of the slab. Another image is formed inside the slab.
The arrows indicate the power propagation direction.

But negative refraction refers only to the propagating modes impinging on an in-
terface and as such does not result in any sub-wavelength resolution in the image.
Instead, the high resolution obtainable with a slab made of a backward-wave medium
relates to the resonant “amplification” of the evanescent modes which can occur at
the interfaces between the slab and the (forward-wave) medium surrounding the slab.
This is made possible by the fact that such interfaces can support surface waves with
large wavenumbers and these can be resonantly enhanced, therefore“amplifying”the
evanescent fields [1]. It must be noted that causality and energy conservation laws
are not violated by such enhancement of fields, since the evanescent modes do not
carry energy.

If a backward-wave slab is sandwiched between regions of a forward-wave medium
and if the permittivity and permeability of the slab are exactly the negative of those
in the forward-wave medium, the evanescent modes excited by a source (placed
in the forward-wave medium) are enhanced at the interfaces of the slab in such a
way that the amplitudes of all these exponentially decaying modes are exactly the
same in the image plane and in the source plane, as shown in Fig. 2.2. This idealized
situation is hardly the case in any realistic structure, where losses can easily suppress
the enhancement of the evanescent modes. Nevertheless, the possibility of obtaining
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imaging with sub-wavelength resolution, even though not ideal resolution, would
be a major improvement in many practical technological issues related to imaging,
production of miniaturized devices and components, data storage, etc.

Figure 2.2: Behavior of the amplitude of the evanescent fields in a backward-
wave slab and the surrounding forward-wave medium. Resonant amplification of
the evanescent modes results in the restoration of the source field’s amplitude at the
image plane.

Regardless of the lack of an optical axis, which is traditionally been related to any
type of lens, the name “superlens” has achieved a wide acceptance in the literature
and in the electromagnetics community, so in this thesis we also use the name
“superlens” to describe a parallel-sided slab composed of a backward-wave medium.

One research area of this thesis is the study of three-dimensional structures exhibit-
ing backward-wave propagation properties in a certain frequency range. Chapter 4
presents a design technique and a class of such structures developed within this the-
sis. These structures are composed of three-dimensionally arranged transmission-
line networks that are periodically loaded by reactive loads enabling backward-
wave propagation in the networks. Also other results regarding three-dimensional
backward-wave transmission-line networks have been presented in the recent litera-
ture. These alternative techniques are also reviewed in Chapter 4.

2.3 Electromagnetic cloaking

Recently, the topics of electromagnetic cloaking and invisibility have become ma-
jor subjects of metamaterial-related research after the publication of some seminal
works by Alù, Engheta, Leonhardt, and Pendry et al. [33–35]. The term “electro-
magnetic cloaking” refers to the reduction of the total scattering cross section of an
object, meaning in the ideal case that this object is made invisible to the impinging
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electromagnetic radiation. This strongly differs from previously well known meth-
ods for scattering reduction, for example the stealth technology, since in cloaking
the goal is to minimize the total scattering, not just scattering to certain directions.

Reduction of forward scattering essentially means that an electromagnetic wave can
“see” behind the cloaked object, as the object is “invisible” to the wave impinging
on this object. See Fig. 2.3 for an illustration of the main idea of cloaking, where
a system of two antennas is considered. The scattering from an object placed be-
tween these antennas is depicted in three different cases: scatterer alone, scatterer
surrounded by an ideally absorbing material, and scatterer inside an ideal cloak.
In the first case (Fig. 2.3a) the object scatters both towards the source (backscat-
tering) and towards the receiving antenna (forward scattering). In the second case
(Fig. 2.3b) all the power incident to the object is absorbed. This removes the power
reflected back to the source but the forward scattering remains since behind the
object a shadow is created. In the last case (Fig. 2.3c), where all the scattering is
removed, the signal at the receiving antenna is the same as would be without any
object between the antennas.

To obtain cloaking of an object, the total power that is scattered by this object
should be somehow minimized, as illustrated in Fig. 2.3. The use of an absorbing
material can reduce the total scattering cross section, but only by a maximum
amount of 50 %, since the forward scattering cannot be reduced by absorbing [36].
The only way to reduce both backscattering and forward scattering is to somehow
change the field pattern around the object to be cloaked. This should be done in a
way that the fields around the scattering object (in both near- and far-fields) would
resemble the fields that would exist there without this object.

Cloaking can be achieved in many ways. Although being a very popular subject of
research only since a few years, there exist publications strongly related to this field
of research dating back even several decades [37–40]. During the past few years, this
area of research has become extremely popular as several new concepts and ideas
have been presented [33–35].

Chapter 5 discusses a cloaking technique which has been developed within this thesis
work. This route to electromagnetic cloaking takes advantage of a property inher-
ent to many types of transmission lines: the fields propagating inside a transmission
line are confined there, thus enabling the “squeezing” of fields into a set of trans-
mission lines (or more precisely, into a network composed of transmission lines). In
Chapter 5 principles of this cloaking approach, together with design and realization
examples are presented. Also two of the recently most widely referenced cloak-
ing techniques, namely, the scattering cancellation technique and the coordinate-
transformation technique are reviewed in Chapter 5. Other cloaking techniques are
briefly explained and references to these are also given.

Even though being a relatively new area of research, the subject of electromagnetic
cloaking has already resulted in a huge amount of publications. Recent review



31

(a)

(b)

(c)

Figure 2.3: A system of two antennas: a transmitting antenna (Tx) and a receiv-
ing antenna (Rx). (a) A scattering object is placed between the antennas. (b) A
scattering object covered with a perfectly absorbing material is placed between the
antennas [only backscattering is removed as compared to case (a)]. (c) A scattering
object placed inside a hypothetical, idealized cloak is placed between the antennas
[all scattering is removed as compared to case (a)].

papers on this topic summarize the current research directions, latest developments
and future prospects [41,42]. Review paper [42] has been written by the author and
supervisor of this thesis and that paper is in a large part a result of the work done
for this thesis during the last few years.

2.4 Artificial materials in antenna applications

An important application area of artificial dielectrics and metamaterials is anten-
nas. The potential benefits in this field of engineering, offered by various artificial
materials include, for example, improvement of directivity and bandwidth charac-
teristics of conventional antennas and antenna miniaturization [2,3,10]. Completely
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new types of antennas have also been introduced. Good examples of these are
leaky-wave antennas based on backward-wave propagation [2,3].

Artificial dielectrics and their use in lenses have been known since the 1940’s, see,
e.g., [8,9,43]. The introduction of various ways of creating metamaterials exhibiting
both electric and magnetic response (materials with the relative permittivity εr 6= 1
and relative permeability µr 6= 1) has opened up the possibility to dramatically
improve antenna substrates, superstrates, and lenses since in such magneto-dielectric
materials both the refractive index and the impedance can be engineered [44–46].
The problems in the realization and application of magneto-dielectric materials are
related to difficulties in obtaining magnetic response from low-loss artificial materials
in a wide frequency band. Indeed, most of the magneto-dielectric materials that have
been studied in the literature, have suffered from strong dispersion and high losses,
especially in the frequency ranges where the magnetic response is required [47,48].

Chapter 6 presents how transmission-line networks can be used as microwave lenses.
Although magnetism, neither natural or artificial, is not involved, the impedance
matching characteristics, as compared to conventional dielectric lenses, are shown
to be improved. The lens structures studied in Chapter 6 cannot be considered to
be metamaterials in the strict definition of the term, since these lenses are merely
artificial materials for which the coupling between the lens material and the sur-
rounding homogeneous medium is improved by the use of a special coupling layer.
Other ways of reducing reflections from dielectric lenses are also briefly explained in
Chapter 6.
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3 Transmission-line networks

3.1 General

Transmission-line networks are periodic structures composed of transmission lines.
These types of structures are well known in radio engineering since many homoge-
neous materials and periodic structures can be conveniently analyzed using equiv-
alent transmission-line models that are simple to use and in most cases model ac-
curately the wave propagation phenomena in such materials and structures. The
theory of periodic structures and their analysis using equivalent transmission-line
models are therefore well established, see, e.g. [49,50].

The use of structures composed of periodic networks of transmission lines has re-
cently become popular since many exotic electromagnetic phenomena, such as neg-
ative refraction, achievable only with metamaterials, can be found in these pe-
riodic transmission-line “materials” [2, 3]. The most significant benefits of using
transmission-line based structures instead of, e.g., composite materials made of sep-
arate inclusions, are the wide bandwidths, the ease of manufacturing, and the toler-
ance to losses. The latter is especially significant when it comes to backward-wave
materials, which are very lossy when they contain separate resonant inclusions such
as split-ring resonators [19].

Caution should be used when describing transmission-line networks as “materials.”
Although a network of transmission lines can be considered to have propagation
properties similar as a homogeneous material with certain effective material con-
stituents ε and µ, the network may have severe limitations for polarization and the
way the fields can be excited inside the network. The latter limitation is significant
only in cases where the transmission-line “material” needs to be coupled with an-
other material surrounding the network, free space for example. This is the case in
any application that requires that the source is outside the network.

Metamaterials have been suggested to offer many benefits for example in imaging
and antenna applications. Many examples of such artificial materials, in both planar
and three-dimensional form, have been proposed for these applications, acting as
antenna superstrates, substrates, or lenses. These applications are good examples
of cases where the sources of electromagnetic fields are usually situated outside the
metamaterial. Therefore, the metamaterial needs to be designed in such a way that
the fields emitted by a source are coupled into the material in a desired way. But in
many cases this requirement is not very demanding, e.g., when an antenna acting
as a source emits radiation of only one polarization.

When the transmission-line approach to metamaterial design was first introduced,
the “materials” were usually composed of one-dimensional or two-dimensional peri-
odic networks of transmission lines, realized for example with the microstrip technol-
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ogy [51–58]. These types of networks obviously cannot be considered as materials
in the traditional sense, since an impinging electromagnetic wave hardly couples
with such networks. Instead, the proposed applications of these types of networks
included devices that permitted direct excitation of the networks. Such devices
include, e.g., phase shifters, power dividers, and various types of antennas [2,3].

