
Electromagnetic metamaterials are artifi-
cial composite materials which possess 
exotic properties not attainable with natural 
materials. This thesis covers two notable 
subclasses of metamaterials: transmission-
line metamaterials and bianisotropic media. 
While metamaterials are most commonly 
realized as bulk media consisting of small 
resonant inclusions, transmission-line 
structures offer an alternative, low-disper-
sion and low-loss way for realizing them. In 
this thesis, transmission-line metamaterials 
are applied for realizing practical microwave 
devices such as antennas. Bianisotropic 
media, on the other hand, are typically bulk 
metamaterials in which the electric and 
magnetic responses are coupled in a unique 
way. In this thesis, this topic is discussed in 
view of scattering elimination. In the last 
part of the thesis, these two, previously 
disconnected, metamaterial topics are 
brought together by considering the possi-
bility of realizing bianisotropic media using 
periodically loaded transmission lines. 
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Abstract 
Electromagnetic metamaterials are artificial composite materials which possess exotic and 

advantageous properties not attainable with natural materials. This thesis covers two notable 
classes of metamaterials: transmission-line metamaterials and bianisotropic media. While 
metamaterials are most commonly realized as bulk media consisting of small resonant inclu-
sions, transmission-line structures offer an alternative, low-dispersion and low-loss way for 
realizing them. Bianisotropic media, on the other hand, are typically bulk metamaterials in 
which the electric and magnetic responses are coupled in a unique way. This thesis not only 
studies these two topics individually but also brings together these two as of yet disconnected 
research areas. 

In the first part of the thesis, the application of transmission-line metamaterials for realizing 
practical microwave devices is discussed. An electromagnetic cloaking device based on trans-
mission-line networks is designed and manufactured and its operation in a practical antenna 
blockage scenario is confirmed experimentally. Moreover, two antenna designs based on such 
a cloak are proposed and studied numerically and experimentally. The proposed antennas have 
the special property of operating as a cloak at a higher frequency while simultaneously working 
efficiently as an antenna at a lower one. A flat, inhomogeneous microwave lens design which  
uses a set of periodically loaded one-dimensional transmission lines for manipulating the wave 
phase is suggested and studied numerically and experimentally. Finally, two horn-like anten-
nas based on skewed transmission-line networks are proposed. It is confirmed that integrating 
such a network into a horn antenna can significantly improve its directivity. 

In the second part, bianisotropic media (or to be precise, their constituent bianisotropic par-
ticles) are studied analytically and numerically in relation to the problem of eliminating elec-
tromagnetic scattering. It is shown that bianisotropy can provide additional functionality and 
flexibility for controlling scattering. Zero backward, zero forward or zero total scattering are 
all possible with specific particle designs though some solutions may require active elements. 

In the final part, a novel idea of realizing bianisotropic media using periodically loaded 
transmission lines is investigated. Specifically, two classes of bianisotropic media, omega 
media and moving media, are studied. It is shown that the omega coupling is related to the 
asymmetry of the loading circuit, while the moving medium coupling is related to the nonreci-
procity of the circuit. Example unit cells of both cases are presented and studied analytically 
and experimentally. The results have implications not only to the design of transmission-line 
metamaterials but also to the theory of material parameter extraction and modeling physically 
moving magnetodielectric media in a laboratory environment. 
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Tiivistelmä 
Sähkömagneettiset metamateriaalit ovat keinotekoisia komposiittimateriaaleja, jotka omaa-

vat eksoottisia ja edullisia ominaisuuksia, jollaisia ei löydy luonnollisilta materiaaleilta. Tämä 
väitöskirja kattaa metamateriaalien kaksi merkittävää alaluokkaa: siirtojohtometamateriaalit 
ja bianisotrooppiset väliaineet. Siinä missä yleensä metamateriaalit koostuvat pienistä reso-
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todennetaan kokeellisesti. Lisäksi näytetään, miten verhoamislaitetta voidaan käyttää pienin 
muokkauksin antennina. Tällaiset antennit pystyvät toimimaan yhtäaikaisesti antennina ja 
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“I’ve come up with a set of rules that describe our reactions to

technologies:

1. Anything that is in the world when you’re born is normal and ordi-

nary and is just a natural part of the way the world works.

2. Anything that’s invented between when you’re fifteen and thirty-

five is new and exciting and revolutionary and you can probably get

a career in it.

3. Anything invented after you’re thirty-five is against the natural or-

der of things.”

– Douglas Adams

The author of this thesis is 29 years old.
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1. Introduction

A new class of artificial composite materials called metamaterials rose

to prominence quite suddenly in the beginning of the new millennium.

While the material parameters of natural materials are fixed by nature

itself and only a finite set of different materials are available, metama-

terials provide a way to freely engineer the material parameters for a

given application by changing the properties of the small structural ele-

ments comprising them. The metamaterials concept is made especially

attractive by the fact that even exotic material properties not found in

natural materials can be realized. Though most of the research efforts

initially concentrated on electromagnetic metamaterials providing nega-

tive permittivity and permeability, the metamaterial concept has since

then been used to achieve many other exotic medium properties such as

extreme anisotropy and near-zero permittivity or permeability and it has

even been applied to other fields of physics such as mechanics and ther-

modynamics.

This thesis covers two prominent subcategories of electromagnetic

metamaterials, namely transmission-line metamaterials and bianiso-

tropic metamaterials. The research presented here not only tackles the

two topics individually but also tries to bring together these two as of yet

disconnected research areas. Firstly, the possibility of using transmission-

line metamaterials for realizing novel practical devices such as cloaking

devices, microwave lenses, and antennas is investigated in Chapters 3 and

4. Transmission-line metamaterials, that is, periodically loaded transmis-

sion lines or transmission-line networks, offer an alternative way to bulk

metamaterials for tailoring the effective material parameters for a given

application. They have the benefit of being less dispersive and lossy and

often easier to realize compared to bulk metamaterials. Secondly, bianiso-

tropic metamaterials or media or, to be precise, individual bianisotropic
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inclusions are studied in Chapter 5. Artificial bianisotropic media actu-

ally predate the term “metamaterial” by more than a century, though it

is now common practice to use “metamaterial” as an umbrella term cov-

ering also this type of artificial composites. Bianisotropy is a property of

a medium or an inclusion which implies that the electric and magnetic

responses are coupled leading to various exotic properties not achievable

with normal materials. Here, the research concentrates on the question

of eliminating electromagnetic scattering from a small bianisotropic inclu-

sion. Finally, in Chapter 6 of the thesis these two research directions come

together as the possibility of realizing effectively bianisotropic media us-

ing transmission-line structures is proposed and studied. In the following

paragraphs the content of each chapter of the thesis will be outlined in

more detail.

In the second chapter, a general overview of the field of metamateri-

als is given in order to provide context on how the research presented

in this thesis fits into the bigger picture. After this general historical

overview, the metamaterial topics on which this thesis mainly focuses,

namely transmission-line metamaterials and bianisotropic media, are dis-

cussed in more detail.

The third chapter discusses the concept of electromagnetic cloaking

and covers the papers [I,II]. A design for transmission-line-network-based

cloaking device is proposed and studied numerically as well as experi-

mentally. An emphasis is placed on realizing a practical microwave cloak

for antenna applications. A review of other cloaking techniques is also

presented. A novel structure combining an antenna and a transmission-

line cloak is suggested and studied both numerically and experimentally.

By modifying the transmission-line cloak geometry slightly, the cloak can

work as either a dipole- or monopole-like antenna at a lower frequency

while still retaining its cloaking functionality at higher frequencies. Such

a structure could be used for antenna near field decoupling in a scenario

where another antenna working at the cloaking frequency is placed next

to the antenna-cloak. Finally, the state-of-the-art of antenna near field

decoupling is also briefly covered.

In the fourth chapter, transmission-line metamaterials are considered

for realizing a microwave lens and a horn-like antenna (covering papers

[III], [IV], and [V], respectively). An inhomogeneous flat-profiled trans-

mission-line lens design for microwave frequencies is proposed. The lens

operation is based on having a set of parallel one-dimensional periodi-
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cally loaded transmission lines with different loading inductive elements

corresponding to a certain refractive index profile. The operation of the

lens is studied numerically as well as experimentally. A review of other

microwave lens designs is presented with an emphasis on inhomogeneous

designs based on metamaterials or transmission lines. Two novel horn-

like antennas with compact dimensions are proposed and studied numer-

ically. The antennas are shown to provide high directivity in a wide fre-

quency range by taking advantage of the anisotropic material parameters

of skewed transmission-line networks.

In the fifth chapter, the focus is shifted from transmission-line meta-

materials to bianisotropic metamaterials or, to be precise, their individual

building blocks, bianisotropic particles. The research problem concerns

eliminating scattering from an electrically small object, either completely

or to a certain direction. Specifically, it is investigated what additional

options for scattering elimination are offered by bianisotropy. The matter

is investigated analytically as well as through numerical examples (cov-

ering paper [VI]).

Finally, the goal in the sixth chapter is to combine these two research

directions and consider the question of realizing bianisotropic media us-

ing periodically loaded transmission lines. Two special cases of general

bianisotropic media are considered here: omega media and “moving” me-

dia (papers [VII] and [VIII], respectively). First, omega media and their

known realizations are discussed and the conditions for realizing omega

media with periodically loaded transmission lines are derived. By con-

sidering a simple example, the meaning of the omega coupling parameter

and its implications on the parameter extraction is explained. Second,

the question of realizing artificial moving media with static periodically

loaded transmission lines is investigated. A unit cell containing a gyra-

tor connected to the rest of the circuit via coupled inductors is proposed

and studied numerically and experimentally. Finally, the same unit cell

is considered numerically when the host transmission line corresponds to

a composite right/left-handed transmission line, a transmission line pro-

viding negative effective refractive index.
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2. Electromagnetic Metamaterials

2.1 Definition and history

The term metamaterial has become somewhat of a buzzword in electro-

magnetics and material science research since the beginning of the 21st

century. As it also forms the foundation for this thesis, a careful defi-

nition as well as a brief overview of the (as of yet quite short) history

of the field are in order. Though the definition of a metamaterial varies

somewhat depending on the source [1], several key properties are usu-

ally distinguishable. Firstly, metamaterials are always artificial compos-

ite materials meaning that they consist of several different materials or-

ganized in a certain way. More specifically, each metamaterial consists of

artificial inclusions (sometimes called “meta-atoms"), which can be either

periodically or randomly organized (amorphous) and are embedded into

some dielectric material. Secondly, it is usually assumed in the meta-

material definition that these inclusions as well as their spacings are

small compared to the wavelength so that only the fundamental wave

mode of the structure can propagate. This assumption also means that

metamaterials are homogenizable. In other words, they can be treated as

effectively homogeneous materials at the frequency of operation and can,

therefore, be characterized by some effective material parameters. This

condition is important as it reveals that by definition artificial composites

can be considered metamaterials only when operating below a certain fre-

quency. Thirdly, metamaterials exhibit properties found neither in their

constituent materials nor in conventional natural materials (excluding

some very specific, rare and usually unstable substances such as plasma).

In other words, metamaterials go beyond conventional materials (hence

the Ancient Greek word meta, or ����, meaning ’beyond’). Finally, meta-
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materials are innately dispersive unless active elements are included.

Though metamaterials have their roots in electromagnetics and the

term metamaterial is often considered synonymous with the more exact

term electromagnetic metamaterial, the metamaterial concept has also

been extended to many other fields of physics such as thermodynamics [2],

acoustics [3], and mechanics [4]. However, this thesis deals exclusively

with electromagnetic metamaterials with the emphasis placed on the mi-

crowave frequencies.

Earlier, it was mentioned that one of the key defining factors of meta-

materials is that they provide exotic properties not commonly found in

nature. So what can these properties be specifically for electromagnetic

metamaterials? Arguably the most well-known type of metamaterial is

the so-called double-negative (DNG) medium (also known as left-handed

medium or Veselago medium), that is, a medium which exhibits both neg-

ative permittivity and permeability and therefore also negative refractive

index. Existence of such a medium was speculated as early as 1964 by

Viktor Veselago [5]. Veselago showed theoretically that a medium with

negative permittivity and permeability would exhibit many extraordinary

effects such as negative refraction due to negative refractive index (re-

versed Snell’s law), opposite phase and group velocities (so-called back-

ward wave propagation), reversed Doppler shift, and inverse Cherenkov

radiation. However, since materials with negative permittivity and per-

meability do not exist in nature, this theoretical study of DNG materials

and their properties did not attract much attention initially.

Experimental realization of a DNG medium and demonstration of its

speculated properties came much later in 2000 [6]. The proposed two-

dimensional metamaterial unit cell working at microwave frequency con-

tains two types of inclusions: metal wires (along electric field direction) in

order to achieve negative permittivity and metallic split-ring resonators

to achieve negative permeability. Materials consisting of metal wires,

an example of an epsilon-negative (ENG) metamaterial, had been stud-

ied already in the 1960’s in order to emulate the electromagnetic behav-

ior of plasma [7], while split-ring resonators were already known in the

1950’s [8], though they were applied for realizing a material with negative

effective permeability (mu-negative or MNG metamaterials) much later

in 1999 [9]. Neither ENG nor MNG metamaterials can support propa-

gating wave modes by themselves. It was in [6] that both of these in-

clusions were combined into one material for the first time, leading to
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(a) (b)

(c) (d)

Figure 2.1. Schematic drawing showing (a) a single split-ring resonator, (b) MNG meta-
material consisting of such resonators, (c) ENG metamaterial consisting of
metal strips, and (d) DNG metamaterial which is a combination of the MNG
and ENG metamaterials shown in (b) and (c). From [12], © 2003 IEEE.

negative effective permittivity and permeability and to verification of the

backward propagation property of DNG media predicted by Veselago. Sev-

eral other experimental studies on DNG media followed soon thereafter

confirming also the negative refraction property [10–12]. An example of

a split-ring resonator, an ENG medium, a MNG medium, and a DNG

medium from [12] is shown in Fig. 2.1.

Initially, using DNG media for realizing a so-called superlens saw huge

interest due to the publication of the conceptual paper on the topic by

Pendry in 2000 [13]. The basic idea was that a slab of a DNG medium

could not only focus the propagating waves like conventional lenses but

could also amplify the evanescent wave modes created by the source pro-

viding access to subwavelength details of the image. However, it was soon

discovered that the proposed idealized design had two major practical lim-

itations: the introduction of a probe has a considerable negative effect on

the amplification of the evanescent waves [14] and all practical lens de-

signs are very sensitive to losses, which tend to ruin or at least consider-

ably deteriorate the achieved resolution, e.g., [15]. Despite of these issues,

some practical prototypes providing subwavelength imaging have been re-

alized since then, e.g., [14, 16, 17]. DNG media have also found applica-

tions in, for example, realizing electrically small cavity resonators, waveg-

uides and scatterers, dispersion compensation in transmission lines, and

enhancing radiation from small antennas [18].

