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Chapter 1 Introduction

1.1 Concept of Metamaterials

Metamaterials [1]-[63] are artificially constructed materials composed of
sub-wavelength constituents. By determining material kinds, shapes, and arrangements
of unit cells, metamaterials can exhibit unique properties that the original materials do
not exhibit. Moreover, metamaterials can also exhibit electric or magnetic properties
that conventional natural materials do not exhibit. For example, it is possible to realize
negative refractive index materials [1], [5]—[24], cloaks of invisibility [27]-[55],
illusion media mimicking scattered waves by arbitral objects [56]—[63], and the like
with metamaterials.

In order to design metamaterials, we first need to select the material kinds for their
constituents. Possible materials can be metals, dielectrics, magnetic materials, or any
materials available. Secondly, in order to obtain unique properties, we need to determine
the unit cell topology. As the unit cell, for example, spheres [7], wires [2], [3], [6].
split-rings [4], [6], [22], and mushrooms [16], [20] shown in Figs. 1.1(a)—(d) have been
proposed. For the cases with spheres and wires shown in Figs. 1.1(a) and (b),
respectively, it is shown that the materials exhibit dielectric properties. For the case with
split-rings shown in Fig. 1.1(c), the materials exhibit magnetic properties. In addition,
for the case with mushrooms shown in Fig. 1.1(d), the materials show negative
refractive index properties. Then, we determine arrangements the unit cells. The
arrangement may be random as shown in Fig. 1.2(a), or we can control the band
structures by arranging the unit cells periodically as shown in Fig. 1.2(b). Even with

asymmetric unit cells, anisotropy and isotropy can be controlled by arrangements as



(c) (d)

Fig. 1.1 Unit cells for metamaterials. (a) Sphere. (b) Wire. (c) Split-ring. (d)

Mushroom.

shown in Fig. 1.3(a) and (b). In addition, inhomogeneity can be controlled with the
arrangement as shown in Fig. 1.3(c).

By designing metamaterials according to the above manners, we can realize values of
the relative permeability /4 and permittivity & which natural materials do not have. Fig.
1.4 shows g4 and & values on a t4—& plane which metamaterials and natural materials
(optical materials) can realize. For example, natural optical materials can take z4 and &
values on the line shown in Fig. 1.4. In contrast, metamaterials can potentially realize
any values on the plane with frequency dispersion controls. Moreover, we might be able
to freely control all the x4 and & tensors components in the following constitutive

relations including {'and & tensors of the magnetoelectric effect:



Fig. 1.2 Arrangements of unit cells. (a) Random

arrangement.
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where B, H, D, and E are the magnetic flux density, the magnetic field, the electric flux

density, and the electric field, respectively. Controlling all the elements of z, ¢, ¢, and &

tensors would be an ultimate goal of metamaterial researches.
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Fig. 1.3 Arrangements of unit elements for metamaterials. (a) Anisotropy by
periodical arrangement of asymmetric unit cells. (b) Isotropy by random arrangement

of the asymmetric unit cells. (¢) Inhomogeneity by ununiform arrangement.
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Fig. 1.4 Relative permeability z4 and permittivity & plane which can be realized

with metamaterials or nature materials (optical materials).



1.2 History of Metamaterials and Transformation

Electromagnetics

The concept of the negative refractive index media has been proposed in 1968 by V.
G. Veselago [1], a physicist in the Soviet Union. However, the negative refractive index
media have not been realized during about thirty years after 1968. In 2000, the negative
refractive index have been demonstrated by D. R. Smith, a physicist in U.S.A., at
microwave frequencies with a left-handed metamaterial [6] composed of metal wires [2],
[3] and split-ring resonators [4]. Since 2000, various studies on metamaterials have been
carried out extensively. In 2002, transmission-line metamaterials for the left-handed
materials have been proposed by three individual researchers, T. Itoh, A. A. Oliner, and
and G. V. Eleftheriades [8]—[10], based on the circuit theory. Besides, in 2004, the
CRLH transmission-line model has been proposed by A. Sanada [16] as a generalized
transmission-line left-handed metamaterials. These theories are deeply related to this
research. After 2004, metamaterials have been studied even at higher frequencies [22],
[23], or for practical applications [26].