3.2 Analysis methods

Principles of analysis of periodic structures have been presented, e.g., in [49,50]. The
analysis relies on the Floquet theorem which is a basic theorem for wave propagation
in a periodic structure. The theorem states that if a function E(x, y, z) satisfies the
wave equation of a wave propagating along the z-direction in a periodic structure,
then the function E(x, y, z + nd), where d is the period of the structure and n any
integer number, can be represented as

E(x, y, z + nd) = E(x, y, z)e−γnd, (3.1)

where the propagation constant γ is a complex coefficient. In practice (3.1) means
that in the periodic structure the field between any positions z and z + nd varies
only by a complex multiplier.

Another useful way of describing wave propagation in periodic transmission-line
structures is to use the so-called ABCD-parameters [49,50]. These parameters relate
the currents I and voltages V at both sides of the unit cell to each other as

[
Vn

In

]
=

[
A B
C D

] [
Vn+1

In+1

]
=

[
Vn+1e

γd

In+1e
γd

]
, (3.2)

where we have used relations Vn+1 = Vne−γd and In+1 = Ine−γd which follow
from (3.1).

The propagation constant γ and the characteristic impedance (Bloch impedance) of
a periodic structure can be conveniently analyzed by solving the ABCD-parameters.
From (3.2) we can find an equation for the propagation constant γ (dispersion equa-
tion) [49]:

AD + e2γd − (A + D)eγd −BC = 0. (3.3)

Also the characteristic impedance, or Bloch impedance, defined by [49]:

ZB =
Vn+1

In+1

, (3.4)

can be solved in terms of the ABCD-parameters (3.2).



35

See Fig. 3.1a for an illustration of an equivalent circuit of a periodic structure.
Basically any one-dimensional periodic structure can be represented by this model,
with Z11 being the ratio between the voltage and current at the left-side terminal
and Z22 being the ratio of the voltage and current at the right-side terminal.

Although the circuit model in Fig. 3.1a can be used to describe any periodic one-
dimensional structure, for the analysis of periodic transmission-line structures it is
usually more convenient to separate the host transmission line from possible dis-
continuities that are placed periodically to the host transmission line. One possible
representation of this type of periodic networks is shown in Fig. 3.1b. Here the host
transmission line is described by its electrical length θ per period and by the series
impedance Z and shunt admittance Y that correspond to the discontinuities inserted
into the host transmission line. Wave propagation inside this periodic structure, as-
suming that the structure is infinite in the propagation direction, can be analyzed
with the previously described Floquet theorem.

As already mentioned, another important design aspect of any periodic transmission-
line structure is the characteristic impedance, or Bloch impedance, of this structure.

(a)

(b)

Figure 3.1: (a) Equivalent circuit of a unit cell of a periodic one-dimensional
structure. (b) Equivalent circuit of a unit cell of a periodically loaded transmission-
line.
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If we impose a restriction that the characteristic impedance of a periodic structure is
sampled only at specific points, e.g., at the terminals of the circuits in Fig. 3.1, this
impedance is unique. Otherwise the impedance value changes for different sampling
points inside one unit cell.

Analytical and numerical modeling methods, as well as realizations of various types
of one-dimensional and two-dimensional transmission-line networks have been well
established [2, 3, 51–67]. The extension of these techniques to three-dimensional
structures and some novel applications of two-dimensional and three-dimensional
transmission-line networks will be discussed in the following chapters.

3.3 Equivalent constitutive parameters of transmission-line meta-
materials

Since homogeneous materials and periodic structures can be analyzed and emulated
by equivalent transmission-line models and structures, it may be sometimes useful
to describe the propagation of waves, reflection, transmission, etc. with the help of
traditional constitutive parameters of materials, such as the permittivity ε and per-
meability µ. Let us consider a periodic one-dimensional transmission-line network
with one unit cell comprising a series inductance L, a series capacitance C ′, a shunt
inductance L′, and a shunt capacitance C. The series connection of L and C ′ com-
pose the series impedance Z and the parallel connection of L′ and C compose the
shunt admittance Y . Assuming that the period of the structure d is much smaller
than the wavelength, i.e., assuming the quasi-static field condition, and applying the
Maxwell’s equations to find out the constitutive parameters, the following equations
can be found to describe ε and µ [2, 3]:

ε(ω) =
Y (ω)/d

jω
= C/d− 1

ω2L′d
, (3.5)

µ(ω) =
Z(ω)/d

jω
= L/d− 1

ω2C ′d
, (3.6)

where ω is the angular frequency. However, such ε and µ do not necessarily model
the local electric and magnetic polarizations in the structure.

From the above equations it is evident that the constitutive material parameters
can be easily made either positive or negative simply by choosing the values of
the reactive elements and the frequency appropriately. In a normal (forward-wave)
transmission line the series inductance L and the shunt capacitance C are dominant,
thus the line exhibits forward-wave propagation characteristics. If the same line is
periodically loaded by series capacitance C ′ and shunt inductance L′, effective ε and
µ of the line can become negative.
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3.4 Applications of transmission-line metamaterials

Transmission-line based structures and especially periodically loaded transmission-
line networks exhibiting backward-wave propagation characteristics have had im-
portant influence on the metamaterial research in general. Due to the inherently
low losses and the ease of manufacturing, this approach to metamaterial design has
produced some important experimental verifications of many key concepts related to
metamaterials. For example, the first experimental demonstration of subwavelength
resolution was achieved with a planar two-dimensional capacitively and inductively
loaded transmission-line network [58]. Furthermore, the easy implementation of this
technique to microwave circuit design and planar antennas has resulted in a number
of practical devices exploiting the special characteristics of these transmission-line
based “metamaterials” [3,68–73].

Improvements and completely new approaches enabled by the transmission-line
metamaterials have been found, for example, in the design and realization of power
dividers [74, 75], couplers [76, 77], phase shifters and delay lines [78–81], antenna
miniaturization [82–84], and leaky-wave antennas [85–88].
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4 Three-dimensional forward- and backward-wave
transmission-line networks

4.1 Introduction

Recently published works on one- and two-dimensional transmission-line networks
have given an interesting alternative for metamaterial design [2, 3, 51–56]. Most
importantly, the ease of manufacturing due to the possibility of using planar tech-
nologies and the absence of the need to use resonant inclusions in backward-wave
media have opened up a possibility to use metamaterials in many applications re-
quiring cheap components and broadband response. In order to increase the scope
of these transmission-line metamaterials, there is clearly a need to develop three-
dimensional structures that could be used more or less as volumetric “material”
blocks instead of planar circuits.

The approach chosen in this thesis is to extend the well-known one- and two-
dimensional transmission-line networks into three-dimensional structures. This re-
quires the analysis of the propagation and impedance properties, as well as innova-
tions in the manufacturing of such structures. For using these structures in applica-
tions where the sources of electromagnetic field are not integrated in the networks,
a method of coupling the designed networks to free space or any other homogeneous
medium is developed. Some of these results have been obtained in the Master’s
Thesis of the author [89], and these concepts and ideas are further developed here.

Although the three-dimensional transmission-line networks studied in this thesis
can be designed to be effectively isotropic for the waves of voltages and currents, it
is essential to note that they cannot support waves of any polarization. The wave
propagation in the networks is studied for the fundamental mode of the transmission
lines comprising the network and therefore the“wave polarization” is defined entirely
by the transmission-line topology. When a transmission-line network is coupled with
a homogeneous medium such as free space, the polarization of the wave impinging
on the network must be defined. The coupling mechanism introduced in this thesis
is shown to be able to couple linearly polarized waves (with TE-incidence) between
the studied networks and a homogeneous medium.

The results presented in this chapter have been published in [I–V]. In addition, the
author has contributed to several other papers related to this field of research [90–96].



39

4.2 Design principles

4.2.1 Dispersion equations

The basis of the analysis of the transmission-line networks studied in this thesis is
the knowledge of propagation properties of waves that can travel inside the networks.
In practice these propagation properties can be defined by equations for dispersion,
i.e., the dependence of the wavenumber on the frequency, and by the dependence of
the characteristic impedance of the network on the frequency. The design of three-
dimensional networks therefore requires the generalization of the equations derived
for one- and two-dimensional networks. A three-dimensional generalization of the
unit cell of Fig. 3.1b is presented in [I]. The dispersion equation for such a network
with periodic loads Zload = 1/jωC and Yload = 1/jωL, where C is the capacitance
and L the inductance, is found to be [I]

cos(kxd) + cos(kyd) + cos(kzd) =
1

2jωLSBW

− 3
KBW

SBW

, (4.1)

where

SBW =
jωC

(DTL + jωCBTL)(ATL + jωCBTL) + ω2C2B2
TL

, (4.2)

KBW =
−(BTLCTL −DTLATL)(ATL + jωCBTL)

[(DTL + jωCBTL)(ATL + jωCBTL) + ω2C2B2
TL]BTL

− ATL

BTL

. (4.3)

In (4.1)–(4.3) KBW and SBW are functions depending on the propagation constant
and characteristic impedance of the host transmission lines and on the capacitance
of the loading capacitors. Here the host transmission line properties are represented
by the ABCD-parameters (ATL, BTL, CTL, DTL) of a section of the host transmission
line having the length d/2 [49]:

[
ATL BTL

CTL DTL

]
=

[
cos(kTLd/2) jZTL sin(kTLd/2)

jZ−1
TL sin(kTLd/2) cos(kTLd/2)

]
, (4.4)

where kTL and ZTL are the wavenumber and characteristic impedance of a single
section of the transmission line. In the case of lossy host transmission lines, the
hyperbolic cosine and sine functions can be used, see eq. (10) in [III].

Equation (4.1) can be easily generalized for arbitrary loads Zload and Yload [VI]:

cos(kxd) + cos(kyd) + cos(kzd) =
Yload

2S
− 3

K

S
, (4.5)

where

S =
Zload

(ZloadATL + BTL)(ZloadDTL + BTL)−B2
TL

, (4.6)
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K =
Zload(ATLDTL −BTLCTL)(ZloadATL + BTL)

[(ZloadATL + BTL)(ZloadDTL + BTL)−B2
TL]BTL

− ATL

BTL

. (4.7)

For unloaded networks equation (4.5) can be applied directly by inserting Zload → 0
and Yload → 0 [I,VI]. One- and two-dimensional loaded and unloaded networks can
be analyzed with these equations simply by removing one or two of the cosine terms
on the left side of equations (4.1) or (4.5), and by replacing the factor 3 on the
right side of these equations with the factor 2 or with the factor 1, in the case of
two-dimensional and one-dimensional networks, respectively.