Even though the DNG medium is arguably the most well-known and
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characteristic example of a metamaterial, several other types of metama-

terials can also be distinguished (see Fig. 2.2). In [6] and related stud-

ies, the wire inclusions are considered as an effectively two-dimensional

medium, that is, it is assumed that the electric field is always along

the wires. However, such uniaxial wire media when considered as truly

three-dimensional media in the visible range are by themselves exam-

ples of hyperbolic (or indefinite) metamaterials [19]. Hyperbolic meta-

materials possess extreme axial anisotropy such that either permittivity

or permeability along the axis direction has opposite sign to the permit-

tivity or permeability orthogonal to the axis. Hyperbolic metamaterials

have found applications in, e.g., subwavelength imaging and spontaneous

emission engineering. In broader sense, any artificial anisotropic material

can also be considered a metamaterial, at least as long as the anisotropy

arises due to the asymmetry of the inclusions and not from any anisotropy

of the constitutive materials. Another type of metamaterial which has

garnered considerable interest is epsilon-near-zero (ENZ) and mu-near-

zero (MNZ) metamaterials. As the name implies, they provide an effec-

tive permittivity or permeability which is close to zero leading to a very

long effective wavelength inside the medium [20]. In other words, the

phase delay inside the medium is practically zero, which can be useful in

wavefront engineering [20]. More recently, it was shown that ENZ/MNZ

metamaterials can also enable tunneling electromagnetic waves through

very narrow channels [21, 22]. Bianisotropic media, that is, media which

exhibit magnetoelectric coupling and are anisotropic, are also typically

considered a type of metamaterial [23]. They are discussed in detail in

Section 2.3, while transmission-line metamaterials which provide an al-

ternative, transmission-line-based way for realizing metamaterials are

Figure 2.2. Different types of metamaterials with the types covered in this thesis out-
lined in red.
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discussed in Section 2.2. Conventionally, metamaterials are considered

passive structures, though recently many have also turned their interest

towards active metamaterial inclusions. Introducing active elements is

done, for example, in order to overcome the inherent dispersive nature of

metamaterials [24–26], realize nonreciprocal response [27] or add gain to

compensate for the losses in the medium [28, 29]. Finally, tunable and

reconfigurable metamaterials form their own distinct research field. Tun-

ability in the electromagnetic response of the metamaterials is achieved

typically either by changing the effective electromagnetic properties via

various nonlinear effects in the resonators or substrates or by mechanical

shifting/deformation of the unit cell [30].

2.2 Transmission-line metamaterials

Though double-negative media were shown in the early 2000’s to be re-

alizable using metamaterials and to possess unique properties with sev-

eral interesting applications, all the suggested metamaterial realizations

were highly resonant. This property limits the suitability of metamateri-

als for practical engineering applications considerably as the operational

bandwidth is very narrow and the losses are high. This restriction is es-

pecially harmful for potential applications utilizing the DNG medium as

a transmission medium in order to take advantage of its unique back-

ward wave propagation property. In 2002, the concept of transmission-

line (TL) metamaterials was suggested as a low-dispersion alternative

to conventional, bulk metamaterials independently by three different re-

search groups [31–33]. Whereas bulk metamaterials consist of electri-

cally small inclusions embedded (typically periodically) in a dielectric, in

TL metamaterials a network of TLs acts as a sort of host medium, while

periodically placed lumped or distributed circuit loading elements take

the role of the inclusions. In some sense, backward wave propagation in

TL structures was already a known phenomenon at this point as Bril-

louin had studied the series-capacitance/shunt-inductance circuit shown

in Fig. 2.3(a) as an equivalent circuit model for backward wave media in

the 1940’s [34]. Though the circuit in Fig. 2.3(a) does indeed show the ba-

sic one-dimensional TL structure on which all the DNG TL metamaterials

are based, in these early studies the period of the TL structure was about

half a wavelength or larger. As for bulk metamaterials, the period of the

TL metamaterial must always be electrically small as no effective mate-
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rial parameters (permittivity and permeability) can otherwise be defined

due to higher order modes being excited. Consequently, these early struc-

tures cannot be considered metamaterials. In contrast, the TL structures

suggested in [31–33], which also correspond approximately to the equiv-

alent circuit of Fig. 2.3(a), have periods that are much smaller than the

wavelength at the operational frequency and are, thus, homogenizable.

Let us take a closer look at the circuit of Fig. 2.3(a) and its properties.

Using elementary circuit theory, it is easy to show that for such an in-

finitely periodic TL structure (assuming an infinitesimal unit cell period

with distributed capacitance and inductance) the propagation constant

and wave impedance can be written as β = ±(ω
√
LC)−1 and Z =

√
L/C,

respectively [35]. Here, C and L have units F · m and H · m as the cor-

responding series impedance and shunt admittance are given in ohms or

siemens per unit length. The phase and group velocities can now be writ-

ten as vp = ω/β = ±ω2
√
LC and vg = (∂ω)/(∂β) = ∓ω2

√
LC. It is evident

from the latter two equations that the equivalent circuit does correspond

to a backward wave (or left-handed, LH) medium as phase and group

velocities have opposite signs, that is, phase and energy propagate in op-

posite directions. Similarly, it can be shown that the unit cell provides

negative effective permittivity and permeability. However, one practical

problem with such TL structures remains: no pure LH TL structure cor-

responding to Fig. 2.3(a) exists! In all periodic TL structures, some series

inductance and shunt capacitance always exist due to the TLs themselves

and parasitic effects in the circuit elements no matter how low the fre-

quency is and how tightly the series capacitors and shunt inductors are

packed into the unit cell. In order to emphasize this fact, practical LH

TLs are typically called composite right/left-handed transmission lines

(CRLH TLs) and are modeled more accurately using the circuit shown

in Fig. 2.3(b). CRLH TLs can still act as backward wave media at low

frequencies where the effect of the series inductor LR and shunt capacitor

CR is small and the circuit of Fig. 2.3(b) is effectively reduced to the circuit

of Fig. 2.3(a). Conversely, only normal forward wave modes are supported

at higher frequencies as LR and CR dominate over LL and CL.

In practice, the CRLH TLs are commonly realized using microstrip

lines so that the needed circuit elements are realized as distributed el-

ements, namely the series capacitor as an interdigital capacitor and the

shunt inductor as a shunt stub inductor, e.g., [31–33, 36]. An example of

a typical CRLH TL is shown in Fig. 2.3(c). The concept of CRLH TLs can
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Figure 2.3. Equivalent circuit model for an ideal (a) and a realistic (b) one-dimensional
backward wave medium and an example of a practical microstrip realization
corresponding to the latter equivalent circuit (from [36], © 2004 IEEE)(c).

be easily generalized to two or even three dimensions by forming a TL

network from orthogonal CRLH TLs [35].

Even though TL metamaterials research had its start in realizing DNG

medium similar to research in bulk metamaterials, TL networks can also

be used for realizing a variety of other metamaterial media such as hyper-

bolic media [37] and any other artificial anisotropic media [38]. Further-

more, several novel metamaterial devices such as cloaking devices [39]

and lenses [40,41] have been realized using the TL metamaterial concept.

The analysis of periodic TL structures is typically carried out using the

Floquet theorem and the concepts of the ABCD parameters and the Bloch

impedance. The Floquet theorem is a very general theory for analysis of

any periodic structure. In view of electromagnetic wave propagation, it

states that if the electric field function E(x, y, z) satisfies the wave equa-

tion 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 can be any integer number, can be represented as

E(x, y, z + nd) = E(x, y, z)e−jβnd, (2.1)

where β is the propagation constant [42]. Naturally, the same principle

can also be applied to the magnetic field.
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Another important tool in the analysis of periodic TL structures are

the so-called ABCD parameters [35,42,43]. Let us consider a periodic TL

structure consisting of a cascade of m identical two-port network unit cells

with period d (see Fig. 2.4). The ABCD parameters for the nth unit cell in

the cascade are defined as

⎡
⎣ Vn

In

⎤
⎦ =

⎡
⎣ A B

C D

⎤
⎦
⎡
⎣ Vn+1

In+1

⎤
⎦ , (2.2)

where Vn and Vn+1 are, respectively, the input and output voltages of the

nth unit cell, In and In+1 are the corresponding currents, and A, B, C,

and D are parameters which depend on the constitution of the unit cell.

For example, for a two-port consisting of a single shunt impedance Z, the

ABCD parameters can be written as A = D = 1, B = 0, and C = 1/Z. For

reciprocal unit cells, the ABCD parameters must satisfy AD − BC = 1,

while for symmetric unit cells A = D must hold. The convenience of the

ABCD matrices derives from the fact that the ABCD matrix of a cascade

is found simply by multiplying the ABCD matrices of the individual two-

ports comprising the cascade in order. By applying the Floquet theorem

(2.1) to the definition of the ABCD parameters (2.2), an equation for the

propagation constant of the periodic cascade can be easily derived

β = − j

d
ln

(
1

2
(A+D ±

√
A2 +D2 − 2AD + 4BC)

)
. (2.3)
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C D

......
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Figure 2.4. General periodic cascade characterized using ABCD parameters.

The Bloch impedance is the last piece of the puzzle needed for the anal-

ysis of periodic TL structures. For a regular uniform TL, the characteristic

impedance is defined simply as the ratio of voltage and current along the

line when no reflections occur at the ends of the line. However, this ratio

varies along the unit cell of a periodic TL structure and therefore can-

not be used to describe such structures. On the other hand, the voltage-

current ratio at the terminals of the unit cell is constant. This impedance

is called the Bloch impedance. In the most general case, it can be written

as [43]

ZB =
Vn

In
= ∓ B

A− e+jβd
, (2.4)

where ∓ corresponds to the two different propagation directions. Here,
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the current is defined to flow always in the direction of the energy propa-

gation (that is, not symmetrically towards the center of the unit cell as in,

e.g., [43]). For reciprocal structures (AD − BC = 1), the Bloch impedance

can be written more simply as

ZB = ± −2B

A−D ∓√
(A+D)2 − 4

. (2.5)

As can be expected, for symmetric unit cells (A = D) the Bloch impedance

of (2.5) reduces to a single value.

2.3 Bianisotropic media

The electromagnetic response of any given isotropic magnetodielectric

medium (or metamaterial) is characterized by two parameters: permit-

tivity ε and permeability μ. The constitutive relations, which relate the

electric (E) and magnetic field (H) strength quantities to the electric (D)

and magnetic (B) flux densities, for such a medium can be written as

D = εE, B = μH. (2.6)

In other words, the flow of the electric field through a given area depends

only on electric field itself and permittivity of the medium, while the flow

of the magnetic field through a given area depends only on magnetic field

and permeability. If the medium is made anisotropic, the constitutive

relations have the form

D = ε ·E, B = μ ·H, (2.7)

where ε and μ are now 3×3 dyadics. Therefore, the flux densities depend

also on the orientation of the fields and in the general anisotropic case we

need 18 parameters to fully characterize the medium. Nevertheless, the

electric and magnetic responses are still independent of each other. The

anisotropic media where such cross-coupling between electric and mag-

netic field quantities can exist are called bianisotropic media. The con-

stitutive relations for a bianisotropic medium in the most general case

read [23,44]

D = ε ·E+ ξ ·H, B = μ ·H+ ς ·E, (2.8)
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where ξ and ς are 3×3 dyadics corresponding to electromagnetic and mag-

netoelectric coupling, respectively. Therefore, we need altogether 36 pa-

rameters to fully characterize general bianisotropic media. Depending on

the form of the cross-coupling dyadics, the bianisotropy can lead to var-

ious effects not possible to achieve with conventional magnetodielectric

media or even with “conventional” metamaterials. These effects include,

for example, rotation of polarization plane of the wave propagating inside

the medium (optical activity) or the wave reflected from the medium, wave

impedance that is dependent on propagation direction, and nonreciprocal

propagation [23].

Though we have established that bianisotropy can lead to exotic and

potentially beneficial medium properties, we have yet to address where

materials with such exotic electromagnetic response can be found. Mate-

rials with bianisotropic response can be found in nature (e.g., sugars and

chromium sesquioxide), though the bianisotropic effect in natural mate-

rials is typically weak and only certain types of bianisotropic media exist

naturally. Due to these limitations, bianisotropic media are often realized

artificially. Similar to metamaterials, artificial bianisotropic media con-

sist of electrically small inclusions embedded in some host medium and

the material response is typically highly dispersive. It is for these rea-

sons that bianisotropic materials are nowadays considered as a subcate-

gory of metamaterials, even though they started as two separate topics of

research and bianisotropic media was a significant research topic well be-

fore the big metamaterial research boom of the early 2000’s caused by the

seminal papers by among others Smith [6] and Pendry [13]. In fact, the

first experiments on artificial bianisotropic media were performed by J.C.

Bose as early as in 1898 [45]. Bose made artificial molecules of twisted

jute and observed rotation of the polarization plane of waves emitted from

an electric spark.

The artificial material created by Bose in [45] is an early example of

a metamaterial exhibiting chiral type of bianisotropic coupling. Based on

the form of the cross-coupling dyadics ξ and ς in (2.8), different canon-

ical special cases of bianisotropic media arise where the number of the

parameters is reduced from the initial 36 parameters. The most typical

classification is based on whether the bianisotropic effect is reciprocal or

nonreciprocal and whether it is symmetric or asymmetric [23, 46]. In or-

der to facilitate this classification, it is common to write the constitutive

relations of (2.8) in a form that separates reciprocal bianisotropy from
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nonreciprocal bianisotropy:

D = ε ·E+ (χ
T − jκ

T
) ·H, B = μ ·H+ (χ+ jκ) ·E. (2.9)

Here, T denotes transpose operation and the new dyadics κ and χ corre-

spond, respectively, to reciprocal and nonreciprocal bianisotropy and are

defined using the previous bianisotropy dyadics as

χ =
ς + ξ

T

2
, κ =

ς − ξ
T

2
. (2.10)

Now, four different types of bianisotropic coupling phenomena can be

distinguished based on the reciprocity/nonreciprocity of the phenomenon

and the symmetry/asymmetry of the bianisotropic coupling dyadic: chi-

ral, omega, Tellegen, and moving medium coupling. The classification of

these different types is shown in Table 2.1. If the nonreciprocal bianiso-

tropic coupling dyadic χ is zero, two types of bianisotropic coupling can

exist. If the reciprocal coupling dyadic κ is symmetric (κ = κ
T), the cou-

pling is called chiral and if it is antisymmetric (κ = −κ
T), the coupling is

of omega type. The term “chiral” refers to the “handedness” of the inclu-

sions, that is, the geometric property that the object’s image in an ideal

plane mirror cannot be brought to coincide with itself. For example, hu-

man hand has this property. The bulk of the bianisotropy research this far

has concentrated on chiral media due to its attractive properties related to

the manipulation of polarization (e.g., optical activity and circular dichro-

ism) and the fact that it can be easily realized, e.g., with simple metal

or dielectric helices or small dipole antennas connected with orthogonal

loop antennas as seen in Fig. 2.5(a) [23,47]. Many natural materials also

exhibit electromagnetic chirality either due to them being composed of

chiral molecules (e.g., DNA, sugars, and amino acids) or due to intrinsic

microscopic chirality in their structure (crystalline solids such as quartz).

Natural electromagnetic chirality is typically a very weak effect compared

to the chiral response achieved with artificial materials and therefore of

limited practical use. Omega medium derives its name from the fact that

Table 2.1. Different types of bianisotropic coupling for bulk media.

Reciprocal Nonreciprocal
κ �= 0 & χ = 0 κ = 0 & χ �= 0

Symmetric dyadic Chiral medium Tellegen medium
Antisymmetric dyadic Omega medium Moving medium
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it can be realized with metallic inclusions shaped like the Greek capital

letter Ω, that is, with connected electric dipole and loop antennas lying on

the same plane as seen in Fig. 2.5(b) [48, 49]. It has the unique property

that its wave impedance depends on the propagation direction. Omega

media are discussed in more detail in Section 6.2.