In 2006, the concept of transformation electromagnetics has been proposed by J. B.
Pendry [27], [28], a physicist in U. K., and a cloak of invisibility has been first
implemented and demonstrated with split-ring resonators by D. R. Smith at microwave
frequencies [29]. Since 2006, various studies on cloaks of invisibility based on
transformation electromagnetics have been carried out extensively. In 2008, the concept
of carpet cloaks, which are a kind of cloaks of invisibility, has been proposed by J. B.
Pendry [31]. In 2009, a non-resonant carpet cloak has been implemented and

demonstrated by X. Zhang at optical frequencies [32]. Thereafter, in addition to cloaks



of invisibility based on transformation electromagnetics [30], [33]—[44], surface cloaks
[45]-[50] and other kinds of cloaks [51]-[55] have also been studied. Besides,
applications to illusion media mimicking scattered waves by arbitrary objects [56]—[63]
have been proposed.

In the following, the concept of transformation electromagnetics with additional

histories is described in detail.

1.3 Concept of Transformation Electromagnetics

In the theory of general relativity, it has been shown that Maxwell's equations are
invariant with coordinate transformations and rays of electromagnetic waves or lights
are bent by gravity. On the other hands, Maxwell's equations can be invariant for
arbitrary coordinate transformations with appropriate tensor transformation for the
constitutive relations [28], in other words, arbitrary coordinate transformations can be
realized by special materials with highly controlled constitutive parameters [27], [28],
[31]. This concept is referred to as the material interpretation of coordinate
transformations [27], [28], [31]. With the concept, high controllability of
electromagnetic waves with enormously larger degrees of freedom is expected
compared with conventional methods using mirrors, lenses, and the like. This whole
concept of controlling electromagnetic fields based on the material interpretation of
coordinate transformations is referred to as the transformation electromagnetics or
transformation optics [27], [28], [31]. With this concept, for example, there are
possibilities of realizing novel electromagnetic or optical materials such as cloaks of
invisibility [27]—[44], illusion media mimicking scattered waves by arbitral objects

[56]-[69], and the like. In order to realize these materials based on the transformation



electromagnetics, anisotropy and inhomogeneity of permeability and permittivity
tensors have to be highly controlled. These controls cannot be realized with
conventional natural materials, however, this can be realized by artificially constructed
metamaterials.

Studies on realization of cloaks of invisibility or illusion media based on
transformation electromagnetics [27]—[44], [S6]-[63], surface cloak [45]—[50], and the
like [51]—[55] have been carried out extensively. For example, a cylindrical cloak of
invisibility, which is a medium for bending incident waves and hiding objects, has been
first implemented with split-ring resonators and has been demonstrated experimentally
at microwave frequencies [29]. However, its operation bandwidth is narrow and the loss
is very high due to resonant properties of the split-ring resonators. On the other hand,
non-resonant carpet cloaks of invisibility [31]—[38] have been proposed to overcome the
disadvantages. The carpet cloaks of invisibility are media hiding objects under the
carpet and mimicking a flat floor. Especially in 2009, by X. Zhang, a typical carpet
cloak of invisibility has been implemented on a silicon substrate with cylindrical holes
controlling the effective refractive indexes and its wideband and low-loss characteristics
have been successfully demonstrated [32]. However, the implementation method is
limited to cloaks based on quasi-conformal coordinate transformations [31]—[38] since
the off-diagonal components of the permittivity tensor cannot be controlled essentially
by the implementation method. As a result, the carpet cloak can hide only small objects
comparable with the wavelength with negligible off-diagonal components of the
permittivity tensor. Full controllability of anisotropy including the off-diagonal tensor
components as well as wideband and low-loss properties are required to realize cloaks

of invisibility based on transformation electromagnetics in general with non-conformal



coordinate transformation.

Table 1.1 summarizes features of the conventional cloak structures with a
non-resonant type structure proposed in this research. So far, cloak structures which
fulfill all the requirements of control of anisotropy, wideband property, and low-loss
property have not been realized. Especially, for practical applications, it is important to
simultaneously solve the problems. In this research, a novel metamaterial is proposed to
control anisotropy including the off-diagonal tensor components and realize wideband
and low-loss properties simultaneously based on the transmission-line approach.

Rigorous design formulas are given theoretically based on an equivalent circuit. This

Table 1.1 Features of conventional cloaks and the proposed cloak in this research.
Control of Wideband Low-loss
Type of operation
anisotropy property property
D. R. Smith Resonant type Fair* Bad Bad
X. Zhang Non-resonant type Bad Good Good
Proposed Non-resonant type Good Good Good

*Anisotropy of the diagonal tensor components can

orientation of the structure.

be realized only by the



approach is shown in detail in Chapter 3.