4.2.2 Equations for impedance

Equations for the characteristic impedance (Bloch impedance) of the capacitively
and inductively loaded, as well as for the unloaded three-dimensional networks,
are derived in [I]. The characteristic impedance is defined at the ports of a three-
dimensional extension of the unit cell of Fig. 3.1b as defined by (3.4). In the case of a
three-dimensional capacitively and inductively loaded transmission-line network, the
expression for the impedance is quite lengthy, so it is not repeated here. The reader
is encouraged to peruse equation (25) in [I]. For any other type of periodic loading,
i.e., for arbitrary Zload and Yload, the derivations in [I] can be easily repeated. An
expression for the impedance in this general case can thus be derived from equation
(25) in [I], and it reads

Z =
ZTL tan

(
kTLd

2

)
− j Zload

2

tan
(

kd
2

) , (4.8)

where k =
√

k2
x + k2

y + k2
z is the wavenumber in the network.

The characteristic impedance of an unloaded transmission-line network can be de-
rived from (4.8) by inserting Zload → 0:

Z = ZTL

tan
(

kTLd
2

)

tan
(

kd
2

) . (4.9)

It must be noted that the characteristic impedance of the network depends on the
wavenumber of the wave propagating in that network. Therefore, the impedance
can be different for various propagation directions, since the wave vector k can have
all three components kx, ky, and kz nonzero. The analysis of the characteristic
impedance is simplified by the fact that it is similarly isotropic as the wavenumber.
It is also worth noting that (4.8) and (4.9) can be applied as such in analysis of
one-dimensional and two-dimensional networks.
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4.2.3 Coupling of transmission-line networks with homogeneous media

Another design issue is related to the coupling of waves between a transmission-line
network and a (homogeneous) medium, such as free space, surrounding this network.
In [IV,V] this coupling has been achieved by using a special transition layer between
the network and the surrounding free space. This layer is basically an extension of
the open transmission lines at the edges of the network: by gradually extending
parallel-strip transmission lines connected to these edges we can effectively cover
the whole interface between a slab composed of the transmission-line network and
the medium surrounding this slab.

In the case of realizable transmission-line networks, especially those supporting
backward-wave propagation, it may be impossible to achieve the optimal charac-
teristic impedance of the network in a wide frequency band due to the inevitable
dispersion [1–3]. However, the non-resonant (and thus relatively wide-band) cou-
pling method based on the use of the transition layer described above is shown to be
able to couple the electromagnetic fields between a transmission-line network and
the surrounding free space in a wide frequency band even with taking into account
the mismatch in the impedances [IV,V].

4.3 Analytical and numerical results

The analytical expressions for the dispersion in a three-dimensional backward-wave
transmission-line network, i.e., equation (4.1) and the similar expression for the
forward-wave case where the load impedance Zload and admittance Yload tend to
zero, are verified in [III] with numerical simulations of a realizable structure in
which the host network is composed of microstrip transmission lines, as shown in
Fig. 4.1. The capacitive and inductive loads are modelled as lumped elements with
sizes and parameters comparable to those of commercially available surface-mounted
components.

The agreement between analytical and numerical results is very good, verifying the
usability of equations (4.1)–(4.7) for accurate design of practically realizable struc-
tures. See Fig. 4.2 for the analytical and numerical results of the dispersion in
forward-wave and backward-wave networks as those in Fig. 4.1, calculated for the
axial propagation in the networks. Figs. 4 and 5 in [III] give further confirmation
on the effective isotropy of these networks since the dispersion curves of different
propagation directions are overlapping in the frequency region where the structures
are designed to operate. The isotropy is essentially due to the electrically short
period of the networks. Here it must be noted that instead of the free-space wave-
length, the effective wavelength inside the structures should be used as a measure
of electrical length of a single period.

In paper [III] the resolution enhancement capability of a slab composed of the pro-
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Figure 4.1: From [III]. Unit cells of three-dimensional forward-wave (a) and
backward-wave (b) transmission-line networks based on the microstrip technology
(the substrate is not shown for clarity).

Figure 4.2: From [III]. Dispersion curves for the forward-wave (solid line: analyt-
ical; circles: HFSS) and backward-wave (dashed line: analytical; squares: HFSS)
networks. Propagation along the z-axis is considered (kx = ky = 0).

posed three-dimensional transmission-line network is studied. This is done by using
the equations describing the transmission through a finite-thickness slab composed
of such a network, see equations (42) and (43) in [I]. Here the backward-wave slab is
sandwiched between two half-spaces composed of a three-dimensional forward-wave
network where the source and image planes are situated. Even when taking into
account realistic losses in the studied structure, it is shown that sub-wavelength
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resolution is possible for slabs of reasonable thickness. Fig. 4.3 presents the depen-
dence of the resolution enhancement (Re) of the designed backward-wave slab on
the slab thickness l [III]. The source and image planes are situated at distance l/2
away from the slab edges, which results in a source-to-image distance of 2l.

Re describes what is the resolution enhancement offered by the slab, as compared
to any conventional, diffraction-limited lens. This parameter is simply the ratio of
the maximum transverse wavenumber which is recovered in the image plane, and
the wavenumber corresponding to propagating modes, i.e.,

Re =
kt,max

keff

. (4.10)

It should be noted that here keff denotes the effective wavenumber in the network,
not in free space. Obviously, for any lens that can recover some part of the evanes-
cent spectrum (kt > keff), the resolution enhancement will be larger than one. As
illustrated by Fig. 4.3, the resolution enhancement quickly approaches the value 1
as the source-to-image distance and the lens thickness are increased. This is an
expected consequence of losses, the effect of which rapidly grows stronger as the
lens thickness is increased. From these results it can be concluded that a resolution
enhancement of Re = 2 is obtainable with a source-to-image distance of about a
wavelength.
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Figure 4.3: From [III]. Resolution enhancement of the studied lens, as a function
of the distance between source and image (in wavelengths at the optimal operation
frequency, f = 0.8513 GHz). Circles: Re calculated from the transmission coefficient
data. Solid line: approximation for Re, calculated using the equation from [64].

In papers [I–III] the backward-wave networks are placed between two half-spaces
composed of a forward-wave network. This enables easy analysis of the backward-
wave slabs since the forward-wave and backward-wave networks are coupled well to
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each other simply by connecting the transmission lines of these networks. For prac-
tical applications, however, the situation is more complicated, since any backward-
wave slab composed of a network as studied here is not well coupled to homoge-
neous media, such as free space. To enable coupling of waves between the proposed
type of backward-wave network and a homogeneous medium, a coupling method
based on parallel-strip transmission lines is proposed in [IV]. The coupling between
the network and free space surrounding it are studied with full-wave simulations
by illuminating a transversally infinite slab composed of this network with plane
waves incident from free space. The dispersion characteristics and impedance of the
backward-wave network are designed so that the effective refractive index equals
approximately n ≈ −1 and the impedance Z ≈ 377 Ω at the frequency of 4 GHz.

See Fig. 4.4 for the simulation model of the slab and the simulated reflection and
transmission coefficients as functions of the frequency (for the normal incidence).
The simulation results presented here and in [IV] confirm good coupling of waves
between the slab and free space for a wide range of incidence angles in the xz-plane
(TE-polarization, electric field parallel to the y-axis) and also the negative refraction
occurring at the interfaces between the slab and free space.
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Figure 4.4: (a) From [V]. Simulation model of the backward-wave slab studied
in [IV,V]. The slab is periodically infinite in the x- and y-directions. Three unit
cells are modelled along the x-direction for the visualization of wave refraction.
(b) From [IV]. Simulated reflection and transmission through the backward-wave
slab as a function of frequency for the normal incidence.

The study of the backward-wave slab introduced in [IV] is continued in [V] by
analyzing and simulating the electrical tunability of the refractive index in this
slab. In practice such tunability can be achieved by replacing the lumped capacitors
loading the network by varactors. The effect of the tuning of the refractive index
and the impedance are studied both analytically and numerically. Good coupling of
electromagnetic waves for different incidence angles in both xz- and yz-planes (see
Fig. 4.4a), as well as for different refractive indices is confirmed by simulating plane
wave reflection and transmission in the studied slab while tuning the value of the
lumped capacitances [V].
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4.4 Realization

The proposed circuit topology of three-dimensional transmission-line networks ana-
lyzed in [I] can be realized in principle with many types of transmission lines. For
practical realizations, transmission lines based on the microstrip technology have
been found to be feasible. Such structures, with unit cells similar to the ones of
Fig. 4.1, are studied analytically and numerically in [I–III]. An experimental demon-
stration of this type of a structure, based on connecting stacked two-dimensional
networks of microstrip transmission lines with each other by vertical sections of
similar lines, is presented in [II].

The manufacturing of this three-dimensional transmission-line network is possible
with standard etching equipment and the assembly can be done in normal laboratory
conditions by soldering the different layers together. The lumped capacitive and
inductive elements are realized as surface mounted components. See Fig. 4.5 for a
photograph of the realized structure composed of three horizontal layers connected to
each other by vertical microstrips. The resulting structure is isotropic with respect to
the waves of voltages and currents travelling inside the network. The backward-wave
propagation in the part of the structure which is loaded by the lumped capacitors
and inductors, as well as the existence of strong evanescent fields at the second
interface between the forward-wave and backward-wave networks, are confirmed
with measurements [II].

Figure 4.5: From [II]. Experimental prototype of a structure composed of three-
dimensional forward-wave and backward-wave transmission-line networks.
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4.5 Review of related results found in the literature

Here we briefly review the results found in the literature that are essentially related
to the topic of this chapter. First, we review some papers that discuss various
ways of analyzing and creating three-dimensional backward-wave media based on
loaded transmission-line networks. Also the coupling of these and other types of
transmission-line networks with free space are considered. Finally, we present some
alternative methods for obtaining sub-wavelength resolution that do not require the
use of any type of backward-wave media.

4.5.1 Various types of loaded transmission-line networks

Various one- and two-dimensional loaded and unloaded transmission-line networks
have been reported and studied for example in [2, 3, 51–67]. Here we briefly review
results found in the literature that are more related to the topic of this chapter, i.e.
three-dimensional transmission-line networks and coupling of such networks with
free space.