If the reciprocal bianisotropic coupling dyadic κ is zero, the coupling is

either of Tellegen type (symmetric dyadic, χ = χ
T) or of moving medium

type (antisymmetric dyadic, χ = −χ
T). Tellegen medium is named af-

ter Bernard D. H. Tellegen, who speculated on the existence of such me-

dia in his paper on a “new electric network element” called “the gyrator”

in 1948 [50], though he was never able to realize such a medium. Mov-

ing medium type of bianisotropy is named after the fact that it mimics

the response of a conventional magnetodielectric medium in motion. In

general, realizing artificial Tellegen or moving media has proven to be

considerably more difficult than realizing omega or chiral media due to

the required nonreciprocity. It has been shown that inclusions consisting

of metal strips on top of ferrite elements (requiring a biasing magnetic

field) as shown in Figs. 2.5(c)-(d) can possess both Tellegen and moving

medium type of coupling, though they also exhibit parasitic reciprocal bi-

anisotropic coupling effects [23,51–53]. Moreover, experiments show that

natural material chromium sesquioxide (Cr2O3) possesses weak Tellegen

coupling [54]. It should be noted that despite of the experimental evidence

the physicality of the Tellegen coupling has been disputed by some based

on fundamental electromagnetic theory [55, 56], though several counter

arguments to these claims have also been raised [57, 58]. Artificial mov-

ing media are discussed in more detail in Section 6.5.

(a) (b)

(c) (d)

Figure 2.5. Examples of bianisotropic particles: (a) a metal wire chiral particle, (b) a
metal wire omega particle, (c) a metal–ferrite particle with Tellegen and
omega coupling, and (d) a metal–ferrite particle with moving medium and
chiral coupling. (c) and (d) are from [51] (© 1998 John Wiley & Sons, Inc.).
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3. Transmission-Line Cloaking

3.1 Definition of cloaking

Electromagnetic cloaking is a topic that has in recent years not only gen-

erated a wealth of interest among the metamaterial research community

but also among the popular media and non-specialist press (e.g., [59,60]).

This trend was kickstarted by a few key papers published in 2005-2006

where two different cloaking methods based on the use of metamaterials

were suggested [61–63]. Electromagnetic cloak is a structure designed for

making a given object (or, more generally, a certain volume in space) “in-

visible" to the electromagnetic radiation of a certain frequency. In other

words, the objective is to reduce the total scattering cross section, that

is, to minimize the scattering to all directions or ideally eliminate it al-

together. Cloaking should not be confused with stealth technology, where

the idea is typically to minimize the scattering only to a certain direction

(typically the back direction).

3.2 Transmission-line cloaking

Transmission-line (TL) cloaking is a cloaking technique which is based

on the use of transmission-line networks. A TL cloak typically consists

of a set of two-dimensional unloaded TL networks (i.e., orthogonal grids

of TLs) stacked on top of each other and a so-called transition layer sur-

rounding them. The period of the TL network unit cell is small compared

to the operational wavelength meaning that the TL network behaves as

an effectively homogeneous and isotropic medium. The basic operating

principle of the cloak is illustrated in Fig. 3.1. The wave propagating in

free space is coupled into the TL network via the transition layer. The
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TL network

transition layer

free spacecloaked objects

Figure 3.1. Basic principle of transmission-line cloaking.

wave travels through the TL network and is coupled back to free space,

again, through the transition layer. The wave on the other side of the

cloak appears as if it had propagated through free space. Because the

wave travels through the cloak only along the transmission lines, any ob-

ject placed inside the volume between the individual TLs has no effect on

the wave. Moreover, the TL network can be designed in such a way that

an additional cloaked volume exists between the TL network layers. The

transmission-line network comprising the cloak is often considered as a

TL metamaterial, though one could argue that it does not offer any exotic

electromagnetic properties not found in nature. On the other hand, the

existence of aforementioned cloaked volumes between the individual TLs

could be conceived as one such property.

Transmission-line cloak was first suggested in 2008 in [39] and exper-

imentally demonstrated the same year in [64]. The proposed TL cloak

design as well as the designs that followed [65–67] used symmetrical

parallel-strip lines for the TL networks. The transition layer, in turn, was

realized in [39,64–67] by gradually enlarging the parallel-strip transmis-

sion lines and tilting them in the vertical direction so that there is no

gap between adjacent cloak layers. Initially, both unloaded and loaded TL

networks were studied [39]. By loading the TL network, the effective ma-

terial parameters and the wave impedance inside the TL network could

be freely tuned to match the free-space properties resulting in improved

cloaking effect. However, it was determined early on that for practical

applications requiring large bandwidths and cloaking from signals, un-

loaded TL networks are often preferable due to simplicity of the structure

and lower dispersion [39].
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Compared to many other cloaking techniques, for example, scattering

cancellation [61] or coordinate-transformation-based cloaking [62,63], TL

cloaks are relatively easy to manufacture as no exotic (meta)materials are

needed and they can provide fairly wide operational bandwidths and good

cloaking performance. The scattering from a cloaked object can be re-

duced by up to 96% if the object is electrically small [65,67]. The cloaking

effect is mitigated when the electrical size of the cloak increases beyond

one wavelength, though this is a common limitation for all known cloak-

ing techniques. However, even with an electrically large cloak (cloak di-

ameter equal to four wavelengths) a considerable cloaking effect can still

be achieved [65]. On the other hand, the cloaked object has to fit inside

the mesh-like transmission-line network or between the TL network lay-

ers meaning that the cloaked object has to be either a collection of small

objects or one larger mesh-like object.

3.3 Transmission-line cloak for antenna blockage reduction

The goal of the research work reported in [I] was to design and manu-

facture a practical, novel TL cloak prototype with special emphasis on

simplicity and ease of manufacture and assembly as well as test said pro-

totype in a practical free-space scenario. Previously, the operation of TL

cloaks had been experimentally verified only inside waveguides [64, 65],

even though in most applications, for example, in cloaking antenna masts

and other support structures, the cloak lies in free space. Specifically, the

extreme scenario where the cloak is placed in the near field of an antenna

was studied as in this case significant distortion of the radiation pattern

can be expected if the object is left uncloaked. One such scenario was pre-

viously studied numerically in [65] where an electrically small TL cloak

was placed near a dipole antenna. In that study, the radiation pattern

was noticeably deformed compared to the free-space pattern even when

the object was cloaked, especially if the object lies right next to the dipole.

The operation of the TL cloak depends on the polarization of the wave

being orthogonal to the TL networks, which is obviously not strictly true

near a dipole antenna. As can be expected, improved cloaking perfor-

mance was achieved when the cloak was moved farther from the dipole

(though keeping it still in the antenna’s near field). Instead of a dipole, a

pyramidal horn antenna which provides a more uniform polarization near

the antenna compared to a dipole is used in [I]. Later, a cloak similar to
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Figure 3.2. Transmission-line cloak geometry. From [I].

the cloak design presented here but working at X-band was characterized

also by conducting free-space bi-static measurements [68].

The new cloak design is based on the previous TL cloak designs pre-

sented in [39,64–67] with two novel features. Firstly, the transition layer

was previously realized by gradually enlarging the parallel-strip trans-

mission lines and tilting them in the vertical direction, while a set of solid

conical metal layers was used here instead (similar to the ones used for

the non-TL-based metal plate cloak [69]). Secondly, the TL networks were

printed on substrate layers using well-established printed circuit board

(PCB) technology as opposed to using separate meshes of metal strips. As

in the previous designs, the transmission lines were realized as symmet-

ric parallel strip lines. The object to be cloaked is electrically small and

consists of a set of long vertical steel rods penetrating the whole height of

the cloak and thin brass cylinders placed periodically between the cloak

layers. The cloak geometry is shown in Fig. 3.2.

The dimensions of the cloak were optimized for the design frequency of

3 GHz by conducting a number of simulations using a full-wave electro-

magnetic simulation software on an infinitely tall, periodic cloak structure

illuminated by a plane wave (also reported in [70]). These simulations

were compared to the corresponding simulations with the uncloaked ob-

ject in order to quantify the cloaking effect, that is, to determine the nor-

malized scattering width of the cloak. Interestingly, the new transition

layer design was observed during the optimization process to have dif-

ferent behavior compared to the previously studied one based on widen-

ing metal strips. By increasing the thickness of the transition layer, the

cloaking effect is improved with practically no shift in the operational

bandwidth, while the operational bandwidth was observed to shift down

considerably with the previous transition layer design [71]. With the final-

ized cloak design, the power scattered by the object was reduced by over
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(a)

10 cm

(b)

Figure 3.3. Manufactured cloak (a) and the measurement setup for testing its perfor-
mance in an antenna blockage scenario (b). From [I].

93% at the main operational frequency of 3 GHz. Moreover, the cloaking

effect was observed to be very wideband with a 6 dB normalized scattering

width bandwidth of about 1.7 GHz. The manufactured finite cloak with

20 TL layers optimized to work at 3 GHz can be seen in Fig. 3.3(a).

The performance of the cloak was studied experimentally by placing

the cloak in front of a horn antenna in its near field and measuring the

radiation pattern (setup shown in Fig. 3.3(b)). This pattern was compared

to the radiation pattern when the bare reference object is placed in front

of the antenna and to the free space antenna pattern. The measured re-

sult at the design frequency 3 GHz is shown in Fig. 3.4. Clearly, while

placing the reference object in front of the antenna significantly distorts

the radiation pattern of the horn, the free-space pattern of the horn can

be almost perfectly restored using the designed cloak. Moreover, the wide-

band performance of the cloak was demonstrated in [I], in addition to the

aforementioned numerical demonstration, also experimentally in the an-

tenna blockage scenario: the radiation pattern of the horn was restored

by using the cloak also at 2.5 GHz and 3.5 GHz.

3.4 Other cloaking methods

Transmission-line cloaking is in no way the only way to hide objects from

electromagnetic waves. Here, we will discuss other possible methods for

electromagnetic cloaking, especially in view of antenna blockage reduc-

tion at microwave frequencies. Cloaking active objects (i.e., antennas) is

discussed later in Section 3.6.

Though it is often considered that the history of electromagnetic cloak-
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Figure 3.4. Measured and simulated H-plane radiation patterns of a horn antenna in
the antenna blockage scenario shown in Fig.3.3(b) for the cloaked, uncloaked,
and free-space cases at 3.0 GHz. From [I].

ing starts properly as late as 2005 with the publication of Alù’s paper on

cloaking using plasmonic shells (later known as scattering cancellation

cloaking) [61] and the papers by Leonhardt and Pendry on coordinate-

transformation-based cloaking in the following year [62, 63], the problem

of reducing the blockage caused by an obstruction was in fact already

considered in 1996 [72]. The solution was based on using so-called hard

surfaces [73, 74]. “Hard surface” is a term derived from acoustics where

such surfaces appear naturally. In acoustics, a hard surface is a surface

along which the total acoustical velocity potential has a maximum value.

Similarly, in electromagnetics both the electric field normal to the hard

surface and the electric field tangential to the hard surface and trans-

verse to the propagation direction have maximum values at the surface

(i.e., ∂En
∂n = ∂Et

∂n = 0). Hard surfaces do not exist naturally in electromag-

netics, but they can be made artificially by, e.g., using corrugations [73,74]

or loading a thin dielectric layer with metal strips [72, 75]. It has been

shown that scattering from small struts can be significantly reduced at

certain frequencies using a hard surface coating [72, 75, 76], though only

when the cross section of the struts is oblong in the direction of the inci-

dent wave vector (usually a rhombic cross section is chosen). Therefore,

the azimuthal angular range of the cloaking effect is limited, which is

the reason why such hard surface solutions cannot be considered strictly

cloaks.

Scattering cancellation (or plasmonic) cloaking [61] and coordinate-

transformation cloaking [62,63] are arguably the most well-known meth-
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ods for electromagnetic cloaking. The scattering cancellation cloaking is

based on the idea of destructive interference. It is well known that for

an electrically small dielectric scatterer, the dipolar mode dominates over

the higher-order modes and the scattering is characterized by the elec-

tric dipole moment pc = (εc − ε0)E. If we surround this scatterer with a

shell generating the electric dipole moment ps = (εs − ε0)E = −pc, the

two dipole moments cancel out and the scatterer is rendered invisible. It

has been shown that scattering cancellation cloaking can work not only

with dielectric but also with metallic particles [61, 77] and the concept

can also be extended to cylindrical geometries [78]. However, in order

to achieve cloaking, we must have εs < ε0. Though this condition can

be satisfied with relative ease at terahertz and optical frequencies (see,

e.g., [79]), an ENZ or ENG metamaterial is needed for any realizations

at microwave frequencies making this solution somewhat less practical

at these frequencies. Despite of this difficulty, practical microwave plas-

monic cloaks have been suggested, e.g., in [80]. The scattering cancel-

lation cloaking is a relatively narrowband technique due to the intrinsic

dispersive nature of both natural and artificial ENZ and ENG materials,

though it has been suggested that the bandwidth could be extended by

using several cloaking layers [81]. Furthermore, only objects which are

electrically small or very small can be cloaked effectively as higher-order

modes are excited with larger objects and thus canceling just the basic

dipolar mode is not enough (though some solutions to overcome this issue

have been suggested, e.g., [81, 82]). Lastly, the scattering is shape- and

material-dependent meaning that a separate cloak design is needed for

each object, though this problem can be circumvented by enclosing the

object to be cloaked into a metallic shell.

In coordinate-transformation cloaking, a coordinate transformation is,

first, used to pull and stretch the original Cartesian coordinate mesh in

such a way that the fields no longer penetrate into a certain part of the

space. Second, this transformation of space is considered as a transfor-

mation of the material parameters, a step that is possible due to the fact

that Maxwell’s equations are form-invariant under coordinate transfor-

mations. For example, by mapping a sphere into a spherical shell with

the same outer radius as the sphere, we can effectively hide the volume in-

side the shell if the shell material parameters are chosen correctly [62,63].

Initial theoretical studies on coordinate-transformation cloaking [62, 63]

were followed by an experimental demonstration in microwave frequen-
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cies in 2006 [83]. While coordinate-transformation cloaking theoretically

enables cloaking of even relatively large objects and the cloak designs

are not dependent on the object to be cloaked, both the permittivity and

permeability needed for realizing such cloaks are often not only inhomo-

geneous but also anisotropic. Consequently, practical cloaks can be hard

to realize, especially without any simplifications to the ideal material pa-

rameter requirements (e.g., [83–86]). On the other hand, no negative or

near-to-zero permittivity or permeability values are needed. Also, the

practical designs are often narrowband (e.g., compared to TL cloaks) due

to the dispersion in the inclusions comprising the cloak [87], and the afore-

mentioned simplifications to the cloak material parameters (in addition

to possible losses and manufacturing uncertainties) lead to compromised

cloaking performance [83, 86]. Therefore, the applicability of transforma-

tion cloaks to the antenna blockage problem is fairly limited.