1.4 Research Objectives and Goals

For overcoming the issues in Table 1.1, the objective of this research is to establish a
novel method composing a medium for transformation electromagnetics. In addition,
realizing a non-resonant type structure with full control of anisotropy including the
off-diagonal tensor components, wideband property, and low-loss property is also
another objective of this research.

In this thesis, research goals are set to 1) proposal of a theoretical model of
anisotropic metamaterials based on the transmission-line approach [64]—[68], 2)
proposal of a novel metamaterial based on the proposed theoretical model, and 3)
experimental demonstrations of a cloak of invisibility with full control of anisotropy

including the off-diagonal tensor components, wideband property, and low-loss

property.

1.5 Academic Significance

There are three major academic significances in this research. The first significance is
realizing anisotropy of the permeability tensor including the off-diagonal components
by the proposed theoretical model. The conventional model cannot fully control
anisotropy of the off-diagonal permeability tensor components shown in Fig. 1.5. On
the other hand, the proposed theoretical model presented in this thesis can control all the
components of the permeability tensor including controls of frequency dispersion. The
second significance is a proposal of a novel metamaterial for implementing the
theoretical model and establishing the design theory for composing a medium based on

transformation electromagnetics. The third significance is showing the validity of the



Conventional model Proposed model

g #= 0 [ #=(@)
0 u,

Fig. 1.5 Permeability tensor of the conventional model and the proposed model. By
the proposed model in this research, anisotropy of the off-diagonal components can

be controlled including the frequency dispersion.

theory by experimental demonstrations of cloaks of invisibility.

The field of the research of metamaterials and transformation electromagnetics
discussed in this thesis are interdisciplinary academic field based on the
electromagnetism, material science, computational science, science, nanotechnology,
and the like, and developing this new academic area would open up a new scientific

field of science.

1.6 Configuration of This Thesis

From the following chapters, results and outcomes in this research are presented. In
Chapter 2, mathematical treatment and potentials of transformation electromagnetics are
shown. Then, design formulas for a cylindrical cloak of invisibility are shown as an
example [27],[28]. In Chapter 3, a theoretical model for transformation
electromagnetics based on the transmission-line approach are proposed [69]—[73]. First,
motivations of applying the transmission-line approach to transformation
electromagnetics in this research are described. Secondly, the concept of

transmission-line approach is shown from the point of view of duality of Maxwell's

10



equations and telegrapher's equations. Thirdly, an abstract equivalent circuit model for
full-tensor anisotropic materials is presented with physical insights of their operation
[70]. Fourthly, in order to confirm the validity of the theory, a carpet cloak of invisibility
is designed with the circuit model. Finally, its operation is confirmed by circuit
simulations. In Chapter 4, for implementing media based on the proposed circuit model,
a novel metamaterial is proposed. First, distributed anisotropic metamaterials are
proposed [74]. Secondly, equivalence to the proposed circuit model is studied. Thirdly,
design formulas for structural parameters of metamaterial constituents are derived [74].
Fourthly, in order to confirm the validity of the theory, a carpet cloak of invisibility is
designed with the proposed distributed anisotropic metamaterials. Finally, its operations
and the validity of the theory are confirmed by circuit simulations. In Chapter 5, the
designed carpet cloak is implemented, and experimental demonstrations are carried out
[74]. The carpet cloak of invisibility designed in previous chapter is implemented with
microstrip-line technology on the dielectric substrate. Then, by near-field measurements,
its cloaking operations are demonstrated experimentally. In Chapter 6, in order to show
further potentials of the proposed distributed anisotropic metamaterials, an illusion
medium mimicking scattered waves of an arbitrary object is demonstrated numerically.
First, the concept of the illusion media is shown. Secondly, an illusion medium
mimicking a groove is designed with the proposed distributed anisotropic metamaterials.
In addition, its operations are confirmed by circuit simulations. In Chapter 7, the results

and outcomes as well as future prospects of this research are summarized.
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Chapter 2 Theory of Transformation

Electromagnetics

In this chapter, the theory and concept of transformation electromagnetics [27], [28],
[31] is overviewed. First, mathematical treatment of transformation electromagnetics is
shown [27], [28], [31]. Secondly, potentials of transformation electromagnetics are
described by comparing with the conventional techniques for controlling
electromagnetic waves. Finally, design formulas for a cylindrical cloak of invisibility

are shown as an example [27], [28].