Paper [97] presents circuit topology of a three-dimensional loaded transmission-
line network. The unit cell design is based on the transmission-line matrix (TLM)
method. There are two orthogonally oriented transmission lines on each face of a
cubic unit cell. As these lines can be periodically loaded with capacitances and
inductances, backward-wave propagation in this isotropic network is possible. Note
that this network is fully isotropic, i.e., it can support waves of any polarization,
whereas the three-dimensional networks studied in [I-V] are isotropic only for waves
of voltages and currents. As a natural consequence, the topology proposed in [97]
is much more difficult to realize. It is also worth noting that the designed network
can be coupled with free space as such, and this coupling is confirmed for normal
incidence with numerical simulations [97]. Paper [98] presents a realizable unit cell
of a structure similar to the one presented in [97]. Backward-wave propagation in
the structure as well as coupling with free space are demonstrated with numerical
simulations.

In [99] a three-dimensional transmission-line network topology, composed of parallel
strip transmission lines and lumped capacitive and inductive loads, is presented. A
backward-wave network based on such a design is studied numerically.

In [100] yet another topology of three-dimensional backward-wave transmission-
line networks is presented. Also this network is in principle fully isotropic, i.e.,
it supports waves of all possible polarizations. Again, the realizability of such a
network is demanding. In [100] one unit cell of the proposed network is manufactured
and measured.

Two-dimensional loaded transmission-line networks exhibiting backward-wave prop-
agation are much easier to realize than their three-dimensional counterparts. Vol-
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umetric structures composed of two-dimensional networks that are coupled with
free space have been recently reported [101–104]. With such networks, experimen-
tal proof of sub-wavelength imaging of sources placed in free space have also been
provided [103,104].

4.5.2 Alternative methods for sub-wavelength imaging

This chapter has concentrated on the topic of realization of backward-wave me-
dia with volumetric transmission-line networks. Backward-wave media composed of
resonant particles such as split-ring resonators and wires were discussed in Chap-
ter 2. Imaging with sub-wavelength resolution can be obtained also with various
other methods besides using backward-wave media. As explained in Chapter 2,
the essential phenomenon enabling sub-wavelength resolution is the amplification
of evanescent waves. This can be achieved without a backward-wave medium by
creating such conditions that at certain surfaces or interfaces, similar surface plas-
mons are excited, as would be excited at an interface between a forward-wave and
a backward-wave medium [105]. Such surface plasmons can be excited for example
in arrays of resonant particles [90–92, 105–107], or, for example, at the surface of
silver [108].

It is also possible to “channel” electromagnetic fields with sub-wavelength resolu-
tion by creating a medium in which the evanescent modes are transformed into
propagating modes. This technique, with which an “image” of the source field can
be transmitted far away from the source, has been studied widely in the recent
literature, see, e.g., [109–115].

Recently the concepts of near-field focusing screens and plates have been pro-
posed [116–119]. These devices are based on grating-like structures, i.e., they are
simply metallic screens or plates that have part of the metal removed to form a cer-
tain pattern in them. Such structures are shown to be able to focus electromagnetic
waves into focal spots of sub-wavelength size.

4.6 Summary of related publications

In paper [I] we present the idea of extending the analysis of one- and two-dimensional
unloaded and loaded transmission-line networks into three dimensions. The basic
design equations, i.e., equations for wavenumbers and characteristic impedances in
the both types of networks are derived. Dispersion and impedance characteristics of
loaded and unloaded three-dimensional transmission-line networks are studied and
discussed. Two types of realizable host transmission-line networks are presented.
Results of numerical simulations of a three-dimensional transmission-line structure,
based on the microstrip technology, are given.
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Paper [II] presents an experimental prototype of a structure comprising three-
dimensional transmission-line networks, exhibiting forward and backward-wave prop-
agation characteristics. Losses inside the networks are studied analytically and equa-
tions for evaluating the losses are given. Transmission properties of a slab composed
of a transmission-line network with realistic losses are studied. Expected type of
wave propagation in the structure is confirmed with measurements.

Paper [III] discusses the isotropy of wave propagation in three-dimensional trans-
mission-line networks. It is confirmed, both analytically and numerically, that in
the proposed types of three-dimensional loaded and unloaded networks, wave prop-
agation is isotropic in certain frequency regions, where the network period is elec-
trically sufficiently small. The resolution characteristics of a slab composed of a
three-dimensional loaded transmission-line network are studied. It is concluded
that sub-wavelength resolution is possible even when taking into account realistic
losses in the structure.

A way of coupling electromagnetic fields between a backward-wave transmission-line
network and a homogeneous medium surrounding this network is proposed in [IV].
This coupling method includes a layer of gradually enlarging transmission lines that
act as mode transformers between the network and the surrounding free space. The
operation of the proposed coupling method is confirmed with numerical simulations
of a slab composed of a transmission-line network placed in free space.

Paper [V] is based on the same design as presented in [IV]. Here the capacitance
of the lumped series capacitors is varied in order to obtain an electrically tunable
index of refraction. In practice this tuning can be done, e.g., by using varactors.
The analytical equations used to design the slab are given further confirmation by
evaluating the effective inductance and capacitance of the lumped elements inserted
in the simulation model. These effective values are shown to correspond well to the
analytically derived optimal values. The method of coupling electromagnetic fields
between the slab and the surrounding free space is shown to be efficient even though
the impedance of the slab is tuned away from the optimal value.
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5 Electromagnetic cloaking with volumetric
structures composed of transmission-line networks

5.1 Introduction

Within this thesis the term “cloaking” refers to the reduction of an object’s total
scattering cross section. This means that the scattering cross section of the object
should be reduced for electromagnetic waves with any angle of incidence and for
any position of the observer in the far-field. Also the near-fields around the object
should not be disturbed by the object or the cloak. For cloaks that are periodic
along one axis, such as the ones studied in this thesis, the angle of incidence varies
only in the plane orthogonal to the structure axis. Cloaking differs from other scat-
tering reduction methods in that it enables reduction of scattering cross section in
all directions, including forward scattering. Therefore some other techniques that
are used for scattering reduction, such as the stealth technology, do not meet the
requirements of cloaking in this sense. Cloaking can be achieved in many ways.
During the recent years, especially two such methods, namely, the scattering can-
cellation technique [33] and the coordinate transformation technique [34, 35], have
gained a wide interest in the scientific community. In this thesis, we propose an
alternative cloaking technique, which is based on the use of transmission-line net-
works that are coupled with the homogeneous media surrounding these networks.
Also the two cloaking methods mentioned above are briefly reviewed in this chapter
and references to other techniques are given.

The results presented in this chapter have been published in [VI–X]. In addition, the
author has contributed to several other papers related to this field of research [42,
120–125].

5.2 Design principles

Cloaking with networks of transmission lines is based on the following principle: in
order to minimize scattering, a cloak device consists of a “medium” which behaves
as the medium surrounding it, while having the possibility of squeezing fields inside
certain sections of the cloak, creating a space inside the cloak where electromag-
netic fields are not coupled into. This type of cloak medium can be illustrated as a
transmission-line network into which the impinging electromagnetic fields are cou-
pled to, and inside which, there is space where electromagnetic waves do not enter.
Since, in the ideal case, all the fields are confined inside the transmission lines, the
space which is left “cloaked” is obviously the space between the adjacent sections of
transmission lines. See Fig. 5.1 for an illustration of the cloaking principle in the
case of a two-dimensional network. This type of cloak can be made volumetric by
stacking adjacent two-dimensional networks on top of each other.
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Figure 5.1: From [VI], [126]. A two-dimensional cylindrical electromagnetic cloak.
The cloak operation does not depend on the incidence angle of the illuminating
electromagnetic wave, as long as the network period is small enough with respect to
the wavelength.

Although the cloak depicted in Fig. 5.1 is cylindrical, this cloaking method is not
restricted to cylindrical or spherical shapes. The cloak can naturally be of any
shape, since the fields are just guided through the structure. But, for practical
reasons and due to the necessary existence of small scattering, the cloak needs to be
cylindrical in the two-dimensional case and spherical in the three-dimensional case
in order to behave in a similar way for waves impinging on the cloak from different
directions. This symmetry helps in the analysis of the cloak properties, since the
cloak can be assumed to operate in a similar way regardless of the incidence angle.
Therefore, simulations and measurements need to be conducted in principle for only
one incidence angle in order to find out the structure’s cloaking capabilities.

For cloaking of objects in free space with the transmission-line technique, there is
a limitation: inside the cloak network, the waves cannot propagate with the speed
of light, as they do in free space, even though the material filling the transmission
lines would be vacuum [VI]. The geometry of the network itself slows down the
electromagnetic waves, resulting in a wavenumber keff that is larger than the free-
space wavenumber k0 by a factor of

√
2 or

√
3, in the cases of a two-dimensional

network and a three-dimensional network, respectively. This slowing down is due to
the fact that even though in a single transmission-line section the wave propagates
with the wavenumber k0 (assuming that the material filling this transmission line
is vacuum), this single transmission line “sees” the other transmission lines of the
network as periodical loads, thus changing the effective wavenumber of the wave
travelling in this network. This periodical loading is naturally more significant for a
three-dimensional network than for a two-dimensional one, hence the difference in
the factor of increase in the effective wavenumber.



51

The non-ideality of the wavenumber, i.e., the speed with which the wave propagates
inside the cloak network, results in that this type of cloak will necessarily scatter.
The interesting question is that how significant this scattering is, and if it can be
somehow compensated. In this thesis work, it has been found that for electrically
small cloaks, with the diameter considerably smaller than the wavelength of the
impinging electromagnetic radiation, the cloaking performance is very good even
with the non-ideal wavenumber. Also for electrically large cloaks, with the diameter
larger than the wavelength of the impinging electromagnetic radiation, the cloaking
effect can be obtained, but only in a much smaller frequency band than with smaller
cloaks.

One way to compensate for the increase in the wavenumber would be to periodically
load the transmission-line networks with loads that cancel the undesired slowing
down of the wave. This can be achieved with a similar type of loading as used in the
creation of backward-wave networks, i.e., increase of the series capacitance and/or
increase of the shunt inductance of the transmission lines [VI]. This compensation
comes with a price: the bandwidth of cloaking will be unavoidably decreased since
dispersion will be introduced into the frequency dependence of both the wavenumber
and the characteristic impedance of the networks. This will also force the energy
propagation velocity (group velocity) to be different from the phase propagation
velocity, which are equal in the case of unloaded networks. In fact, the equality of
phase and group velocities is a very unique feature inherent only to cloaks composed
of unloaded transmission-line networks. This feature is an important benefit of this
cloaking technique as compared to many other techniques.