More recently, a so-called metal-plate cloak was suggested for hiding

cylindrical objects [69,88]. The metal-plate cloak consists of a set of cylin-

drical metal tapers (the height of which reduces when moving radially

towards the center) with a circular hole in the middle. This design is

closely connected to the TL cloak design presented in [I] as we can attain

a metal-plate cloak starting from the TL cloak in [I] by simply removing

the TL network. However, the operating principle is completely different

as in the case of the metal-plate cloak the cloaking is achieved due to the

wave circling around the cloaked object, not going through it. The wave

cannot couple to the cloaked volume as the height of the taper is very

small at the inner surface of the cloak. Although the metal-plate cloak

appears at the outset to be superior to the TL cloak as it allows for cloak-

ing of volumetric, bulky objects, it also has its disadvantages. As shown

in [71, 87], the bandwidth and especially the cloaking performance of the

metal-plate cloak are inferior compared to the TL-cloak, though compared

to the coordinate-transformation cloaks the bandwidth is much wider.

Finally, the most recent major development in the field of cloaking is

arguably the introduction of a new type of cloak based on the scattering

cancellation principle: the mantle cloak. Instead of using a bulk meta-

material for cloaking, cloaking using a metasurface (essentially a two-

dimensional equivalent to a metamaterial) was suggested in [89,90]. The

metasurface effectively acts as an artificial impedance sheet tailored so

that the incident field induces a current on the metasurface which, in

turn, creates the needed antiphase scattered fields. Mantle cloaks have
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the benefit of simple design and thin structure for one-, two- and three-

dimensional geometries with both dielectric and metallic objects. The

cloaking bandwidth of mantle cloaks can be sufficient for some applica-

tions, although the bandwidth is still smaller than for TL cloaks.

3.5 Transmission-line cloak as an antenna

In [II], a new concept combining a cloak and an antenna into the same

structure was introduced. The idea was to create a structure which is

cloaked at one frequency while simultaneously working as an antenna at

another frequency. Such structures would allow us to place several anten-

nas having various operating frequencies very close to each other without

having to worry about the distortion of the individual radiation patterns

due to the neighboring antennas. Two different cloak–antenna structures

were proposed: one for realizing a cloak which acts as a dipole-like an-

tenna at a frequency lower than the cloaking frequency and another for

realizing a corresponding monopole-like structure. The optimal cloaking

frequency for the cloak-antennas is the same as for the TL-cloak in [I],

that is, 3 GHz. The dimensions of the cloak-antennas are also the same

as for the aforementioned TL-cloak except for the height (i.e., number of

TL layers) and two small modifications to the geometry to be described

below.

Two modifications to the cloak geometry are needed in order to use the

cloak as an antenna. To realize a dipole cloak-antenna, the radius of the

top and bottom thin metal cylinders (a part of the object to be cloaked) is

increased so that there is a connection between them and the correspond-

ing transition layer metal cones. Furthermore, a vertical gap is made to

the middle metal cylinder, and the structure is fed from that gap by a 50 Ω

feed. Now, the metal object inside the cloak and the top and bottom metal

cones form, essentially, an end-loaded dipole antenna. A dipole cloak-

antenna with 20 TL layers was studied numerically in [II]. It was shown

that the aforementioned modifications have little effect on the cloaking

performance. For the studied cloak-antenna, the dipole-mode of operation

was shown to be at 302 MHz where the antenna exhibits a typical dipole

radiation pattern and current distribution, has fairly good matching, and

very good antenna efficiency. It was shown that this resonance frequency

can be tuned by either changing the number of the TL layers (i.e., the

height of the structure) or by inserting a thin metal disk on both ends
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of the cloak-antenna and changing the radius of these disks. However,

with practical cloak heights the dipole resonance frequency is limited to

frequencies considerably lower than the cloaking frequency.

In order to create a monopole cloak-antenna, the cloak is placed on a

metal ground plane and again the radius of the top metal cylinder is in-

creased so that there is a connection between it and the transition layer

metal cone. Compared to the dipole cloak-antenna, the monopole cloak-

antenna has the benefit of more easily realizable antenna feeding as, in

this case, the feeding can be done using a simple coaxial cable penetrating

the ground plane from below so that the outer conductor of the coaxial ca-

ble is connected to the ground plane and the inner conductor is connected

to the central vertical rod. Such a coaxial feeding is considerably harder to

realize for the dipole case without compromising the cloaking performance

as the coaxial cable should somehow be inserted into the very center of the

cloak. As with any normal monopole antenna, the lowest resonance fre-

quency of the monopole cloak-antenna (λ/4 resonance) is roughly double

the dipole resonance frequency (λ/2 resonance) for the same height. A

monopole cloak-antenna with 5 TL layers shown in Fig. 3.5 was studied

numerically as well as experimentally. The cloak-antenna was shown to

still work effectively as a cloak at 3 GHz while operating as an antenna

at 520 MHz with good matching as shown in Fig. 3.6(a). The antenna was

shown numerically to exhibit a typical monopole antenna pattern (shown

in Fig. 3.6(b)), though it was also observed that a finite ground plane can

limit the antenna performance somewhat due to the appearance of side-

lobes. Now, as the antenna frequency is considerably lower than the cloak-

ing frequency, we can safely place, e.g., a monopole working at 3 GHz next

Figure 3.5. Manufactured monopole cloak-antenna with five TL layers. From [II].
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Figure 3.6. Simulated/measured |S11| (a) and simulated directivity pattern at 520 MHz
(b) for the monopole cloak-antenna of Fig. 3.5. From [II].

to the cloak-antenna without considerably affecting the radiation prop-

erties of the cloak-antenna. Similar to [65], the radiation pattern of the

monopole may be deformed if the monopole is placed extremely close to

the cloak-antenna, though it is expected that the monopole and the cloak-

antenna could be placed fairly close to each other (within their respective

near fields) without considerably affecting either radiation pattern.

3.6 Other methods for near-field decoupling

The TL cloak-antenna concept presented in [II] is one possible method

for antenna near-field decoupling or mutual coupling reduction, which is

a more advanced problem compared to the blockage reduction as the ob-

ject to be cloaked is effectively active. Due to the relative difficulty of the

problem, the topic is not as exhaustively studied as the blockage reduction

problem, though several alternative methods can be found in the litera-

ture [91–95]. A plasmonic spherical shell with εr = 0.1 was suggested

in [91] for cloaking a short dipole sensor. While relatively low-loss plas-

monic materials with the needed permittivity are available at terahertz,

infrared, and optical frequencies, practical realizations in microwave fre-

quencies are more difficult as a suitable bulk metamaterial must be used.

In [92], a two-dimensional eccentric elliptic cloak was used to hide an

infinitely-long dipole line from an infinitely-long dipole line source placed

near to it. As the considered scenario is two-dimensional and the cloak

material parameters derived using a coordinate transformation are quite

complicated [93], this method, though effective, cannot be considered very

practical. A more promising practical solution to the mutual coupling re-

duction was proposed in [94]. There, a patterned cylindrical metasurface
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consisting of vertical metal strips printed on a flexible commercial sub-

strate (also known as a mantle cloak) was used in order to hide two closely

spaced wire dipoles from each other without considerably affecting their

matching or radiation properties at microwave frequencies. A similar so-

lution for hiding a strip dipole was presented in [95], where elliptically

shaped metasurface cloaks (consisting of either horizontal metal rings or

vertical metal strips) were used in order to cancel the dominant elliptical

scattering mode of a strip dipole antenna. In both of these papers, mu-

tual cloaking was achieved even when the resonance frequencies of the

antennas were very close to each other, though both designs also have the

disadvantage of being quite narrowband due to the different frequency

dispersion of the cloak and the antenna itself.
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Lenses and Antennas

4.1 Lenses at microwave frequencies

While lenses are most typically associated with optical frequencies, lenses

in microwave frequencies have been known and studied since the 1940’s

[96]. As in optical frequencies, a microwave lens is simply a device which

converges or diverges electromagnetic waves in a controlled manner. How-

ever, what the most practical way of realizing a lens is, depends on the

frequency. Many of the early microwave lenses were made out of metal

waveguides or stacked metal plates [96, 97]. Even though at that time

the term itself was not known, these lenses are effectively based on the

use of ENZ or MNZ media. It is well known that a waveguide near the

cut-off frequency of its fundamental mode behaves due to the frequency

dispersion of the associated mode effectively as an ENZ or MNZ medium

(depending on the mode in question) [7]. Similarly, below the cut-off fre-

quency the waveguide corresponds to an ENG or a MNG medium, which

is known not to support propagating wave modes. Naturally, since the

waveguide mode is inherently frequency dispersive, such a solution is al-

ways narrowband. Furthermore, metal plate or waveguide lenses have

low aperture efficiency and can be quite complicated to manufacture de-

spite of the simple structure. Similar to lenses in optical frequencies, di-

electric lenses can also be used in microwave frequencies. However, the

microwave dielectric lenses have many disadvantages which are not a con-

cern at optical frequencies: they are often quite bulky and very heavy, can

have considerable dielectric losses, and have poor impedance matching to

free space. Moreover, in contrast to optical lenses anti-reflection coatings

are often not used at microwave frequencies as they can be fairly thick,

heavy, and costly. The weight of the lens can be reduced by zoning the
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lens (shaping the lens by removing regions each of which corresponds to a

360◦ phase shift), though it also makes the lens frequency dependent [98].

The aforementioned microwave lenses introduce the needed phase shift-

ing of the wave by employing a curved lens profile which may be incon-

venient for some applications. One solution for achieving a lens with a

flat profile is the so-called constrained lens [99–101]. Instead of shaping

the lens, the necessary phase shifting is achieved by coupling the incident

wave using an array of antennas (typically patch antennas) to a set of TLs

(typically microstrips) with varying lengths lying orthogonal to the propa-

gation direction. These TLs are connected through the ground plane of the

patch/TLs to a symmetric TL–patch antenna structure on the other side

which is used to couple the wave back to free space. This connection can

be made using vias [99, 100] or aperture coupling techniques [101]. The

constrained lenses can be made reasonably thin, but they have a narrow

bandwidth, are fairly lossy, and can be rather complicated to manufac-

ture.

In addition to the more conventional lens designs mentioned in the

previous paragraphs, various lens solutions based on the use of metama-

terials have been proposed more recently. The biggest advantage of us-

ing metamaterials instead of natural materials for creating a lens is that

with metamaterials the permittivity (and more rarely also permeability)

can be engineered freely by, e.g., increasing or decreasing the metamate-

rial inclusion concentration, while practical natural materials offer only

a very limited, discrete set of material parameters. This property is es-

pecially advantageous in designing inhomogeneous lenses where instead

of smoothly varying the profile of the lens, the refractive index of the lens

material is varied. One inhomogeneous lens design which has seen con-

siderable interest as of late is the Luneburg lens, thanks in large part to

its ability to form multiple beams in a wide bandwidth. The Luneburg

lens, first proposed by R. Luneburg already in 1944 [102], is a spherically

symmetric gradient-index lens with a refractive index which decreases ra-

dially from the center to the outer surface of the lens. The needed inhomo-

geneous refractive index profile is conventionally achieved by employing

several homogeneous shells [103, 104], though alternative solutions such

as drilling electrically small holes into a dielectric [105] or using pressed

foam material [106] have also been suggested. Furthermore, coordinate

transformation techniques, which were discussed previously in Section

3.4 in relation to cloaking, have also been applied to lens design resulting
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in lenses with complex inhomogeneous material parameters only realiz-

able with metamaterials. One example of such a lens is described in [107],

where a planar hyperbolic lens was fabricated using liquid phase vacuum

casting and studied experimentally.

Not only bulk but also TL metamaterials can be used for realizing a

lens. A novel method for realizing a well-matched microwave lens based

on two-dimensional or three-dimensional TL networks (i.e., essentially TL

metamaterials) was suggested and studied numerically in [40, 108]. By

shaping a TL network having the effective refractive index larger than

one, similar to a dielectric lens, a lens can be created. In order to couple

the incident wave effectively into this TL network and out of it, a tran-

sition layer created by tapering the TLs can be used, similar to many

TL cloak designs [39, 64–67]. While the TL network in [40, 108] was ho-

mogeneous, TL networks can also be used for realizing inhomogeneous

lenses. For example, a TL-network-based Luneburg lens was created

in [41], where the effective refractive index of the TL medium was var-

ied by meandering the individual TLs of the unit cell.

4.2 Inhomogeneous microwave lens based on one-dimensional
periodically loaded transmission lines

A novel inhomogeneous TL-based microwave lens was suggested and stud-

ied numerically in [III] and numerically as well as experimentally in [IV].

As illustrated in Fig. 4.1, the lens consists of a set of one-dimensional TLs

and two transition layers on each side of the TL array. The TLs are peri-

odically loaded with inductive elements. The needed phaseshifting for the

lens is achieved by varying the inductance of this loading element so that

the inductance is the largest at the center of the lens and decreases when

moving toward the edges of the lens according to

n(ρ) = n0 − 1

d
[
√
F 2 + ρ2 − F ], (4.1)

where n0 is the refractive index at the center of the lens (n0 = 1.725 here),

d is the thickness of the lens, F is the distance between the source (or the

focus) and the lens (excluding the transition layers), and ρ is the distance

from the lens center. The TLs and the transition layers are realized, sim-

ilar to [I, II], as parallel strip lines and solid metal tapers, respectively,

while the inductive loading elements are meander lines.
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Figure 4.1. Basic structure of the proposed lens. From [IV].

The design of the lens is somewhat similar to the constrained lens men-

tioned before, though there are several considerable differences. Firstly,

while in the constrained lens the wave is coupled to the TLs using an

array of individual patch antennas, a single horn-like coupling element

is used in the periodically loaded TL lens. The latter option is consid-

erably less frequency dependent meaning that wider bandwidths can be

achieved. Secondly, in the constrained lens the microstrip lines are or-

thogonal to the propagation direction, while in the suggested lens they

are oriented along the propagation direction. As for good operation of the

lens the patch antennas should be placed quite densely, the space for any

meanders used to create the phase difference between different TLs is

fairly limited. Consequently, the focus distance of the constrained lens is

by necessity quite large (e.g., about 27λ in [99]). Such a strong limitation

on the focus distance does not exist for the proposed TL-based lens.

In [III], the initial design of the lens is presented along with some

numerical results. The lens consist altogether of 72 periodically loaded

TLs with nine different loading elements (inductive meander lines). Each

TL consists of 37 unit cells. A very short focus distance (one wavelength

at the operational frequency 3 GHz from the edge of the TLs) is chosen,

which means that the lens is quite thick (d = 18.5 cm). The optimization

of the meander line element dimensions in order to achieve the needed

refractive index profile of (4.1) and the length of the transition layer ta-

per in order to minimize reflections is performed using a semi-analytical
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Figure 4.2. Unit cell for the loaded TL with the highest effective refractive index (n =
1.72). The substrates (top/bottom: Rogers Duroid 5880, middle: Rohacell) are
rendered invisible for clarity. From [III].

method introduced in [109]. First, a single unit cell of each TL is simu-

lated using a commercial software and based on these simulations the di-

mensions of the meander lines are optimized. An example of an optimized

single unit cell (corresponding to the largest effective refractive index) is

shown in Fig. 4.2. Vertical vias, as seen in Fig. 4.2(a), were introduced in

all the unit cells in order to prevent propagation of waves in the volume

above and below the parallel strip line as this wave component cannot

be coupled effectively to free space using the transition layer metal taper.

Second, based on the single unit cell simulation results, the response for

the whole cascade including the transition layer is estimated analytically

and the length of the transition layer is optimized. The reflection and

transmission coefficients for the nine different periodically loaded TL ge-

ometries calculated in this manner are shown in Fig. 4.3. As the different

TLs have different electrical lengths, they have thickness resonances at

different frequencies. Therefore, the reflection from all the TLs cannot be

reduced to zero simultaneously, though a fairly low level can be achieved.