2.1 Material Interpretation of the Coordinate

Transformation

Maxwell's equations can be invariant with arbitrary coordinate transformations. Let
us consider a coordinate transformation from the area of 0 < r < b in Cartesian
coordinate system shown in Fig. 2.1(a) to the area of @ < r' < b in another coordinate
OBV

system shown in Fig. 2.1(b). Then, if the constitutive tensor has the following

relations, Maxwell’s equations can be invariant [28]:
P -1 ' ' , '
CP =|det(A% | AL A NN C 2.1)

oa - . . .
where A is the Jacobian transformation matrix as:

AY — o

: 2.2
« = e (2.2)

This is referred to as the topological interpretation of the coordinate transformation [28].

12
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(a) (b)

Fig. 2.1  Conservation of Maxwell’s equations based on the topological
interpretation of the coordinate transformation [28]. (a) Original coordinate system.

(b) Transformed coordinate system.

On the other hand, according to J. B. Pendry et al., Maxwell's equations can also be
invariant [27], [28], [31] by interpreting the tensor conversions as operation to material
parameters. Here, let us consider the coordinate system with the blank area of 0 <r <a
as shown in Fig. 2.2. Then, if the area of a < r < b is filled by inhomogeneous
anisotropic materials with the permeability and permittivity based on the following

relations, Maxwell’s equations can also be invariant [27], [28], [31]:
i Y V2 iy
" =|detle” | g 2.3)
SN2
7 =|det(g” ]| e, 2.4)

where p and ¢ is the permeability and permittivity of the material filling the original

area in Fig. 2.1(a). Besides, g"/' is the metric given with A’ as:

13



Fig. 2.2 Conservation of Maxwell’s equations based on the material interpretation
of the coordinate transformation [27], [28], [31]. The area of a < r < b is filled by
inhomogeneous anisotropic materials with the permeability and permittivity obtained

from (2.3) and (2.4).

g7 =N, N SY (2.5)

This is referred to as material interpretation [27], [28], [31] and the concept of
controlling electromagnetic waves by designing media based on the material

interpretation is transformation electromagnetics.

2.2 Potentials of Transformation Electromagnetics

In order to control electromagnetic waves or lights, used reflection or refraction
phenomena with mirrors, lenses, and the like have been used. For example, by using a
prism, we can control rays of electromagnetic waves or lights as shown in Fig. 2.3(a). In
this case, we have to design a system by considering reflections by impedance

mismatching, incident angle dependencies, aberrations, and the like, simultaneously,

14



which tends to be complicated in a real electromagnetic or optical system.

On the other hand, for the case with the method using transformation
electromagnetics as shown in Fig. 2.3(b), the situation is totally different. Based on this
method, high controllability of electromagnetic waves or lights with enormously larger

degree of freedom can be expected compared with conventional methods.

(b)

Fig. 2.3 Methods for controlling electromagnetic waves or lights. (a) Controlling

lights by a prism. (b) Controlling lights by transformation electromagnetics.

15



2.3 [Example of Cylindrical Cloaks

Here, design formulas for a cylindrical cloak of invisibility are shown as an example

of transformation electromagnetics. As seen in Fig. 2.4, the cylindrical cloak can

eliminate scattered waves from a cylindrical object by bending incident waves and

mimic the free space. Therefore, the cylindrical object becomes invisible.

Now, let us consider the original area with radius b in the cylindrical coordinate

system (7, 6, z) shown in Fig. 2.5(a). We also consider transforming the area into the

area with inner radius a and outer radius b in the new cylindrical coordinate system (',

@, z") of Fig. 2.5(b) by using the following relations [27], [28]:

= r+a
0'=6
’
z'=z,

(2.6)

Q2.7)

2.8)

where 0 <7r<bh,0<0<2m,a<r' <bh,and 0 < & <27z From (2.3) and (2.4), we can

obtain theoretical formulas of material parameters for the cylindrical cloak shown in the

following [27], [28]:

16
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A cylindrical cloak of invisibility can be realized by composing inhomogeneous

anisotropic metamaterials according to (2.9)—(2.11) in the area of Fig. 2.5(b).

(b)

Fig. 2.4 The concept of a cylindrical cloak. (a) A cylindrical cloak of invisibility
mimicking the free space. (b) Scattering from a cylindrical object to be eliminated.

(c) Free space to be mimicked.

17



Fig. 2.5 Coordinate transformation for a cylindrical cloak. (a) Original coordinate

system (7, ). (b) Transformed coordinate system (7', ¢).