Basic design guidelines for cloaks based on the transmission-line technique are the
same as considered in Chapter 4: the proper choice of the dispersion (wavenumber)
and the characteristic impedance. The study of the dispersion is required for the
determination of the cloak period, which defines the frequency range where isotropy
of the propagation is achieved. The study of the characteristic impedance in prin-
ciple enables design of the transmission line dimensions in such a way that optimal
impedance matching with the medium surrounding the cloak can be achieved in the
desired frequency range. Another design issue is the coupling of waves between a
transmission-line network and the medium surrounding this network. In [VI–X] this
coupling has been achieved by using a special transition layer between the network
and the surrounding free space. As described in Chapter 4, this layer can be realized
by extending the transmission lines at the edge of the cloak, effectively covering the
whole interface between the cloak and the surrounding medium.

For many types of transmission lines, such as microstrips or parallel-strip trans-
mission lines as used here, it may be impossible to achieve the optimal character-
istic impedance of the network since this usually requires very large values of the
impedance of single sections of transmission lines [VI]. As discovered for a backward-
wave slab [IV,V] and for various cloaking structures [VI–X], the impedance mis-
match between such networks and the surrounding medium can be effectively miti-
gated by the use of the proposed type of transition layer.
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The most significant limitation of the transmission-line technique in cloaking ap-
plications is the cloaked object’s geometry: the object must fit between the adja-
cent sections of transmission lines and therefore it cannot be, e.g., an electrically
large solid cylinder or a sphere. In papers [VI–VIII] the cloaked objects are com-
posed of periodic two-dimensional arrays of metal cylinders having a small diameter
and, effectively, infinite in height. In papers [IX,X] it is demonstrated that the
same cloaking technique can be applied also to cloaking of more complicated three-
dimensional objects. Another limitation is that with the proposed coupling method
the transmission-line networks and the homogeneous media surrounding them can in
principle be well coupled only for a single (linear) polarization at a time, depending
on the geometry of the transition layer.

5.3 Numerical results

The cloaking effect of an idealized two-dimensional transmission-line cloak is studied
in [VI], where the cloak, placed in free space, is modelled as a homogeneous material
having a cylindrical shape and the material parameters equal to εr = µr =

√
2, which

result in the same wavenumber as a two-dimensional transmission-line network (with
vacuum filling the transmission lines) would have. This type of simulation assumes
perfect coupling of waves, i.e., perfect impedance matching, between the cloak and
the surrounding medium. The results confirm that although some forward scattering
inevitably occurs, at the frequencies where the cloak diameter is small compared to
the wavelength, cloaking is very effective. Also it is found that there are frequency
regions inside which cloaking is possible also with cloaks having electrically large
diameters [VI]. This effect is concluded to be a result of the matching of wave fronts
of waves travelling inside and outside the cloak. Thus, cloaking with electrically
large cloaks is obtainable at frequencies where the wave inside the cloak travels a
distance which differs from the distance travelled in the surrounding medium by a
multiple of the wavelength.

Coupling of electromagnetic waves between realizable transmission-line networks
and the free space surrounding these structures, is studied numerically in [VI,VII].
In these cases the network has either a rectangular or a square shape, which does
not enable “cloaking” in the sense that the total scattering cross sections of objects
placed inside these structures would be reduced. Instead, the goal is to study the
coupling phenomenon as such, which then enables design of cloaking devices in
which the network itself is designed with the point of view of the reduction of the
total scattering cross section. It must be noted though, that structures as studied
in [VI,VII] may be used in other applications. For example, such structures could be
used as walls or slabs which let only certain frequencies through them and therefore
act as kind of filters.

A design of a cylindrical cloak, based on the transmission-line technique proposed
in this thesis, is presented in [VIII]. Here the transmission-line network is designed
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so that it has a cylindrical shape and its unit cell size is small as compared to the
wavelength, in order to achieve isotropic propagation in the network. Also, the di-
ameter of the cloak network is made smaller than approximately half wavelength
at the desired operation frequency. The transition layer proposed and studied in
[VI,VII] is used in the cylindrical cloak by placing the transmission lines of the
transition layer radially around the cloak. The dimensions of the cloak are opti-
mized with numerical simulations to obtain a wide-band cloaking effect with the
center frequency around 3 GHz. The total scattering cross sections of cloaked and
uncloaked arrays of perfectly conducting rods are simulated and results show that
an efficient cloaking effect indeed occurs, and in a relatively wide frequency band.
See Fig. 5.2a for the cloak dimensions. The wide-band and isotropic cloaking effect
is confirmed with numerical simulations, as demonstrated by the results shown in
Figs. 5.2b and 5.2c.

In [IX] the study of the cloak shown in Fig. 5.2a is continued. The cloaking effect
is further verified by studying the electric field distributions in simulation models
with and without the cloak, see Fig. 5.3. Also the effects of changing the transition
layer thickness and the impedance of the transmission lines composing the network
itself are studied in [IX]. The results indicate that the thickness of the transition
layer can be effectively used to control the frequency response of the cloak, whereas
moderate changes in the impedance of the network do not affect significantly on the
optimal cloaking frequency or bandwidth.

Paper [X] presents a study of a cylindrical cloak with the diameter equal to several
wavelengths at the operation frequency. The structure of this cloak is similar to
the one presented in [VIII], but the cloak is made larger by increasing the number
of unit cells in the network comprising the cloak. Based on numerical simulations,
the resulting cloaking effect is more narrowband as compared to electrically small
cloaks, as expected. Nevertheless, the results in [X] demonstrate the potential in
cloaking of electrically large objects with the transmission-line method.

In [X] also the operation of the electrically small cloak presented in [VIII] is studied.
In this study the cloak is used to reduce the scattering from a metallic object situated
close to a dipole antenna. The goal is to study the cloaking performance in a realistic
scenario where the electromagnetic wave impinging on the cloak is not an ideal plane
wave. Since the cloak is placed very close to the dipole, the waves impinge on the
cloak with various incidence angles in both E- and H-planes. Numerical simulations
demonstrate that the directivity pattern of the dipole is changed considerably when
the uncloaked object is placed close to it, whereas with the cloaked object the
directivity pattern is similar to the case of the dipole alone in free space [X].
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Figure 5.2: From [VIII]. (a) Cloak structure and dimensions in the xy-plane (top)
and in the xz-plane (bottom). (b) Full-wave simulated total SCS of the cloaked
object, normalized to that of the uncloaked object. The inset shows the dimensions
of the cloaked array of infinitely long metal rods in a xy-plane cut. (c) Full-wave
simulated SCS of uncloaked and cloaked objects at the frequency of 3.2 GHz, nor-
malized to the maximum SCS of the uncloaked object. φ is the angle in the xy-plane
and the plane wave illuminating the cloak travels to the +x-direction, i.e., in the
direction φ = 0.

5.4 Experimental results

Measurements of a two-dimensional square-shaped transmission-line network are
presented in [VII]. The network is placed inside a parallel-plate waveguide. Thus,
the measurement setup emulates an effectively volumetric structure which is infinite
in the vertical direction. Since the network has a square shape, it is not quite
proper to call it a cloak. The purpose of the device is not the reduction of the
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Figure 5.3: From [IX]. Full-wave simulated electric field distributions at the fre-
quency 3 GHz for (a) uncloaked and (b) cloaked objects. The plane wave illuminat-
ing the structures travels in the +x-direction and has electric field parallel to the
z-axis.

total scattering cross section, but the verification of the good coupling between the
network and the surrounding free space. The potential of transmission-line networks
in cloaking applications is demonstrated by the fact that the fields can propagate
inside the network through an electrically dense array of metal objects, which alone
is impenetrable to the impinging electromagnetic radiation.

A cylindrical wave is excited close to the network with a coaxial probe placed inside
the waveguide. The electric field distributions inside the waveguide are measured
with a vector network analyzer by measuring the transmission from the excitation
probe to another probe that is placed outside the waveguide. A small fraction of the
field inside the waveguide penetrates through the top wall of the waveguide since this
wall is composed of a dense wire mesh. A scanner moving the waveguide under the
stationary probe which is placed on top of the waveguide enables the measurements
to be conducted for a large number of points in an efficient way. This measurement
method was originally proposed in [90]. The results clearly show that the incident
cylindrical wave is coupled into the network and travels inside the network coming
out from the other side, with the array of metal rods inside the network. For
comparison, the same measurement is repeated for an empty waveguide and for the
array of metal rods without the network surrounding it. The results of the latter
demonstrate that the array of metal rods is indeed impenetrable to the impinging
electromagnetic radiation.
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A realization of a volumetric cylindrical cloak with the same dimensions as shown
in Fig. 5.2a is presented and measured in [VIII,IX]. The cloak comprises four sets
of cylindrical networks that are stacked on top of each other. The cloak is used
to “hide” an array of metal rods inside a rectangular waveguide. In principle a
near-field measurement as the one conducted in [VII] is of course also possible.
The problem with such measurements is that they do not provide any quantitative
data on the cloaking performance and therefore the analysis of the cloaking effect
is difficult with only measured field distributions. Also the waveguide measurement
is somewhat limited because the total scattering cross section of an object placed
inside the waveguide cannot be directly extracted from the measured reflection and
transmission data. But because both the magnitude and phase information of trans-
mission and reflection can be analyzed, we can have a very good understanding of
how well the cloak operates by comparing the data between cloaked and uncloaked
cases. Furthermore, the uncloaked and cloaked cases can be compared also to the
transmission and reflection properties of an empty waveguide.

The results of these waveguide measurements are presented in Fig. 5.4, where the
magnitude and phase of the transmission coefficient S21 are plotted as functions of
the frequency. These results clearly demonstrate that the expected cloaking effect
takes place in a wide frequency band, and especially in the frequency range around
3 GHz, where the transmission in the cloaked case corresponds very well to the
situation in the empty waveguide, whereas the uncloaked object basically prevents
any transmission through the waveguide. As can be seen from Fig. 5.4b, the phase
of S21 in the cloaked case differs slightly from that in the empty waveguide. This
is expected since the wavenumber inside the cloak is larger than in free space by a
factor of

√
2. This effect “slows” the wave that travels inside the cloak and results in

some scattering as has been previously discussed [VI]. This inevitable scattering, at
least in the case of an electrically small cloak, does not prevent very good cloaking
performance as can be concluded from Figs. 5.2b and 5.2c.