Finally, it is shown numerically in [III] that the lens produces a uniform

phase distribution when fed from the focal point.

In [IV], the TL lens introduced in [III] is manufactured and studied

experimentally. Some additional numerical results are also shown such

as the dispersion behavior of the effective refractive indices of the TLs.

It is shown that the dispersion is quite considerable when the frequency

goes above 4 GHz, especially for the TLs with largest effective refractive

indices, and therefore the lens can work effectively only below this fre-
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Figure 4.3. Magnitudes of the reflection (a) and transmission (b) coefficients for the nine
different periodically loaded TLs (i.e., nine different loading inductors) com-
prising the lens with the effect of the transition layer taken into account.
From [III].

quency. The manufactured lens is shown Fig. 4.4. Hollow vias instead of

solid ones as in Fig. 4.2(a) are used in the prototype due to practical con-

siderations. This change was observed to have a negligible effect on the

effective refractive indices. Otherwise, the lens geometry and dimensions

are the same as studied in [III]. The performance of the lens is studied

by measuring the field distribution behind the lens when it is illuminated

using a cylindrical source from its focal point. The measurement is per-

formed inside a parallel-plate waveguide where a single TL lens layer

is used to imitate an infinitely tall lens. Time windowing is used in or-

der to eliminate the spurious reflected signals which appear due to fairly

compact electrical size of the parallel-plate waveguide used for the mea-

surement at 3 GHz. The measured electric field at 3 GHz with the lens

and when the waveguide is empty is shown in Fig. 4.5. While the lens

clearly improves the electric field distribution, i.e., makes it more planar,

it is evident that the result does not correspond to a perfect plane wave.

It turns out that due to manufacturing uncertainties, the focus of the lens

had been shifted by approximately 15% at 3 GHz. By placing the lens

farther from the feed, a plane wave field distribution can be achieved, as

seen in Fig. 4.6(a). Alternatively, the lens was seen to produce a plane

wave also at 2.6 GHz as shown in Fig. 4.6(b), a result explained by the

dispersion behavior of the TLs.
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(a)

(b)

Figure 4.4. (a) One half of the manufactured lens from above with two close-ups of the
TLs loaded with meander line elements in different part of the lens; (b) One
half of the manufactured lens from the side.

(a) (b)

Figure 4.5. Measured real part of the complex electric field normalized to the input signal
with the lens (a) and without the lens (b) at 3 GHz. From [IV].

(a) (b)

Figure 4.6. Measured real part of the complex electric field with the lens normalized to
the input signal when the lens is moved 1.5 cm farther from the feed at 3 GHz
(a) and with original setup at 2.6 GHz (b). From [IV].
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4.3 Novel horn-like antenna based on skewed transmission-line
networks

Instead of designing a separate microwave lens, it is common practice to

integrate the lens into the antenna itself. Typically, the lens is placed at

the aperture of a horn antenna (e.g., [110–113]). As the high directivity

of a horn antenna depends on the quadratic phase error at the aperture

being small, conventional horns at microwave frequencies can be quite

long, bulky, and heavy. With such a lens, the length and therefore also

the weight can be significantly reduced. Alternatively, instead of doing

the phaseshifting only at the aperture of the horn, the phaseshifting can

be done throughout the horn volume. One such design was demonstrated

in [114, 115], where a carefully engineered inhomogeneous metasurface

which formed the other horizontal wall of a horn antenna was used for

manipulating the wavefront inside the antenna. To be precise, the method

depends on the generation of surface waves along the metasurface. In or-

der to excite these surface wave modes, the antenna must be quite thin

and therefore a horizontal taper must be used at the aperture to couple

the wave to free space. A solution based on conventional TL networks

(similar to the ones used in TL cloaks [39, 64–67]) was studied numeri-

cally in [108]. The antenna in question consists simply of a network of

orthogonal parallel strip lines with its profile shaped so that the needed

phaseshifting is achieved. Each TL along the main propagation direction

is terminated by tapering the parallel strip in order to enable efficient cou-

pling of the wave to free space. An additional matching network is needed

in this case in order to feed the antenna efficiently with a conventional 50

Ω feed.

A new type of horn-like antenna based on TL networks was suggested

and analyzed in [V]. Instead of employing conventional orthogonal TL

networks (similar to, e.g., [108]), skewed TL networks are used. It was

demonstrated in [38] that by skewing a TL network, that is, by rotat-

ing the orthogonal TLs of a conventional TL network individually with

different angles, the effective permeability of the corresponding TL meta-

material can be made anisotropic. Permeability characterized by a 3×3

dyadic with all the components non-zero can be achieved, though it is the

special case where the TL network is skewed symmetrically, as shown

57



Transmission-Line-Based Microwave Lenses and Antennas

y

x�

�
T

L

0

,

/
2

Z , d
�

T

L

0

,

/
2

Z , d

�
T

L

0

,

/
2

Z , d�
T

L

,

/
2

Z0, d

�

(a)

z y

x

1 mm

3.175 mm

3

.
5

1

m

m

5

.
7

4

m

m

(b)

Figure 4.7. (a) Symmetrically skewed unit cell; (b) Unit cell under study. From [V].

in Fig. 4.7(a), that is of interest here. In that case, only the axial com-

ponents of the permeability dyadic are non-zero. The effective refractive

indices for waves propagating in the x− and y−directions can be written

as

nx =
cL0C0

cos(θ)
, ny =

cL0C0

sin(θ)
, (4.2)

where L0 and C0 are, respectively, the series inductance and the shunt ca-

pacitance per unit length for the TL and θ is the skewing angle as defined

in Fig. 4.7(a). As the skewing angle deviates from 45◦, the TL medium

becomes anisotropic. In such a medium, the iso-frequency contours are

not circular but elliptical. In other words, a point source generates waves

with elliptical wavefronts instead of circular ones. The basic idea in [V] is

to take advantage of this property and replace the top and bottom metal

walls of an H-plane sectoral horn antenna with a skewed TL network in

order to decrease the phase error at the aperture and thus improve its

directivity.

In order to realize the suggested antenna, the unit cell of the

anisotropic TL metamaterial is, first, designed. This unit cell is shown in

Fig. 4.7(b). Similar to [I–IV], parallel strip lines are used for the TLs and,

as in [III,IV], vertical vias are introduced to prevent propagation of the

wave above and below the parallel strip lines. The axial effective refrac-

tive indices nx and ny for the unit cell at the main operational frequency of

11.5 GHz were calculated to be 1.03 and 1.53, respectively. While nx can

be considered practically dispersionless in the studied frequency range

(8 GHz–13.5 GHz), ny is slightly dispersive, changing from 1.48 to 1.60 as

frequency changes from 8 GHz to 13.5 GHz. The contrast between these

two values is relatively modest compared to the theoretical estimation of

(4.2). Even though the height of the TL is quite small (1 mm), it is not

small enough for the waves to be completely tied to the individual TLs
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Figure 4.8. Top-down view (top copper layer made invisible) and perspective view show-
ing the cross section along central yz-plane of the proposed skewed TL an-
tenna with a flat aperture (a) and with a curved aperture (b). From [V].

of the network as assumed in (4.2) which was derived using a simple TL

model. By decreasing the height of the TLs, larger contrast between nx

and ny could be achieved, though coupling the wave propagating in the

TL medium efficiently to free space would become harder. Second, the an-

tenna itself is designed and optimized. The resulting antenna is shown in

Fig. 4.8(a). As the height of the TLs is relatively small, the TL network

at the aperture must be tapered to avoid reflections. The length of this

taper was optimized for frequencies around 11.5 GHz. In order to further

improve directivity, an alternative design where the aperture of the an-

tenna is slightly shaped, effectively reducing the electrical length of the

propagation path for the oblique wave components, is also studied in [V].

This second antenna design is shown in Fig. 4.8(b).

The antenna designs outlined in the previous section were studied nu-

merically in [V]. The directivities for the two novel antennas and a refer-

ence H-plane sectoral horn antenna of the same size are shown in Fig. 4.9.

Clearly, the skewed TL antenna with a flat aperture outperforms the ref-

erence horn antenna at practically all the studied frequencies, while shap-

ing the aperture further improves the performance at higher frequencies.

While the directivity of the reference horn “oscillates” strongly with the

frequency, the skewed TL antennas provide directivity that is much more

stable. It is also important that the directivity is improved in a wide fre-

quency band. By using an anisotropic but homogeneous effective medium,

possible dispersion of the effective material parameters does not limit the

operational bandwidth. With an inhomogeneous design, the different unit
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Figure 4.9. Directivities in the forward direction (+y-direction) for the skewed TL net-
work antenna with and without shaping of the aperture and for an H-plane
sectoral horn of the same size. The inset shows the H-plane directivity pat-
terns for the three antennas at 11.8 GHz and 12.3 GHz. From [V].

cells are not equally dispersive unless extremely small (and possibly hard

to realize) unit cells are chosen. This difference in dispersion can cause

the performance to deteriorate quickly with frequency as the refractive

index profile of the inhomogeneous material slab changes. At all the stud-

ied frequencies, the skewed TL antennas provide a pencil-like beam in the

H-plane, while the corresponding H-plane sectoral horn antenna provides

such a favorable pattern only at certain frequencies (namely at directivity

maxima shown in Fig. 4.9). This behavior is demonstrated in the inset

of Fig. 4.9. On the other hand, it is shown in [V] that the shape of the
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Figure 4.10. |S11| for the skewed TL network antenna with and without shaping of the
aperture. From [V].
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E-plane pattern is very similar for all the studied antennas as can be ex-

pected. Moreover, the radiation efficiency was simulated to be above 0.85

at frequencies below 12.5 GHz, while the antenna was shown to be well

matched at frequencies from 10 GHz to 12.5 GHz when fed with a 50 Ω

feed, positioned as shown in Fig. 4.8. The antenna matching is shown

in Fig. 4.10. By changing the feed position, a different operational band-

width could be achieved, though the performance can be limited some-

what by the length of the taper which was chosen here so that reflections

were minimized at frequencies around 11.5 GHz.
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5. Bianisotropic Particles and
Scattering Elimination

5.1 Scattering elimination

This chapter of the thesis deals with the problem of eliminating scatter-

ing from a single electrically small object or particle either altogether or

to a certain direction. This problem is in some sense connected to the con-

cept of cloaking, though here the goal is not necessarily to hide anything

apart from the particle itself and cases where scattering is eliminated

only for the back or forward direction are also discussed. In this section,

an overview of the problem is given by discussing the three most typical

special cases of scattering elimination: zero backscattering, zero forward

scattering, and zero total scattering. Here, it is assumed that the scat-

terer exhibits no bianisotropy, while in the following sections the main

topic of eliminating scattering from a bianisotropic particle is discussed

in depth.

Minimizing backscattering from an object is a fairly often considered

problem in electromagnetics with several applications in, e.g., stealth

technology and antenna measurements. One classical solution is given

in [116, 117], where it is shown that a body made of isotropic magne-

todielectric material with equal relative constitutive parameters (εr = μr)

and 90◦ rotational symmetry when observed from the incidence direction

does not backscatter. This result (sometimes called the first Kerker condi-

tion) holds not only for electrically small bodies but also for larger bodies.

Zero backscattering structures are also well known in antenna engineer-

ing [118–121], where zero backscattering can be achieved by realizing a

so-called Huygens source or pair. An ideal Huygens source for linear po-

larization consists of orthogonal point electric and magnetic dipoles with

effectively equal amplitudes in terms of total radiated power placed at
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the same exact point. It can be realized, for example, simply with closely

spaced small dipole and loop antennas lying on the same plane. In practi-

cal realizations, the backscattering is not identically zero due to coupling

between the antennas and the fact that ideally their phase centers should

be placed in the same exact point, which is often physically impossible.

Minimizing scattering in the forward direction is a somewhat more

complicated and also somewhat controversial problem. Forward scatter-

ing from a passive body is governed by a fundamental theorem of elec-

tromagnetics called the optical theorem (e.g., [122]). It relates the total

extinction cross section of an object σext (sum of absorption and scatter-

ing cross sections) to the normalized scattering amplitude in the forward

direction polarized in parallel with the incident field sfwd

σext =
λ

π
�[sfwd]. (5.1)

Clearly, this implies that zero forward scattering is only possible when the

total scattering is also zero, that is, when the object is completely invis-

ible. However, a condition for zero forward scattering but non-zero total

scattering (so-called second Kerker condition) was derived for an electri-

cally small magnetodielectric sphere in [123]

εr =
4− μr

2μr + 1
. (5.2)

This contradiction has been discussed in detail and studied also exper-

imentally in [124, 125]. The general conclusion is that the condition of

(5.2) does correspond to the case of minimized, but not absolutely zero

forward scattering. The contrast between forward and total scattering in-

creases as the size of the particle decreases with the ideal zero forward

scattering achieved only as the size of the particle approaches zero. In

practice, forward scattering cross section can be made even several orders

of magnitude smaller than the scattering cross section in other directions.

It should also be emphasized that the optical theorem is only valid for pas-

sive scatterers and exactly zero forward scattering with non-zero scatter-

ing in other directions is possible to achieve by using an active inclusion.

Eliminating total scattering corresponds to hiding or cloaking the scat-

terer completely. With a small magnetodielectric particle, zero total scat-

tering can be achieved approximately by satisfying both of the aforemen-

tioned Kerker conditions. Both of these conditions are satisfied either

when the particle consists of free space or when we have εr = μr = −2. As
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for the zero forward scattering with non-zero total scattering, while the

backscattering is identically zero in the ideal case, the forward scattering

is always non-zero (though small for small particle sizes) [126]. Meth-

ods for minimizing the total scattering from an arbitrary object without

changing the properties or dimensions of the object itself, i.e., electromag-

netic cloaking, were outlined in Section 3.4.

5.2 Bianisotropic particles

In Section 2.3, bianisotropic media were discussed. As bianisotropic me-

dia found in nature have severe limitations (e.g., usually weak bianiso-

tropic response and limited selection of different bianisotropic materials

available), the metamaterial concept is often used in order to realize bi-

anisotropic response in a medium. Such bianisotropic metamaterials con-

sist of small inclusions or particles which exhibit bianisotropic coupling

of a certain type. Similar to how bianisotropic media are characterized

by their constitutive relations (2.9), each individual particle can be char-

acterized by the electric and magnetic dipole moments p and m induced

by the incident electromagnetic field. These can be written for a general

bianisotropic particle in terms of four dyadic polarizabilities as [23]

p = αee ·Einc + αem ·Hinc, (5.3)

m = αme ·Einc + αmm ·Hinc, (5.4)

where αee, αmm, αem, and αme are, respectively, electric, magnetic, elec-

tromagnetic, and magnetoelectric polarizability dyadics and Einc and Hinc

are the incident electric and magnetic field vectors. The polarizabilities

for a given particle can be acquired either by analyzing the particle ge-

ometry analytically (e.g., [23, 52, 127, 128]) or by extracting them from

numerical or experimental far-field scattering data [129]. The connec-

tion between the constitutive relations of a bulk metamaterial (2.9) and

the electric and magnetic dipole moments for a single inclusion (5.3) and

(5.4) is not a straightforward one as the response of the inclusions in a

bulk metamaterial depends not only on the incident field but also on the

field excited by the neighboring inclusions (strength of which depends

strongly on the inclusion concentration). Typically, the so-called gener-

alized Maxwell Garnett approach, which takes this fact into account in a
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simple way, is used (especially for low to moderate inclusion concentra-

tions) [23,130], though more advanced mixing approaches have also been

suggested [130]. This chapter deals mainly with single isolated particles

so detailed description of the Maxwell Garnett mixing procedure is not

covered here, though the results for a single particle can be generalized

for sparse arrays of particles. Furthermore, even dense arrays can be

considered if the polarizabilities presented in the following equations are

considered as effective polarizabilities which take into account the effects

of particle interactions, similar to the methodology used in [131].