The same cloak and measurement waveguide as discussed above is used in [IX] to
cloak a fully three-dimensional metal object. The cloaked object is in this case
formed of a two-dimensional array of metal rods and of metal cylinders that are
periodically connected to this array, as demonstrated in Fig. 5.5c. The results for
the measured transmission magnitude and phase shown in Figs. 5.5a and 5.5b are
almost the same as in the case of the two-dimensional array of rods. This is because
the fields are confined inside the two-dimensional transmission-line networks and
therefore in the volume between the adjacent networks (where the metal cylinders
are placed) magnitudes of electromagnetic fields are effectively zero. The results
presented in Fig. 5.5 confirm that the proposed cloaking method can indeed be used
for cloaking three-dimensional objects, as long as these objects fit inside the mesh
of transmission lines.
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Figure 5.4: (a) From [VIII]. Measured transmission magnitude for the empty
waveguide (solid line), waveguide with the uncloaked object inside (dotted line) and
waveguide with the cloaked object inside (dashed line). For comparison the full-
wave simulated transmission corresponding to the uncloaked (squares) and cloaked
(circles) cases are also shown. (b) From [IX]. Measured transmission phase for the
empty waveguide and for the waveguide with the cloaked object inside.
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Figure 5.5: From [IX]. (a) Measured transmission magnitude. (b) Measured trans-
mission phase. (c) Photograph of the object that is cloaked.

5.5 Review of related results found in the literature

5.5.1 Scattering cancellation technique

The principle of the scattering cancellation technique was introduced by Alù and
Engheta in [33], although it must be noted that similar ideas were presented in the
literature before [37, 38, 40]. The scattering cancellation approach is based on the
following principle: an object, which we want to “hide” or “cloak”, scatters because
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the impinging electromagnetic field induces polarization in this object. Usually,
for many simple objects such as spheres or cylinders, the dipolar scattering is the
dominating one. If this object is then covered with another material, in which
the polarization of opposite sign is induced, and furthermore, if the amounts of
the induced polarizations are equal in the object and its cover, the total induced
polarization is equal to zero. See Fig. 5.6 for an illustration of this principle.

Figure 5.6: A spherical object, surrounded by a spherical shell, in which dipolar
moments of the opposite sign are induced. If the amplitudes of the polarizabilities
of the object and the shell are equal, the scattering from the system can be very
small.

In principle the scattering cancellation technique can only be applied to the reduc-
tion of scattering from a known object, since the cover material and size should be
designed based on the object which is placed inside the cover. How about cloaking
of objects composed of an arbitrary material? This clearly requires that a certain
volume of space is forced to have no electromagnetic fields inside. The scattering
cancellation approach can be used also to design cloaks of this type. For example,
the object that is cloaked can be a hollow metallic enclosure. This way any object
of arbitrary material can be, in principle, placed inside this hollow enclosure in-
side which electromagnetic fields do not penetrate [41]. Naturally, the requirements
for cloaking a conducting object are much more demanding than the ones needed
to cloak, e.g., a dielectric object inside which electromagnetic fields are allowed to
propagate.

The concept of cloaking with the scattering cancellation technique has been exten-
sively studied in recent years [33,41,127–134]. The scattering cancellation technique
enables simple design and relatively simple cloak structure (assuming that materi-
als with required properties are available) and has the possibility of realization of
cloaks composed of isotropic and homogeneous materials. In some cases, especially
when impenetrable objects need to be cloaked, it may be problematic to find natural
materials with required properties, such as very low permittivity or permeability.
At some specific frequencies so-called plasmonic materials [41] can be used, but for
example in the microwave regime artificial materials may be required [128]. Limita-
tions in operation bandwidth when using artificial (often resonant) materials should
be also taken into account.
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In addition, there exists the fundamental limitation on the energy velocity when
cloaking impenetrable objects in free space with passive structures: for the ideal
operation of a cloak, the energy of an electromagnetic wave should go around the
cloaked object faster than the speed of light [42] and this is of course impossible to
achieve at least with passive materials and structures. This fundamental limitation
will inevitably cause scattering of power, but this scattering may not be observ-
able in frequency domain simulations which consider only time-harmonic waves. If
the object to be cloaked is not impenetrable, e.g., it consists of a dielectric mate-
rial, power can flow through the object and this obviously relaxes the limitations
regarding bandwidth and cloaking from waves that carry energy.

5.5.2 Coordinate-transformation technique

The coordinate transformation technique, introduced by Leonhardt in [34] and
Pendry et al. in [35], is based on the transformation of the spatial coordinates
in such a way that a point in the “electromagnetic space” is transformed into a
sphere (or some other shape) in the “physical space.” Electromagnetic fields trav-
elling in the physical space are forced to go around this spherical region where the
coordinates are transformed, as demonstrated by Fig. 5.7. The same approach can
be simplified to a two-dimensional problem, where a line is transformed into a cylin-
der [135]. This cloaking approach is also related to certain mathematical problems
studied in the literature [136,137].

The realization of a coordinate transformation cloak requires that inside a certain
annular region in the physical space, the refractive index changes with the position
in order to “squeeze” all electromagnetic fields inside the annulus, thus preventing
the fields from entering the region enclosed by the annulus, i.e., the cloaked region.
This type of squeezing can be realized with a refractive index that changes radially
inside the annulus. In order to preserve impedance matching between the annulus
(i.e., the“cloak”) and the surrounding medium, the material filling the annulus must
be anisotropic [35]. Although the concept of this cloaking method was introduced
to a wide audience only recently, the idea of an inhomogeneous and anisotropic
magneto-dielectric structure that allows a plane wave to pass through it without
distortions, was published already in 1961 by Dollin [138].

In addition to the references given above, the coordinate transformation technique
has been studied extensively during the past few years, resulting in a large amount
of publications describing various theoretical and numerical analysis methods, prac-
tical cloak designs for different frequency regions from microwaves to optics, and ex-
perimental proof of the cloaking phenomenon [139–174]. In principle, the design of
cloaks based on the coordinate transformation technique is relatively straightforward
since the required material parameters are obtained directly from the transforma-
tion of coordinates. In practice the needed types of materials are difficult to realize
and therefore many simplifications of the ideal coordinate transformation have been
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Figure 5.7: Illustration of the principle of cloaking using the coordinate transforma-
tion technique. A spherical volume in the physical space (dark grey area) is covered
by an annulus (light grey area) in which electromagnetic fields are “squeezed.” The
black solid lines illustrate ray trajectories of electromagnetic waves that travel inside
and outside the cloak.

suggested, e.g., [135, 147–149, 153]. As compared to other cloaking techniques, the
benefit of the coordinate transformation technique is that the cloak design is in-
dependent of the cloaked object’s shape and constitutive material (since the fields
inside the cloak are zero). The most significant drawback of this technique is the
difficulty of the realization of materials with suitable properties, especially when
wide operation bandwidth is required. Also the fundamental problem of energy
velocity exists when cloaking objects in free space. As discussed in Section 5.5.1,
ideal cloaking in this case requires that the energy of the wave that “bends” around
the cloaked object travels with a superluminal velocity. As opposed to the scat-
tering cancellation technique the coordinate transformation technique is somewhat
more limited by this problem of energy velocity since regardless of the object to be
cloaked, the fields cannot travel through the cloaked region.

5.5.3 Other cloaking techniques

There exist also other techniques that can be regarded as at least some forms of
cloaking. One is the use of so-called hard surfaces, with which the forward scattering
from an object, and thus also the total scattering cross section, can be significantly
reduced [175, 176]. This technique has been proposed to be used for reducing the
scattering from antenna struts that normally is very harmful for an antenna’s direc-
tivity pattern [175]. This technique is somewhat limited as a true cloaking technique
since the total scattering cross section of an object can be lowered only concerning
waves impinging on this object with a fixed angle of arrival. This is due to the
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fact that with this technique, the scattering object is placed inside a cover which
is elongated in the direction of expected wave propagation. For waves impinging
from other angles of arrival to such a device, the total scattering cross section may
actually be increased.

In papers [177–179] a way of cloaking objects situated close to a plasmonic cylinder
is studied. This cloaking phenomenon is based on the excitation of surface waves
at the interface between such a cylinder and, e.g., free space. In view of possible
applications, this cloaking phenomenon is rather limited, since the realization of
materials with suitable properties is a big challenge as such. Due to the required
excitation of the surface plasmons, the cloak operation will be inevitably limited to
a very narrow bandwidth and losses that are present in any realizable plasmonic
material, may mitigate the cloaking phenomenon.

Very recently it was discovered that for cloaking of cylindrical objects a structure
somewhat similar to the transition layer of the cloaks in [VIII–X] but composed of
solid metal sheets can be used for efficient and broadband cloaking [180]. In this
case the cloaked object can be a solid cylinder since within this cylindrical cloaked
region there are no transmission lines. The cloaking phenomenon results from the
squeezing of the fields between adjacent cone-shaped metal sheets. The fields do not
penetrate the cloaked region due to the fact that the mode at the inner boundary of
the annular cloak cannot couple to the narrow section of free space that is between
the cloak and the cloaked object. Instead, the wave is guided around the cloaked
object similar to the coordinate transformation cloaks. As there is no resonant
material involved, the resulting cloaking effect is quite broadband.

5.6 Summary of related publications

Paper [VI] presents the principle of utilizing transmission-line networks in cloaking
applications. The performance potentials of two different types of networks, namely,
loaded and unloaded ones, are discussed and their benefits and drawbacks are eval-
uated. For the design of both types of networks, the dispersion relation is derived
in a simple form. It is concluded that for practical applications that require simple
structures and wide operation bandwidth, the unloaded networks offer better per-
formance. The effect of the inevitable non-idealities of the unloaded networks, that
occur when cloaking objects situated in free space, is studied and it is found that
good cloaking performance can be achieved especially with electrically small cloaks.
A simple way of coupling electromagnetic fields between a network of transmission
lines and any homogeneous medium is proposed. The coupling phenomenon is con-
firmed by designing an example network and conducting numerical simulations of a
slab composed of this network.

In [VII] a two-dimensional transmission-line network is simulated, manufactured
and measured. The measurements are conducted in a parallel-plate waveguide en-
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vironment to emulate an infinitely high periodic structure. The expected coupling
between the network and the surrounding medium is confirmed with both measure-
ments and numerical simulations.