In the general bianisotropic case with uniaxial symmetry along the z-

direction, the transverse polarizabilities in (5.3) and (5.4) can be written

in the following form:

αee = αee,SIt + αee,AJ t, (5.5)

αmm = αmm,SIt + αmm,AJ t, (5.6)

αem = αem,SIt + αem,AJ t, (5.7)

αme = αme,SIt + αme,AJ t, (5.8)

where the subscripts S and A are used to denote, respectively, the sym-

metric and antisymmetric parts of the given polarizability dyadic, It is

the transverse unit dyadic, that is, a dyadic of the form It = I − uzuz,

J t = uz × It is the vector-product operator, and uz is the unit vector along

the particle axis. Similar to the bulk medium bianisotropic characteri-

zation, different types of bianisotropic coupling (omega, moving medium,

chiral and Tellegen coupling) can be distinguished based on the symme-

try/antisymmetry and reciprocity/nonreciprocity of the bianisotropic ef-

fect. This classification is shown in Table 5.1. Moreover, in this general

case the electric and magnetic polarizabilities also have antisymmetric

parts, which correspond to nonreciprocal effects, e.g., to Faraday rotation

in the magnetic case.

Table 5.1. Different types of uniaxial bianisotropic particles (α can be any complex num-
ber).

αem,S αem,A αme,S αme,A

Omega particle 0 α 0 α

“Moving” particle 0 α 0 −α

Chiral particle α 0 −α 0

Tellegen particle α 0 α 0
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5.3 Eliminating scattering from bianisotropic particles

In [VI], the scattering elimination problem is studied when the scatterer

is a general uniaxial bianisotropic particle and when it belongs to one of

the canonical classes listed in Table 5.1. By considering a scatterer with

bianisotropic coupling, we have more degrees of freedom in controlling

the scattering compared to the magnetodielectric case discussed earlier.

The goal of the work is to find the conditions which the particles (or to

be precise, particle polarizabilities) have to satisfy in order to ensure zero

backscattering, zero forward scattering, or zero total scattering. For a

uniaxial bianisotropic scatterer, the scattered electric far field from elec-

tric and magnetic dipole moments (p and m) at the origin can be written

as [132,133]

Esca = −ω2μ0
e−jβr

4πr
Fsca, (5.9)

where the radiation vector Fsca reads

Fsca = ur × (ur × p) + ur × m

η0
, (5.10)

ur is the unit vector in the scattering direction, η0 is the wave impedance

of free space, and r is the radial distance from the origin. Scattering to a

certain direction is reduced to zero by satisfying Fsca = 0 for that direction.

First, the general case with the polarizabilities having the form shown

in (5.5)–(5.8) is studied. For oblique (non-axial) incidence, only very spe-

cific incidence angle dependent conditions are found for both zero back-

ward and forward scattering which are valid only if the particles are ide-

ally uniaxial as in (5.5)–(5.8) (no uzuz-component). Note that for the axial

incidence such a uzuz-component in the polarizabilities has no effect. As-

suming the axial incidence, the required conditions for zero backscatter-

ing can be written as

∓αee,S ± αmm,S

η20
+

αem,A

η0
+

αme,A

η0
= 0, (5.11)

±αee,A ∓ αmm,A

η20
+

αem,S

η0
+

αme,S

η0
= 0, (5.12)

and the corresponding conditions for zero forward scattering as

±αee,S ± αmm,S

η20
− αem,A

η0
+

αme,A

η0
= 0, (5.13)

∓αee,A ∓ αmm,A

η20
− αem,S

η0
+

αme,S

η0
= 0. (5.14)
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Here, the top sign corresponds to the incident-wave propagation along

the +z-direction and the bottom sign along the −z-direction. Therefore,

in the general case zero backscattering and zero forward scattering con-

ditions depend on the propagation direction, which makes sense as both

reciprocal and nonreciprocal coupling effects are included. Furthermore,

by studying the power spent by the incident wave for exciting the particle

and the power radiated by the particle, it was determined that in order to

have zero forward scattering with non-zero total scattering, the particle

has to be active. Therefore, there is no conflict between the derived results

and the optical theorem.

If all the equations (5.11)–(5.14) are satisfied, it can be shown that

the total scattering is also reduced to zero. This leads to four zero total

scattering conditions for the polarizabilities

αee,S = ±αem,A

η0
, (5.15)

αmm,S = ∓η0αme,A, (5.16)

αee,A = ∓αem,S

η0
, (5.17)

αmm,A = ±η0αme,S. (5.18)

Again, the top sign corresponds to the incident-wave propagation along

the +z-direction and the bottom sign along the −z-direction meaning that

zero total scattering can be achieved with a bianisotropic particle only

for one axial incidence direction at a time. For the opposite incidence

direction, total scattering is non-zero, though zero backscattering or zero

forward scattering conditions may be satisfied.

Second, canonical special cases, namely omega, “moving”, chiral, and

Tellegen particles, are studied separately. In addition to determining the

required conditions for scattering elimination, the axial ratios of the scat-

tered wave as well as the passivity/activity of the particle are studied. The

passivity or activity of the particle is determined by comparing the power

spent by the incident wave for exciting the particle and the power radi-

ated by the particle. The results are summed up in Table 5.2. Here, it is

assumed that the antisymmetric parts of the electric and magnetic polar-

izabilities αee,A and αmm,A are zero. Interestingly, the particle satisfying

the zero total scattering condition may be passive (“moving” particle) or

active (omega particle). In the omega particle case, when the zero total

scattering condition is satisfied for one axial propagation direction, the

forward scattering condition is satisfied simultaneously for waves propa-
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Table 5.2. Conditions for zero backscattering, zero forward scattering, and zero total scat-
tering (if available) and the axial ratio of the scattered wave when the corre-
sponding condition is met (axial incidence). The top sign corresponds to the
incident wave propagating along the +z-direction and the bottom sign along
the −z-direction. The incident plane wave is linearly polarized. AR indicates
the values of the axial ratio of the scattered field, where AR = 0 corresponds
to linear polarization. From [VI].

Chiral
particle

Omega
particle

Tellegen
particle

“Moving”
particle

scattering
Zero

back-

αee=1/η20αmm

−1≤AR≤1

passive

−αee± 2
η0

α+ 1

η20
αmm=0

AR=0

passive

αee=1/η20αmm

AR=0

passive

scattering
Zero

forw
ard

αee=−1/η20αmm

AR=0

active

αee=−1/η20αmm

−1≤AR≤1

active

−αee± 2
η0

α− 1

η20
αmm=0

AR=0

active
(unless also
αee=1/η2

0αmm )

scattering
Zero

total

αee=±1/η0α

=−1/η20αmm

AR=0

active

αee=±1/η0α

=1/η20αmm

AR=0

passive

gating in the opposite direction meaning that the particle must be active.

In contrast to this, in the case of the “moving” particle if the zero total scat-

tering condition is satisfied for one axial propagation direction, the zero

backscattering condition is satisfied for the wave propagating in the op-

posite direction and therefore activity of the particle is not required. Fur-

thermore, the polarization of the scattered wave depends on the particle

type so that only linear polarization is possible with omega and “moving”

particles, while general elliptical polarization (spherical in the balanced

particle case) can be achieved with chiral and Tellegen particles.

Third, two example particle designs are presented and studied numer-

ically: one resulting in zero backscattering and the other in zero forward

scattering. The zero backscattering particle is a typical wire chiral par-

ticle consisting of two short dipole antennas connected to orthogonally

oriented small loop antennas, which is a well-known design for mini-

mizing backscattering, e.g., [132, 134, 135]. Such a particle provides zero

backscattering if the electric and magnetic polarizabilities are balanced,

i.e., αee = (1/η20)αmm. The particle geometry along with the directivity

and axial ratio patterns are shown in Fig. 5.1. Secondly, zero forward

scattering is demonstrated with a modified wire omega particle. As men-

tioned earlier, zero forward scattering cannot be achieved for a passive
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Figure 5.1. Zero backscattering chiral particle (a), its scattering directivity pattern (b),
and scattering axial ratio pattern (c). From [VI].
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Figure 5.2. Zero forward scattering active omega particle (a), its scattering directivity
pattern (b), and scattering axial ratio pattern (c). From [VI].

omega particle. Therefore, an additional small wire loop driven by a volt-

age source is placed right next to the loop of the omega particle. If the

external voltage applied to the loop has the opposite direction to the in-

cident electric field and the appropriate amplitude and phase, the sign

of the magnetic polarizability can be effectively reversed, thus fulfilling

the required condition for zero forward scattering for an omega particle

αee = −(1/η20)αmm. The particle geometry along with the directivity and

axial ratio patterns for the active omega particle are shown in Fig. 5.2.

Based on the results presented in [VI] and outlined in the previous

paragraphs, it is clear that bianisotropy may provide additional function-

ality and/or flexibility when it comes to the control of scattering. It might

also appear, intuitively, that by introducing bianisotropy more power could

be extracted from the incident field (and re-radiated or absorbed) since

both electric and magnetic fields affect both the induced electric and mag-

netic dipole moments meaning that interaction with the particle is, in a

sense, maximized. However, this is not the case for passive particles as

was shown for both reciprocal and nonreciprocal particles in [136]. For

example, a dipole and a loop orthogonal to it which are disconnected ex-

tract exactly the same amount of power from the incident field as a dipole

69



Bianisotropic Particles and Scattering Elimination

and a loop which are connected and thus form a chiral particle (assuming

that the particles are resonant and balanced in both cases). While the

electromotive force driving the current in the wire is doubled when the

dipole and loop are connected to each other, the corresponding impedance

is also doubled in this case leading to exactly the same extracted powers.
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6. Transmission-Line Analogy to
Bianisotropic Media

6.1 Motivation for the research direction

Previously, TL metamaterials and their possible applications were dis-

cussed in Section 2.2 and Chapters 3 and 4, while bianisotropic media and

inclusions were discussed in Section 2.3 and Chapter 5. In this chapter,

these two topics are combined, that is, the possibility of realizing bianiso-

tropic response using periodically loaded transmission lines is explored.

The motivation for such a study is two-fold. Firstly, though some bianiso-

tropic media, such as chiral and omega media, can be easily realized with

bulk metamaterials, realization of other, nonreciprocal types of bianiso-

tropic media (namely, Tellegen and moving media) is much more difficult.

The few suggested realizations for inclusions providing Tellegen or mov-

ing medium type of coupling are prone to parasitic reciprocal coupling

effects [23,51,52]. Secondly, the known realizations of bianisotropic parti-

cles are based on resonant inclusions (e.g., metal wires of resonant length)

meaning that the operational bandwidth (the bandwidth where the bian-

isotropic effect is considerable) is very narrow. As explained in Section

2.2, one of the main motivations for studying TL metamaterials in the

first place was the weaker dispersion in the effective material parame-

ters compared to bulk metamaterials. This assertion holds also true here.

Furthermore, the study of the TL realization of omega media has addi-

tional implications for the problem of material parameter extraction. The

study presented in this chapter is limited to omega and “moving” types of

bianisotropic media. The time convention e+jωt is assumed in this chapter.
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6.2 Omega media and their conventional realizations

As described in Section 2.3, the omega medium is a reciprocal special case

of bianisotropic media. According to (2.9), (2.10), and Table 2.1, the con-

stitutive relations for a general omega medium can be written as

D = ε ·E+ jκ ·H, B = μ ·H+ jκ ·E, (6.1)

where it is assumed that κ is an antisymmetric dyadic (κ = −κ
T). Fur-

thermore, if the omega coupling is assumed to be uniaxial along the z-

direction, the dyadic κ has the form κ = (K/c)J t = (K/c)(uz × It) and the

constitutive relations simplify to

D = ε ·E+
jK

c
uz ×H, B = μ ·H+

jK

c
uz ×E, (6.2)

where K is a complex scalar quantity called, here, the omega coefficient.

Starting from Maxwell’s equations and applying the constitutive rela-

tions (6.2), it is fairly simple to derive the axial propagation constant for

a uniaxial omega medium

β = ±k0
√

εrμr −K2 = ±k0
√
εrμr

√
1−K2

n. (6.3)

Here, k0 is the free-space wave number, εr and μr are, respectively, the

relative permittivity and permeability (or, in the general case, the corre-

sponding transverse quantities), Kn is the normalized omega coefficient

defined as Kn = K/
√
εrμr, and ± represents the different propagation

directions of the two symmetric solutions. If the medium is lossless, K

is purely real and, assuming εrμr > 0, there is wave propagation only if

|Kn| < 1. The main novelty in omega media compared to conventional

magnetodielectric media lies in the wave impedance which is dependent

on the propagation direction of the wave. The wave impedance for the

axial propagation can be written as [23,137]

η =

√
μ0μr

ε0εr

(√
1−K2

n ± jKn

)
. (6.4)

It is noteworthy that introducing omega coupling has an effect not only

on the propagation direction dependent part of the impedance but also si-

multaneously on the part of the impedance which is independent of prop-

agation direction as well as on the dispersion of the medium.

The most typical realization of an omega particle is the metal wire
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omega particle shaped like the Greek capital letter Ω introduced in [48]

(shown in Fig. 2.5(b)). It is easy to understand just by looking at the in-

clusion geometry how the omega coupling is created in the particle: as the

loop is excited by the magnetic field, an electric current is induced in the

wire and thus an electric dipole moment is created in the straight wire sec-

tion. Obviously, this reasoning works both ways, that is, an electric field

induces a magnetic dipole moment. Analytical model based on antenna

theory for the polarizabilities of said particle is derived in [128], while an

experimental study was conducted in [49]. It is shown that a strong bian-

isotropic effect is achieved with such a particle when the total impedance

of the particle is at resonance, that is, when the capacitive reactance of the

dipole wire, the inductive reactance of the loop, and the mutual reactance

cancel out. It should be noted that the mutual impedance is often small

compared to the impedances of the dipole wire and the loop [128,138] and

may often (though not necessarily always) be ignored. The bandwidth

where strong bianisotropic response is achieved is shown to be narrow

as can be expected for a resonant particle. Arrays of such wire omega

particles have, recently, been used for realizing a so-called metamirror, a

structure which can provide perfect reflection with arbitrary phase dis-

tribution at a single frequency [139]. An “inverted” omega wire particle

design, where the direction of the electric and magnetic dipole moment

induced, respectively, by the magnetic and electric field is inverted com-

pared to the particle in Fig. 2.5(b), has also been suggested and studied

in [129,138].