Paper [VIII] presents a design of a cylindrical cloak based on periodically stacked
two-dimensional transmission-line networks. A way of employing the previously
introduced coupling method [VI,VII] in a cylindrical cloak is presented. In order to
obtain a very good cloaking performance, the cloak diameter is made smaller than
half of the wavelength of the impinging radiation. The cloaking effect is verified
with numerical simulations. The operation of the device is confirmed also with
measurements. To enable simple analysis of the frequency response of the realized
cloak, the measurements are conducted with a rectangular waveguide, inside which
cloaked and uncloaked objects are placed.

Paper [IX] gives further verification of the cloaking effect observed in [VIII]. Nu-
merical simulations of field distributions of cloaked and uncloaked objects placed
both in free space and inside a waveguide are presented. Measurement results of the
transmission magnitude and phase are presented for two different metallic objects
that are cloaked.

In [X] a design of an electrically large cylindrical cloak with the diameter equal to
several wavelengths of the impinging radiation, is presented. The cloak is composed
of periodically stacked two-dimensional transmission-line networks. The cloaking
performance of this cloak is studied with numerical simulations. In addition, the
same electrically small cloak as presented in [VIII] is studied in an antenna sce-
nario. The effects of placing uncloaked and cloaked metallic objects close to a
dipole antenna are studied with numerical simulations. It is shown that the an-
tenna directivity pattern is strongly affected by the uncloaked object, whereas the
pattern with the cloaked object resembles the situation where the antenna is alone
in free space.
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6 Microwave lenses composed of transmission-line
networks

6.1 Introduction

Transmission-line networks that are coupled with the medium surrounding these
structures can be utilized as lenses. Traditionally, lenses are composed of dielectric
materials that have certain refractive index n =

√
εrµr different from that in the

medium surrounding the lens. For example, in free space n = 1 and in dielectric
materials usually n > 1 and εr > 1 while µr = 1. The wave impedance in a
homogeneous material is defined as

η =

√
µ

ε
=

√
µrµ0

εrε0

. (6.1)

When using dielectric lenses, there is an unavoidable impedance mismatch between
the medium comprising the lens and the medium surrounding the lens since the wave
impedances of these media differ due to the difference in the relative permittivity
εr. One solution to this impedance mismatch is to use magneto-dielectric materials,
i.e., materials that have εr 6= 1 and µr 6= 1. In free space εr = µr = 1, and the wave
impedance is approximately equal to η0 ≈ 377 Ω. Therefore, perfect impedance-
matching with free space requires that εr = µr. The drawback of magneto-dielectric
materials is that they are not readily found in nature, and the artificial magneto-
dielectric materials suffer from high losses and restricted bandwidth, since usually
artificial magnetism is achieved with using resonant inclusions in the material. An-
other way to mitigate the impedance mismatch problem is to cover a lens with a
dielectric layer of intermediate permittivity. This and other alternative solutions to
the impedance mismatch problem are discussed more in Section 6.4.

Transmission-line networks can be designed to have a certain index of refraction, and
at the same time, the impedance of the network can be controlled by controlling the
impedance of single sections of transmission line. By coupling electromagnetic waves
between such a network and a homogeneous material surrounding this network, we
can realize “materials” that have engineered dispersion properties (refractive index)
and that can be designed for the optimal operation depending on the application in
mind.

Lenses composed of transmission-line networks can offer also other advantages with
respect to homogeneous dielectric lenses or various types of artificial dielectric lenses.
These benefits include weight reduction, easy implementation of electrically control-
lable elements such as varactors, and the use of embedded sources. Weight reduction
is possible since the whole volume of a transmission-line lens is not necessarily used.
If the transmission lines are placed periodically, the volume between adjacent sec-
tions of transmission line is not used for power transportation. In principle this
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volume can therefore be removed from the lens which will reduce the total weight of
such a lens. Of course the metal traces that compose the transmission lines add some
weight, but these traces can be made very thin. The loading of transmission-line
networks with controllable elements such as varactors was discussed in Chapter 4.
Such loading can potentially be used to create lenses with electrically tunable index
of refraction. In [V] this method was used to obtain a tunable negative index of
refraction in a parallel-sided slab, but the same principle can of course be utilized
also in lenses such as studied in this chapter.

The results presented in this chapter have been published in [XI,XII]. In addi-
tion, the author has contributed to several other papers related to this field of
research [181–183].

6.2 Design principles

The design of transmission-line based microwave lenses relies on the analysis of
dispersion (refractive index) and the characteristic impedance of transmission-line
networks. Equations (4.1) – (4.9) can be readily used in the design of one-, two-, and
three-dimensional loaded and unloaded transmission-line networks. Because here we
are interested in replacing a homogeneous dielectric material with a transmission-
line network, there is no need to load the network in any way. This also results
in simpler design, manufacturing and broader bandwidth because of almost linear
dispersion [XI].

Because of simplicity, here we study only two-dimensional transmission-line net-
works. Practically realizable lenses can be built using these, since the networks
can be conveniently stacked on top of another to create volumetric structures. In
the case of an unloaded two-dimensional transmission-line network, the dispersion
equation (4.5) reduces to

cos(kxd) + cos(kyd) = 4 cos2(kTLd/2)− 2, (6.2)

and the characteristic impedance of the network is described by (4.9).

Equation (6.2) can be used to analyze the isotropy of the network, but at the
frequencies where the network exhibits isotropic or nearly isotropic propagation
characteristics, the refractive index of waves travelling in this network is simply [XI]

n =
√

2εeff,TL , (6.3)

where εeff,TL is the effective relative permittivity of the transmission lines compos-
ing the network. For the optimal performance, the characteristic impedance of the
network should be designed to match the wave impedance in the material surround-
ing this network. As can be concluded from (4.9) and from the results presented
in [VI,XI], the matching of the network impedance usually requires very large val-
ues of ZTL (several hundreds of Ohms). Such high values may not be achievable
with conventional transmission lines, e.g., parallel strips or microstrips.
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For the transmission-line topologies used in this thesis the use of a transition layer,
such as described in Chapters 4 and 5, is required to couple the electromagnetic
waves between the lens and the surrounding medium. The use of such layers also
relaxes the demands on the characteristic impedance: the transition layer can ef-
fectively couple the waves between a transmission-line network and a homogeneous
medium, such as free space, even though the characteristic impedance of the network
does not match the wave impedance in the surrounding medium [V].

6.3 Analytical and numerical results

A volumetric lens composed of periodically stacked two-dimensional transmission-
line networks is proposed and designed in [XI]. The surface profile of the lens is
designed with the well known equations for dielectric lens design [184] so that a
plane wave impinging on the lens is focused into a line on the other side of the lens.
With the dispersion equation (6.2) describing the wave propagation in the used type
of network, it is easy to calculate the effective refractive index in the network and
design the lens profile as in the case of a homogeneous dielectric lens having the
same refractive index. In the network design it should be taken into account that
the period of the network must be small enough as compared to the wavelength, so
that propagation inside the network is effectively isotropic. Otherwise the refraction
at the lens interface will not be as desired.

In the structure studied here, the parallel-strip transmission lines are completely
embedded in a dielectric with permittivity εr = 2.33, and therefore εeff,TL = εr =
2.33 in this case. The resulting refractive index of the network is thus n =

√
4.66 ≈

2.16, according to (6.3). The dispersion in the network is plotted for the axial
propagation in Fig. 6.1a, where also the free space propagation constant (“light
line”) and the dispersion curve in a homogeneous dielectric with n =

√
4.66 are

shown. The period of the network defines the upper frequency limit where the wave
propagation is effectively isotropic. Here the period of the network d is equal to
8 mm and the network is effectively isotropic up to approximately 3 GHz, but the
difference in the wavenumbers of diagonal and axial propagation is very small even
at 4 GHz, as can be concluded from Fig. 6.1a (the diagonal propagation follows the
same curve as that of the homogeneous dielectric).

The lens surface profile is illustrated in Fig. 6.1b, where also the structure of the
network and the transition layer are illustrated. The profile is calculated with [184]

y2 = (n2 − 1)(x− F )2 + 2(n− 1)F (x− F ), (6.4)

where x is the distance from the focal point in the direction parallel to the lens axis
and F is the focal distance. For the lens studied here F = 80d. The reader should
note that in (6.4) the origin of the coordinate system is at the focal point, whereas
in Fig. 6.1b the origin is at the corner of the lens.
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Figure 6.1: From [XI]. (a) Dispersion in a transmission-line (TL) network for
axial propagation (ky = 0, k = kx), in a homogeneous dielectric material with
εr = 4.66 and in free space (“light line”). (b) Analytically calculated lens surface
profile (thick black line) and the transmission-line network (each square represents
one unit cell of the network) having approximately the same profile. Only half of
the lens is shown along the y-axis since the simulation model is cut in half by a PMC
boundary, positioned at y = 32d. The inset illustrates the details of the simulated
transmission-line lens structure.

As the lens is composed of periodic unit cells, it is impossible to realize a lens
with a smooth surface profile. On the other hand, the unit cell size is so small as
compared to the wavelength that the lens refraction characteristics are basically the
same as those of a lens with a smooth profile. The lens operation is demonstrated
in [XI] by comparing the designed transmission-line lens to a dielectric lens having
the same surface profile. The operation of the lenses is studied by comparing the
field distributions in the free space that surrounds them. This analysis is conducted
with full-wave simulations of the lenses. Two scenarios are studied: 1) A plane wave
travelling in the direction of the positive x-axis and having the electric field parallel
to the z-axis (see Fig. 6.1b for the geometry) and 2) A line source placed at the
focal point of the lenses.

In the first case the refraction occurring at the interfaces of the lenses is studied and
compared, which leads to the conclusion that the lenses refract the impinging waves
similarly, focusing an impinging plane wave to a line. The reduction of unwanted
reflections from the transmission-line lens, as compared to the dielectric lens, is
also observed. The reflectances of the two lenses are computed as functions of the
frequency, demonstrating that the relative bandwidth where the reflectance of the
transmission-line lens is lower than that of the dielectric lens by 4 dB or more, is
wider than 16 percent [XI]. The lowest reflectance of the transmission-line lens,
approximately −18 dB, is observed at the frequency of 2.4 GHz. At this frequency
the reflectance of the dielectric lens is approximately −6 dB.
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In the second case a line source, positioned at the focal point, illuminates the
transmission-line lens and the dielectric lens. Also here the lenses are seen to op-
erate as expected, i.e., a plane wave field travelling in the direction of the negative
x-axis is created. The simulated field distributions indicate that, as compared to
the dielectric lens, the reflections from the transmission-line lens are clearly miti-
gated [XI].