However, not all structures exhibiting omega coupling are shaped like

the letter Ω. Asymmetric split-ring resonators have also been shown to

possess omega coupling [140, 141]. Omega type of bianisotropic coupling

can also often exist as a parasitic effect in any inclusion exhibiting asym-

metry, e.g., [51, 53]. Finally, omega type of bianisotropic coupling was

discussed in the context of metasurfaces in [141–143]. It was shown that

metasurfaces printed on a substrate always possess omega coupling due

to the contrast between the two media surrounding the metasurface. This

contrast breaks the symmetry of the structure and causes an asymmetric

circulating current (and thus magnetic dipole moment) to appear. This

effect, called substrate-induced bianisotropy, is often fairly weak for low-

permittivity substrates. However, it can be made stronger by increas-

ing the contrast between the two media, that is, increasing the substrate

permittivity or by increasing asymmetry by employing two nonidentical
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metasurfaces on each side of a thin substrate.

6.3 Omega transmission lines

The goal of [VII] was to study how the response of omega media could

be emulated using periodic transmission-line structures. In the previous

section, the dispersion and impedance for a general omega medium for

axial incidence were described. Here, a general periodic cascade of TL

unit cells characterized using an ABCD matrix (as shown in Fig. 2.4) will

be considered for finding a transmission-line analogy for uniaxial omega

media. The propagation constant for such a structure is given in (2.3) and

the Bloch impedance, assuming reciprocity, in (2.5). By demanding the

impedances of the omega medium (6.4) and the periodic cascade (2.5) to

be equal, we can derive the equation for the effective normalized omega

coefficient of the periodic TL structure

Kn =
D −A

2

1√
1−AD

. (6.5)

The normalized omega coefficient is clearly related to the asymmetry of

the unit cell as for a symmetric unit cell (A = D), no omega coupling can

exist (Kn = 0). However, it is interesting to note that this relationship is

not linear due to the term 1/
√
1−AD. Furthermore, as for reciprocal and

lossless unit cells A and D are purely real, the normalized omega coeffi-

cient for a lossless unit cell can be either purely real (if AD < 1) or purely

imaginary (AD > 1). Knowing the normalized omega coefficient and by

comparing the propagation constants of an omega medium (6.3) and a

general periodic cascade (2.3), the effective refractive index, permittivity,

permeability, and omega coefficient for an arbitrary periodic TL cascade

can be extracted. The connection between bulk omega media and omega

TL media is illustrated in Fig. 6.1.

The meaning of this additional effective parameter K can be best il-

Figure 6.1. Omega media can be emulated with a periodic TL structure with an asym-
metric, reciprocal unit cell.
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lustrated by considering the simple example of a unit cell loaded with a

T-circuit (a series load, a shunt load, and a series load in a row). Here,

the effect of the electrically small TL segments connecting the loading

elements is ignored. If an infinitely long cascade of such T-circuits is con-

sidered, the terminal points of the unit cell can be chosen in several differ-

ent, but equally valid ways, resulting in different Bloch impedances and

therefore also different effective material parameters. The unit cell can be

chosen to be symmetric, in which case the characterization requires only

two parameters (permittivity and permeability), or asymmetric, in which

case a third parameter, namely the omega coefficient, is needed. Only if a

finite structure is considered can we distinguish between the two choices.

In other words, it is in fact the first and the last elements of the cascade

that truly determine the unit cell of the periodic cascade.

In [VII], the case when the series loading elements are assumed to be

inductors and the shunt loading element capacitors was studied when the

loading element is a symmetric T-circuit and when it is fully asymmetric

(see Fig. 6.2(a)). As the physical structure is the same for the two unit

cells if an infinite cascade is considered, the dispersion is also the same

(shown in Fig. 6.2(c)), though the physical interpretation differs. For the

asymmetric unit cell, the stopband is interpreted to appear due to the nor-

malized omega coefficient having a value |Kn| > 1 (see Fig. 6.2(d)), while

in the symmetric case it appears as permittivity and permeability have

opposite signs (no propagation is allowed in ENG/MNG media). Further-

more, the Bloch impedance is different for the two propagation directions

only if the asymmetric unit cell is chosen (as can be seen from Fig. 6.2(b)).

The most significant difference between the two unit cells is in the ex-

tracted material parameters. It was shown in [VII] that if a symmetric

unit cell is chosen in the infinite cascade scenario, the extracted material

parameters (permittivity and permeability) are nonphysical: the positive

sign of the imaginary permittivity is not allowed for passive media, while

the negative slope of the extracted real permittivity for low-loss structure

violates causality [144, 145]. On the other hand, if an asymmetric unit

cell is chosen, such a problem does not exist. These results along with the

unit cell geometries are shown in Fig. 6.3. The two cases do converge at

low frequencies to the same dispersionless material parameters, though

how low these frequencies must be depends not only on the electrical size

of the unit cell but also on the values of the inductor and capacitor.

A distinction should be made between the analysis of truly homoge-
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Figure 6.2. (a) Symmetric and asymmetric unit cells under study; (b) Bloch impedance
for the symmetric and asymmetric unit cells; (c) Dispersion in an infinite
cascade of unit cells (for both symmetric and asymmetric unit cells); (d) Nor-
malized omega coefficient Kn for the asymmetric unit cell. From [VII].

neous structures with distributed capacitances and inductances and peri-

odically loaded structures. It is common practice in TL analysis, e.g., [43],

to consider an infinitesimally small section of a TL with distributed shunt

capacitance and series inductance in order to derive the characteristic

impedance of the TL and voltage and current along the line. In such an

analysis, the unit cell appears exactly as in the bottom part of Fig. 6.2(a),

that is, it is asymmetric. However, the characteristic impedance of a nor-

mal homogeneous TL is, obviously, the same for both propagation direc-
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Figure 6.3. Extracted material parameters for a periodic TL cascade with symmetric (a)
and asymmetric (b) T-circuit loading. From [VII].
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tions, while the impedance of a periodic structure with the same unit cell

depends on the propagation direction. The difference in the two cases lies

in the loading elements as in the homogeneous TL case the elements in

the equivalent circuit correspond to henrys/farads per unit length. Clearly,

as the size of the infinitesimal TL section approaches zero, the actual el-

ement values also approach zero. As the normalized omega coefficient for

the asymmetric LC-circuit unit cell can be written as Kn =
√
LC/2, it is

easy to see that in the case of a truly homogeneous TL, where the length

of the unit cell can be chosen to be arbitrarily small, the omega coefficient

must be zero. For a periodically loaded TL, though the size of the unit

cell and the element values can be made almost arbitrarily small, they

are always fixed to a certain value for a given structure meaning that the

normalized omega coefficient is always non-zero if any asymmetry in the

loading circuit exists.

In addition to the simple T-circuit, a more complicated unit cell where

the series and shunt branches are directly coupled via mutual inductance

was analyzed in [VII] numerically and experimentally. It was shown to

offer more freedom in controlling the material parameters compared to

the T-circuit loading, for example, the omega coefficient could have a neg-

ative or positive sign or be zero depending on the frequency. More freedom

could also be achieved with simple asymmetric passband circuit loading

(consisting of a series inductor, a series capacitor, a shunt inductor, and a

shunt capacitor), though in that case the omega coefficient and permittiv-

ity/permeability are connected so that, e.g., zero in the omega coefficient

leads to zero permittivity or permeability and thus the possibilities for

achieving arbitrary values and dispersion of the material parameters are

more limited. Finally, it was demonstrated in [VII] how the measured ma-

terial parameters of a strongly dispersive wire omega medium at a point

frequency can be easily extended to cover a wide bandwidth using a peri-

odic TL structure.

6.4 Material parameter extraction using the omega
transmission-line concept

The previous discussion is not only important in view of analysis of pe-

riodic TL structures, but it also has important connotations for effective

medium modeling of bulk metamaterials. The non-physical anti-resonant

behavior of the effective permeability in Fig. 6.3(a) is a well-known effect
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in the homogenization theory of resonant bulk metamaterials [146–154].

A wealth of research has been dedicated to improving the homogeniza-

tion models in order to get rid of the non-physical behavior as well as

finding the physical reason for it [145, 150–158]. The general conclusion

is that the antiresonance is an intrinsic property of metamaterials (both

periodic and aperiodic) which appears due to the finite (albeit electrically

small) size of the inclusions causing first-order spatial dispersion effects

when the metamaterial is treated as an effectively homogeneous mate-

rial. Due to the finite extent of the inclusions, the interface between the

background medium and the metamaterial cannot be defined in an un-

ambiguous way as for a homogeneous medium, that is, there is no sharp

jump in the tangential fields at any one point. Consequently, the metama-

terial cannot be fully characterized just by using two equivalent parame-

ters, even if no intrinsic bianisotropy exists in the inclusions themselves.

It has been suggested that the passivity and causality of the material

parameters could be restored by introducing a transition layer between

the background medium and the metamaterial (e.g., [145, 155]), by in-

troducing additional surface current parameters (e.g., [145, 154, 157]), or

by introducing a bianisotropic material parameter [150, 151, 158]. In the

latter case, the material parameters are extracted using eigenmode anal-

ysis, that is, analysis of an infinitely thick material sample in the absence

of sources. Moreover, they are functions of the partial propagation con-

stant meaning that the model is not directly applicable to samples of finite

thickness.

The results in [VII] for the simple symmetric/asymmetric T-circuits

demonstrate that the antiresonance is a very fundamental property of the

effective material parameters of periodical structures consisting of sym-

metric (nonbianisotropic) finite-sized unit cells. Moreover, it was shown

that the antiresonance artifact can be eliminated completely by introduc-

ing an additional omega coupling parameter and considering an asymmet-

ric unit cell instead of a symmetric one. Such a model is suitable for many

metamaterials suggested in the literature as omega coupling often arises

not only due to the aforementioned interface ambiguity of metamaterials

but also due to the intrinsic bianisotropy in the particles which, in turn,

is connected to the asymmetry of the particles as well as due to the afore-

mentioned substrate-induced bianisotropy effect [141–143]. For modeling

metasurfaces, a similar conclusion was drawn and a model consisting of a

single asymmetric unit cell was suggested in [159].
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6.5 Physically moving media and artificial moving media

The so-called moving medium, or artificial moving medium, is a special

case of bianisotropic media which can be considered as the nonreciprocal

counterpart of the omega medium since the bianisotropic coupling in both

cases is characterized by an antisymmetric dyadic. As described in Sec-

tion 2.3, the constitutive relations of moving media are the same as for

omega media except for one sign:

D = ε ·E− χ ·H, B = μ ·H+ χ ·E, (6.6)

where χ is an antisymmetric dyadic (χ = −χ
T). If a uniaxial moving

medium along the z-direction is considered, the following constitutive re-

lations can be written

Dt = εEt +
V

c
uz ×H, Bt = μHt − V

c
uz ×E, (6.7)

where V is a unitless bianisotropy parameter with χ = −V/cJ t =

−V/c(uz × It). Also, the subscript t denotes the field component orthogo-

nal to the velocity direction uz. As can be deduced from the naming of this

particular special case of bianisotropic media, the constitutive relations

of (6.7) correspond not only to a certain artificial bianisotropic medium

but also to a regular magnetodielectric medium moving with a certain

velocity v along the z-axis (or, alternatively, a stationary magnetodielec-

tric medium for a moving observer). Taking into account the theory of

special relativity, the correspondence between the “effective” quantities

ε, μ, and V and the physical quantities ε′, μ′, and v can be written as

(e.g., [160,161])

ε = ε′
1− v2

c2

1− n′2v2
c2

, μ = μ′ 1− v2

c2

1− n′2v2
c2

, (6.8)

V =
n′2 − 1

1− n′2v2
c2

v

c
. (6.9)

Clearly, if the velocity of the medium is very small compared to the speed

of light, only the bianisotropy parameter V (henceforth called the effective

normalized velocity) is significantly affected, but as the velocity increases,

the effective permittivity and permeability are also affected by the motion

of the medium.

By inserting the constitutive relations of (6.7) into Maxwell’s equations,
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the dispersion and wave impedance for a wave propagating axially inside

a moving medium can be easily derived:

β = ±k0(n± V ), (6.10)

η =

√
μ

ε
. (6.11)

Here, n = c
√
εμ is the effective refractive index of the medium and the two

solutions for the propagation constant correspond to opposite propaga-

tion directions (wave propagating with/against the medium). Notably, the

wave impedance of moving media depends only on the (effective) permit-

tivity and permeability and not on the effective normalized velocity. While

the imaginary part of omega coefficient in omega media corresponds to

losses, the imaginary part of V corresponds either to losses or gain de-

pending on the propagation direction of the wave. In other words, the two

eigenwaves with opposite propagation directions can decay or grow along

the same fixed direction if the losses in the effective refractive index are

smaller than the loss/gain in V [162].

While a myriad of different ways for realizing reciprocal bianisotropic

media (omega and chiral media) have been suggested, relatively few works

have concentrated on realizing their nonreciprocal counterparts (moving

and Tellegen media). Here, the research involving artificial moving media

will be outlined. A metamaterial inclusion providing moving medium type

of bianisotropic coupling was suggested in [51] and is shown in Fig. 2.5(d).

The inclusion consists of a swastika-shaped metal element on top of a

small piece of ferrite magnetized via an external magnetic field. Though

such a particle has been shown to provide moving medium type of cou-

pling, it also exhibits parasitic chiral coupling. Furthermore, due to the

resonant nature of the inclusion the response is highly dispersive. In [27],

an active inclusion consisting of a loop and a T-shaped monopole printed

on a substrate and an amplifier connecting these two elements was sug-

gested for realizing a nonreciprocal metamaterial array which acts as an

isolator. As the unit cell was not designed specifically to mimic any one

particular type of the bianisotropic coupling, the response was a combina-

tion of different bianisotropic coupling mechanisms. At least omega and

moving medium types of coupling are present in the inclusion, while the

existence of chiral or Tellegen coupling was not studied. However, consid-

ering the unit cell geometry their contribution is most likely quite weak.

Again, the response of the suggested metamaterial was quite dispersive.
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Finally, the physics of waves when the speed of light exceeds the veloc-

ity of the medium was studied using a fiber-optical analog in [163]. The

presented idea is based on nonlinear optics of ultrashort light pulses in

optical fibers. By sending repeating nondispersive light pulses (solitons)

with a high power level along an optical fiber, the effective refractive index

of the fiber can be modified according to the Kerr effect [164]. This con-

tribution to the refractive index moves with the pulse, which means that

the fiber can be considered effectively as a moving medium, though no

physical movement occurs. Obviously, such a solution is limited to optical

frequencies.

6.6 “Moving” transmission lines

The goal of [VIII] was to study the possibility of realizing artificial moving

media using static, periodically loaded transmission lines. Similar to the

methodology used for omega media in [VII], the first objective was to find

the conditions under which the response of a periodical cascade mimics

the response of moving media and write the effective material parame-

ters using the ABCD parameters. This was achieved by comparing the

propagation constant (6.10) and wave impedance (6.11) of moving media

and the propagation constant (2.3) and the Bloch impedance (2.4) of a gen-

eral periodic TL cascade characterized by ABCD parameters. By applying

(2.3) to (2.4), it is easy to see that because the impedance of moving media

is independent of the propagation direction, the ABCD matrix of the cor-

responding unit cell has to be symmetric (A = D). Taking this assumption

into account, the effective refractive index of the cascade can be written

as

n = − j

2k0d
ln

(
A+

√
BC

A−√
BC

)
, (6.12)

while the effective normalized velocity is given by

V = − j

2k0d
ln(A2 −BC). (6.13)

It is evident from (6.13) that in order to emulate non-zero velocity (ei-

ther v or V ), the unit cell has to be nonreciprocal, as for a reciprocal sym-

metric unit cell we have AD − BC = A2 − BC = 1. Furthermore, as the

response becomes more nonreciprocal, that is, the term AD − BC devi-

ates more from unity, the normalized velocity V increases logarithmically.