A microwave lens composed of the same transmission-line network as that described
above, but with an embedded source, is studied in [XII]. The embedding is enabled
by choosing such a lens profile where the surface nearest to the focal point of the lens
is cylindrical. Again we essentially study a two-dimensional problem since the lens
is considered to be infinitely periodic in the vertical direction. Such a lens profile
can be designed with equations available in, e.g., [184]. In this case the inner lens
surface, i.e., the surface closer to the focal point, is cylindrical with distance F from
the focal point. The other surface of the lens is defined as [184]

y2 =
[x + (n− 1)(F + T )]2

n2
− x2, (6.5)

where x is the distance from the focal point in the direction parallel to the lens
axis, F is the focal distance, and T is the thickness of the lens. See Fig. 6.2a for
the lens profile in the case n =

√
4.66. The reason why we have chosen to use

this geometry is that the volume between the focal point and the lens can be filled
with any homogeneous isotropic material, without affecting refraction at the lens
surfaces. This enables the embedding of a source into a transmission-line lens having
this geometry, since the volume between the source (placed at the focal point) and
the lens surface can be filled with the same transmission-line network as composes
the lens itself. Such a lens is illustrated in Fig. 6.2b.

In [XII] this lens antenna is studied with numerical simulations and its directivity
is compared to two dielectric lens antennas having the same surface profile and
refractive index. One dielectric antenna has a step-wise surface profile similar to
the transmission-line lens antenna while the other has a smooth surface profile.
The results indicate that the directivity of the transmission-line lens antenna is
much higher than the dielectric antennas’. This is concluded to be a result of the
reduced reflections at the interfaces between the lenses and the surrounding free
space, as well as a result of the fact that the sidelobe level of the transmission-line
lens antenna is reduced dramatically by introducing lumped resistors at the side
edges of this lens. This of course lowers the radiation efficiency of this antenna
which makes the comparison between the studied antennas rather difficult since
the dielectric antennas are modelled as lossless. Nevertheless, [XII] gives further
confirmation of the fact that transmission-line lenses can be effectively homogenized
and designed using well-known analytical expressions derived for dielectric lenses.
The good coupling of electromagnetic fields between such lenses and free space is
also evident.
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(a) (b)

Figure 6.2: From [XII]. (a) Lens profile, calculated with (6.5), having F = 15.5d,
T = 13.5d, d = 8 mm, and n =

√
4.66. The source location is at x = 0, y = 0.

(b) Model of the proposed transmission-line lens antenna with the same surface
profile as the lens in (a). The period d of the network is equal to 8 mm, and the
size of the antenna in the transversal (y-) direction is 35d = 280 mm.

6.4 Review of related results found in the literature

Dielectric lenses have been widely studied and used for decades. There exists a
variety of literature related to dielectric lens design, including also many ways of
reducing the effects of impedance mismatch inherent to such lenses [184–188]. Here
we review some basic techniques that can be used to reduce reflections at lens
interfaces and also some lens design techniques that employ transmission lines.

6.4.1 Ways to mitigate the impedance mismatch problem in dielectric lenses

The mismatch between the wave impedances of two dielectric materials is simply
due to the difference in the relative permittivity εr. From (6.1) we see that the ratio
between the wave impedances in free space (η0) and in a dielectric material (η) is
proportional to the square root of the relative permittivity of the dielectric:

η0

η
=

√
µ0

ε0√
µ0

εrε0

=
√

εr. (6.6)



69

As εr increases, the refractive index n =
√

εr increases and the impedance mismatch
also grows larger. One obvious way to mitigate the reflections from dielectric lenses
is therefore to restrict the permittivity of the lens material to values close to εr = 1.
This results in problems with the size of the lens as the refraction angle at the lens
surface is almost equal to the incidence angle.

If a dielectric material with large permittivity is required because of practical design
issues, the lens can be effectively coupled with free space by using a quarter-wave
layer of intermediate permittivity material [184, 186]. The drawbacks of this tech-
nique are the increase of the lens thickness, more complicated manufacturing, and
the frequency dependence of the matching. The layer of intermediate permittivity
can be also realized by cutting grooves on the surface of the dielectric lens itself,
which lowers the effective permittivity in the area where the grooves are situated.
Practical engineering problems however limit the use of these techniques at high
frequencies. In [184] it is reported that these techniques are difficult to realize for
lenses operating at or above the Ku-band (12 GHz – 18 GHz). The reason is that as
the wavelength gets smaller, the manufacturing errors, etc. will result in gain drop
and sidelobe level degradation.

6.4.2 Artificial dielectric lenses

Artificial dielectrics have been used for a long time in lenses [8, 9]. Artificial di-
electrics can be designed to have refractive index n larger or smaller than unity, see,
e.g., [43,48,189]. Materials with n < 1 can be used in lenses that are impossible to
create with “natural” dielectrics which always have n > 1. But artificial dielectrics
with n > 1 have also been found to be useful in many applications. For exam-
ple, weight reduction of lenses with the use of artificial dielectrics has been recently
studied [48]. Artificial dielectrics, whether they have the refractive index larger or
smaller than unity, have the same impedance mismatch problem as any dielectric
material.

6.4.3 Constrained lenses

A constrained lens consists of radiating elements, such as antennas, situated at
the lens surfaces and of transmission lines that connect the elements at these sur-
faces [184, 190]. The lens effect is achieved by using transmission lines of different
lengths. Usually the transmission lines in these types of lenses are one-dimensional,
i.e., a receiving antenna at the first lens surface is connected by a transmission
line to another antenna at the other lens surface. These lenses can be designed
to have similar lens properties as dielectric lenses, but only in a certain frequency
band, since the optimal electrical lengths of the transmission lines are designed for
a specific frequency.
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6.5 Summary of related publications

Paper [XI] presents the principle of utilizing transmission-line networks as artificial
materials for lenses. An example lens that focuses a plane wave to a line, is designed
based on analytical expressions for dispersion and lens surface profile. The lens
operation is verified with numerical simulations and the results are compared to
those of a reference dielectric lens. It is shown that within a certain frequency band
the reflections at the surface of the transmission-line lens are mitigated as compared
to the reference case.

A microwave lens antenna based on a volumetric transmission-line structure is pre-
sented and studied in [XII]. The network design is the same as in [XI], but the lens
profile is different to enable embedding of a source in the transmission-line network.
The operation of this lens antenna is verified with numerical simulations. The di-
rectivity pattern of the lens antenna is evaluated with numerical simulations and
the results are compared to directivity patterns of two lens antennas composed of a
homogeneous dielectric material, demonstrating the improvement of the directivity
in the case of the transmission-line lens antenna.
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7 Conclusions

This thesis consists of a collection of results related to the applications of microwave
transmission-line networks in three specific areas of interest: backward-wave media,
electromagnetic cloaking, and lenses. These topics have attracted a constantly in-
creasing interest in the scientific community during the last years. Metamaterials
that are usually employed in the creation of backward-wave media and cloaking
devices can be realized in many ways. The use of transmission-line networks and
especially such networks that can be used for free-space excitation, have many ben-
efits as compared to other realizable metamaterials. These benefits include the
possibility to obtain wide bandwidths and non-resonant media, as well as the ease
of manufacturing and assembly.

Backward-wave media are interesting due to their potential use in imaging systems.
A special characteristic of such media is that they enable imaging with resolution
exceeding the diffraction limit. This type of imaging is usually referred to as sub-
wavelength imaging. In this thesis backward-wave media, realized with capacitively
and inductively loaded three-dimensional transmission-line networks, are studied
analytically, numerically, and experimentally. Backward-wave propagation in the
proposed type of circuit topology is confirmed both with numerical simulations and
measurements. A way of coupling a transmission-line network with a homogeneous
medium, such as free space, is presented. A slab composed of a three-dimensional
transmission-line network exhibiting backward-wave propagation in a certain fre-
quency range, is coupled with free space using the proposed method and the effi-
ciency of this coupling is confirmed with numerical simulations. Furthermore, the
electrical tunability of the refractive index of such a slab is studied both analytically
and numerically.

Electromagnetic cloaking means – in the context of this thesis – the reduction of
an object’s total scattering cross section. A novel method of achieving efficient
and broadband cloaking of a class of objects having a limited size and shape, is
proposed. This method employs volumetric structures composed of transmission-
line networks. By coupling these network with the surrounding medium (e.g., free
space) the electromagnetic wave which impinges on the cloaking device, and on
the cloaked object enclosed by this device, is tunnelled through the cloaked object
inside the transmission lines. Within this thesis, the basic principles, possibilities,
and limitations of this cloaking method are discussed. An example cloak, operating
in the microwave region, is designed and its performance is evaluated numerically
and experimentally. The main advantages offered by the proposed cloaking method,
namely, wide operation bandwidth and ease of manufacturing and assembly, are
confirmed with both numerical simulations and measurements.

Dielectric lenses are widely used as collimating elements in antennas. The inherent
impedance mismatch between such a lens and the medium surrounding this lens
causes reflections at the lens surfaces and thus loss of power, radiation in unwanted
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directions, and deterioration of the directivity of the antenna. There exist many
ways of reducing these unwanted reflections, but they all have some limitations and
drawbacks. In this thesis we propose a way of realizing microwave lenses by us-
ing volumetric transmission-line networks as the media composing the lenses. This
enables the engineering of the dispersion and impedance properties of such lenses
with possibility to improve the impedance characteristics for better matching. Two
example lenses are designed and their performance is evaluated with numerical sim-
ulations.

As the basic concepts and design principles of various structures based on trans-
mission-line networks have been well established in the recent literature and in
the context of this thesis, the future research of such structures can be aimed on
the design and optimization of various practical devices. Applications that can
potentially benefit from the advantages offered by such structures include, for ex-
ample, antennas, imaging, high-resolution sensing, and reduction of scattering. As
transmission-line networks are studied and developed further, completely new ideas
of applications and devices may also appear. Especially the potential in creating
transmission-line based structures with electrically tunable properties, such as the
refractive index, may be a significant benefit of these structures in view of future
applications.
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