Knowing the effective wave impedance and refractive index, the effective
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permittivity and permeability of the TL can also be easily determined.

The connection between moving magnetodielectric media, bulk artificial

moving media, and artificial moving TL media is illustrated in Fig. 6.4.
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Figure 6.4. Connection between moving magnetodielectric media, bulk artificial moving
media, and artificial moving TL media.

Though the connection between the material parameters and circuit

parameters was derived, the question still remains how such an ABCD

matrix for a unit cell can be realized, preferably so that independent con-

trol of the material parameters would be possible. Evidently, the unit cell

must be nonreciprocal and therefore some nonreciprocal circuit element

must be utilized. The unit cell containing a gyrator shown in Fig. 6.5(a)

was suggested in [VIII]. The gyrator is a nonreciprocal, passive, linear,

and lossless two-port circuit component providing 0◦ phase shift in one

direction and 180◦ phase shift in the opposite one [50]. It is characterized

by so-called gyration resistance R, which relates the voltage in port 1 to

the current in port 2 and vice versa. In the proposed unit cell, the gyrator

is connected to the rest of the loading circuit via mutually coupled induc-

tors. It was demonstrated in [VIII] that the suggested unit cell provides

nonreciprocal response and is symmetric, that is, behaves effectively as a

moving medium, as long as the values of the mutually coupled inductors

are chosen correctly.

By deriving the ABCD parameters for the suggested unit cell using

basic circuit theory and using (6.13), the effective normalized velocity for

the proposed unit cell can be written as

V =
j

2k0d
ln

(
R− jωM

R+ jωM

)
. (6.14)

Interestingly, the effective normalized velocity is dependent only on the

gyration resistance and mutual coupling between the inductors but not

on the rest of the circuit parameters. Conversely, it is shown in [VIII] that

the effective refractive index, based on the derived ABCD parameters and

(6.12), is not dependent on the mutual coupling. Therefore, by changing

the mutual coupling between the inductors, the effective normalized ve-
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Figure 6.5. (a) Unit cell suggested for realizing an artificial moving medium; (b) Manu-
factured prototype. From [VIII].

locity can be varied without affecting the rest of the material parameters

(ε, μ, and n). On the other hand, by changing either the properties of

the TL sections or the series inductor/shunt capacitor circuit elements,

the permittivity and permeability can be changed without influencing the

effective normalized velocity. However, it is shown in [VIII] that the effec-

tive material parameters achieved with a TL metamaterial with the unit

cell of Fig. 6.5(a) are limited by the relation n + V, n − V > 1. In view of

the physical quantities ε′, μ′, and v, this relation means, according to (6.8)

and (6.9), that the physical velocity is always smaller than the speed of

light in the corresponding stationary medium v < c/n′. These limitations

could be overcome if mutual coupling coefficient k = M/
√
L1L2 would be

allowed to have values larger than unity, which is not possible with nor-

mal passive coils as it implies that power is somehow pumped into the

system.

A prototype unit cell corresponding to Fig. 6.5(a) working at radio fre-

quencies was manufactured and is shown in Fig. 6.5(b). By measuring the

S-parameters of the single unit cell, the ABCD parameters of the unit cell

were found and subsequently the effective material parameters as well as

the dispersion and impedance for the corresponding one-dimensional TL

metamaterial were extracted. The operation of the unit cell with a realis-

tic model for the gyrator was also studied numerically using a commercial

software. These results are shown in Figs. 6.6(a)–(d). The circuit clearly

exhibits moving medium type of response as the effective normalized ve-

locity has a non-zero value. However, due to nonidealities related to the
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gyrator circuit and the different losses in the circuit elements the perfor-

mance of the unit cell is somewhat limited compared to the ideal unit cell.

For example, the refractive index is approximately doubled compared to

the ideal case with a perfect gyrator and lossless elements, making the

unit cell effectively less nonreciprocal. Moreover, the Bloch impedance

can be observed to have slightly different values for different propagation

directions. The extracted physical material parameters for the manufac-

tured prototype unit cell are shown in Figs. 6.6(e)–(f). The velocity of the

corresponding magnetodielectric medium is observed to be about two or-

ders of magnitude smaller than the speed of light in vacuum and also one

order of magnitude smaller than the speed of light in the corresponding

stationary medium (c/n′) meaning that the effect of special relativity is,

in this case, fairly small. Interestingly, the effective normalized velocity

V and the physical velocity v have considerable imaginary parts which,

though non-physical in the context of realizing real moving magnetodi-

electric media, enable the realization of exotic media not found in nature.

As speculated in [162], such media could appear lossy for one propaga-

tion direction while providing gain for the wave propagating in the op-

posite direction. In the case of the manufactured unit cell, the losses in

the reciprocal elements of the unit cell, however, overpower this nonre-

ciprocal loss/gain as can be observed also from the dispersion diagram of

Fig. 6.6(c).

Previously, it was assumed that the host TL was a conventional right-

handed TL, which lead to the limiting conditions for the material parame-

ters n+V, n−V > 1 and v < c/n′. By applying the former condition to the

dispersion equation (6.10), it can be seen that the propagation constant

always has different sign for the two solutions meaning that the two so-

lutions always correspond to two forward waves propagating in opposite

directions. With the unit cell of Fig. 6.5(a), it is not simple to further

increase the effective normalized velocity V . In contrast, the effective re-

fractive index n can be given an almost arbitrary value simply by using a

composite right/left-handed (CRLH) TL (discussed earlier in Section 2.2)

as the host line. This setup is illustrated in Fig. 6.7. The unit cell of

Fig. 6.7 was studied numerically in [VIII] based on the ABCD parameters

of the unit cell which were derived analytically. An ideal gyrator oper-

ation was assumed in this case. The results are shown in Fig. 6.8. In

the lowest frequencies where |n| > V , the two solutions correspond to two

backward waves propagating in opposite directions. At higher frequen-
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Figure 6.6. Measurement and simulation results for the unit cell shown in Fig. 6.5(b): (a)
effective refractive index n, (b) effective normalized velocity V , (c) dispersion
in an infinite cascade of unit cells, (d) Bloch impedance, and (e) refractive
index n′ and (f) normalized velocity v/c of the physically moving magnetodi-
electric medium emulated by the artificial unit cell. From [VIII].

cies where |n| < V (except for the stopband), one solution corresponds

to a forward wave, while the other still corresponds to a backward wave.

Whereas the phase velocity vp = ω/β of the other solution changes sign,

the group velocity vg = (∂ω)/(∂β) has a different sign for the two solu-

tions at all frequencies, an unavoidable property of all passive media with

a negative refractive index. A dispersionless and negative refractive in-

dex for a TL unit cell is possible only if non-Foster elements (negative ca-

pacitors/inductors realized with active circuits) are used [24–26], though

stability for such circuits may be hard or even impossible to achieve. As

in this example the CRLH TL is not balanced, a stopband exists in the

middle frequencies due to the host line corresponding to an ENG medium
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Figure 6.7. Unit cell with a CRLH host line. From [VIII].
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Figure 6.8. Numerical results for the unit cell shown in Fig. 6.7: (a) dispersion in an
infinite cascade of unit cells, (b) effective refractive index n and effective nor-
malized velocity V , and (c) refractive index n′ and (d) normalized velocity v/c
of the physically moving magnetodielectric medium emulated by the artificial
unit cell. From [VIII].

(ε < 0, μ > 0) at these frequencies. The refractive index and velocity

of the physical magnetodielectric medium in motion corresponding to the

artificial unit cell of Fig. 6.7 exhibit quite exotic, very dispersive behavior

at the studied frequencies. The velocity shows resonant behavior at the

frequency where the refractive index crosses zero. Near this frequency

the velocity reaches very high values (exceeding the speed of light in the

corresponding stationary medium c/n′), though it is always smaller than

speed of light in vacuum. It was demonstrated in [VIII] that by choosing

the values of the circuit components correctly, velocities even greater than

the speed of light in vacuum can be achieved. Similar to the earlier case,

the extracted effective refractive index is highly dispersive. Consequently,

the two solutions for the propagation constant still correspond to waves

propagating in opposite directions, that is, only the direction of the phase

propagation (and not energy propagation) can be reversed.
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6.7 General classification of one-dimensional periodic cascades

Based on the properties of the ABCD matrix of the unit cell, the periodi-

cally loaded one-dimensional TL media can be divided into four categories

according to Table 6.1. If the ABCD matrix of the unit cell is symmetric

and reciprocal, the periodic TL cascade behaves like conventional magne-

todielectric media. As discussed in previous sections, asymmetric ABCD

matrix results in omega-like coupling effect, while nonreciprocal ABCD

matrix provides response similar to moving magnetodielectric media. If

the matrix is both asymmetric and nonreciprocal, the periodic TL cascade

corresponds to a moving omega medium. The dispersion and the Bloch

impedance for such media can be derived based on the previous results on

omega and moving media and can be written, respectively, as

β = ±k0(n
√
1−K2

n ± V ), (6.15)

η =

√
μ

ε

(√
1−K2

n ± jKn

)
. (6.16)

While the impedance for moving omega media is simply the same as the

impedance for omega media, that is, it is independent of V , the propaga-

tion constant is dependent on both V and K. Therefore, by making the

unit cell more asymmetric the reciprocal part of the propagation constant

can be made smaller without affecting the nonreciprocal part. However,

this modification to the unit cell should be done so that the effective re-

fractive index does not increase simultaneously, so instead of adding cir-

cuit elements asymmetrically, the circuit elements comprising the circuit

should be redistributed in an asymmetric way. Such a redistribution obvi-

ously has an effect on the impedance as well, which should also be taken

into account.

Table 6.1. Classification of 1D TL media based on the ABCD matrix of a single unit cell.

Symmetric Asymmetric
A = D A �= D

Reciprocal Magnetodielectric Omega
AD −BC = 1 medium medium
Nonreciprocal Moving magnetodielectric Moving omega
AD −BC �= 1 medium medium
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7. Conclusions

The metamaterial research has during its brief existence of about fifteen

years diversified, branched out, and matured considerably. It is telling

that though this thesis encompasses many different types of metamate-

rials, it only briefly touches upon the concepts which initiated the field

such as double-negative media. Instead, the scientific contribution pre-

sented in this thesis relates mostly to the also well-established metama-

terial topics of transmission-line metamaterials and bianisotropic media.

The research work presented in this thesis can be roughly divided into

three research directions: transmission-line metamaterials and their ap-

plication for realizing microwave devices (Chapters 2 and 3), eliminating

scattering from bianisotropic particles (Chapter 4), and realizing bianiso-

tropic media using periodically loaded transmission lines (Chapter 5).

The first and the largest part of the thesis is devoted to realizing mi-

crowave devices, namely cloaking devices, antennas, and lenses, based

on one- or two-dimensional transmission-line metamaterials. A cloaking

device based on the use of a transmission-line network is designed and

manufactured and its operation is tested in a practical antenna blockage

scenario. Though electromagnetic cloaks have been studied extensively

during the last few decades, cloaks with truly practical applications have

been few and far between. This study presents a practical, robust cloak

design which could be used, for example, for hiding support structures

placed in front of a horn antenna or the feed structure of a Cassegrain an-

tenna. Moreover, four different novel antennas are presented in this the-

sis, all of them based on the use of a single homogeneous transmission-line

network. The first two antennas are based on the aforementioned cloak

due to which they have the special property of being able to act simulta-

neously as either a dipole- or monopole-like antenna and a cloak, though

at different frequencies. Such a property could be beneficial, for exam-
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ple, in the situation where several antennas with different operational

frequencies must be placed within a small area. The two other anten-

nas are directive, horn-like antennas which use a skewed transmission-

line network, that is, an anisotropic transmission-line metamaterial, to

reduce the quadratic phase error at the aperture of the antenna. The

antennas provide significantly improved directivity compared to a corre-

sponding conventional horn antenna in a wide frequency band. Finally, a

flat, inhomogeneous microwave lens which uses an array of periodically

loaded one-dimensional transmission lines for manipulating the phase of

the wave is presented and studied. The designed lens is fairly thick due to

its small focus distance. However, the presented design is quite versatile

meaning that various lenses of different thicknesses and focus distances

for different applications can be easily realized in a similar manner with

different loading elements and/or transmission-line segment dimensions.

The second part of the thesis discusses the problem of eliminating scat-

tering from a single electrically small bianisotropic scatterer. The results,

which can also be generalized to cover scattering from an array if the po-

larizabilities are considered as effective polarizabilities, show that zero

backward, zero forward or zero total scattering from the particle can be

achieved with the proper particle design. However, some solutions may

require the particle to be active and not all of the aforementioned scatter-

ing cases can be achieved with all types of bianisotropic particles. This

study may in the future find applications, for example, in hiding small

sensors, absorber design, or stealth technology.

The thesis concludes with a chapter which discusses the problem of re-

alizing bianisotropic media, specifically omega media and moving media,

using periodically loaded transmission lines. While the thesis work re-

lated to transmission-line metamaterials or bianisotropy had built upon

previous concepts and results, this final part combining the two concepts

can be considered as a beginning of a novel research direction in itself.

It is determined that the omega coupling is related to the asymmetry

of the loading circuit, while moving medium coupling is related to the

nonreciprocity of the circuit. Examples of loading circuits for achieving

both omega and moving medium coupling are presented and studied. The

results can be used for designing more general transmission-line meta-

materials which can serve as an alternative way for achieving material

response generally realized with bulk bianisotropic media. Moreover, the

omega transmission lines were shown to play an important, fundamen-
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tal role in the theory of material parameter extraction, while the moving

medium transmission lines can be used for modeling physically moving

magnetodielectric media in a laboratory environment. Here, the problem

is discussed, as a first step, only for one-dimensional transmission lines,

though the analysis may in the future be expanded to two or even three

dimensions by considering a transmission-line network which is periodi-

cally loaded in, at least, one axial direction.
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Errata

Publication IV

Fig. 9 corresponds to the case when the lens is moved 1.5 cm farther from

the feed, not closer the feed as was stated in the paper.

Publication VIII

In Eq. 9, the signs in front of the equation should read ∓, instead of ±.

In Fig. 12(b), the velocity normalized to speed of light in vacuum v/c is

plotted in red instead of just v.

In the last paragraph of page 17, instead of “v/c > 0”, it should read

“v/c > 1”.

102



Electromagnetic metamaterials are artifi-
cial composite materials which possess 
exotic properties not attainable with natural 
materials. This thesis covers two notable 
subclasses of metamaterials: transmission-
line metamaterials and bianisotropic media. 
While metamaterials are most commonly 
realized as bulk media consisting of small 
resonant inclusions, transmission-line 
structures offer an alternative, low-disper-
sion and low-loss way for realizing them. In 
this thesis, transmission-line metamaterials 
are applied for realizing practical microwave 
devices such as antennas. Bianisotropic 
media, on the other hand, are typically bulk 
metamaterials in which the electric and 
magnetic responses are coupled in a unique 
way. In this thesis, this topic is discussed in 
view of scattering elimination. In the last 
part of the thesis, these two, previously 
disconnected, metamaterial topics are 
brought together by considering the possi-
bility of realizing bianisotropic media using 
periodically loaded transmission lines. 
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