18



Chapter 3 Transmission-Line Approach for

Transformation Electromagnetics

In this chapter, the theoretical model for transformation electromagnetics is proposed
based on the transmission-line approach [64]—[68]. First, a motivation for applying the
transmission-line approach to transformation electromagnetics in this research is
described with a background of left-handed metamaterials researches. Secondly, the
concept of the transmission-line approach for designing metamaterials is shown. Thirdly,
the equivalent circuit model for full-tensor anisotropic metamaterials is proposed
[69]—-[73]. Fourthly, a carpet cloak of invisibility is designed with the circuit model.
Finally, in order to confirm operations and the validity of the design theory, circuit

simulations are carried out with a SPICE simulator.

3.1 Transmission-Line Approach and Transformation

Electromagnetics

Historically, the resonant type and the non-resonant type structures have been
proposed for realization of left-handed metamaterials. The first resonant type
left-handed metamaterial has been realized with metal wires and split-ring resonators
[6]. However, due to its resonant property, its operation bandwidth is extremely narrow
and the loss is very high. On the other hand, the transmission-line approach in which
materials are expressed by small sections of circuit models as shown in Fig. 3.1. For
example, let us consider the CRLH transmission-line model shown in Fig. 3.1(b)
[19], [20]. Here, by increasing the coupling among unit cells, wideband and low-loss

properties are realized simultaneously. In addition, the materials can be

19



(a) (b)

Fig. 3.1 An example of circuit expression of materials by the transmission line
approach. (a) Discretized material with the circuit sections. (b) CRLH

transmission-line model [19], [20].

straightforwardly designed based on the circuit theory. Motivation of this research is to
realize anisotropy, wideband properties, and low-loss properties, which are issues for

transformation electromagnetics, by the transmission-line approach.

3.2 Concept of the Transmission-Line Approach

Generally speaking, it is known that there is a duality between telegrapher’s
equations and Maxwell’s equations [64]-[68]. For example, voltage corresponds to
electric field, and current corresponds to magnetic field. From this duality, we can
express materials by using circuits.

Now, let us consider the 1-D circuit [68] with the series impedance Z/2 = (Z'Ax)/2 and
the shunt admittance ¥ = Y’ Ax shown in Fig. 3.2. Defining the node voltages (V, Vi)

and the currents (/, 1,+1) as shown in the figure, we can obtain the circuit equations

20



A
\4

Fig. 3.2 Equivalent circuit model for 1-D materials [68].

from the Kirchhoff’s voltage and current laws as:

I/'c+1 _Vx ! ]'c+1 +]x
MESL RS 4 et = B S (3.1)
Ax 2
Ivc+1 _Ivc
e R (3.2)
Ax

where V. is the voltage at the center node. On the other hand, let us also consider the

1-D Maxwell’s equations for z-polarized TE waves in the materials shown in the

following:
OF
— = =Jw i 33
= wH | (3.3)
oH
— = jwsekE_, (3.4)
Ox )

where 1 and ¢ are permeability and permittivity, respectively. Here, comparing (3.1) and
(3.2) with (3.3) and (3.4) under the condition of the infinitesimal limit Ax—0, we can
obtain the following relations among the circuit parameters and the material parameters

[68]:

21



Z'= jou 3.5)

Y'=joe . (3.6)

Therefore, materials can be expressed by using the circuit model. For example, 2-D
isotropic materials and anisotropic materials without the oftf-diagonal components can
be expressed by using the circuit models shown in Fig. 3.3(a) and Fig. 3.3(b),
respectively [65], [66], [68]. However, a circuit model of 2-D full-tensor anisotropic
materials is required to design media based on transformation electromagnetics. In the

next section, the circuit model for 2-D full-tensor anisotropic materials is proposed.

22



A
B>
QL
v

y S 1
i 2
g [Be O (10 1 L2 |
0 u, 0o L Ad? Yy Yy ?
e=¢.=C' i i
e
y i = |
T Y o 7, S 4

X

(a)

< Ax >
N e 1
| L
0 u, 0 L, Ayé Yy A Q
e=¢ =C i i
i L /2 i
| C % y |
i L i
Yo = |
N 1 o W 4

M

(b)

Fig. 3.3 Equivalent circuit models for 2-D materials. (a) For 2-D isotropic
materials [65], [66], [68]. (b) For 2-D anisotropic materials without the oft-diagonal
components [65], [66], [68]. Here, L, Ly, and L, are the self inductances of each

branch, and C is the capacitance to the ground. (') denotes per-unit-length quantities.
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3.3 [Equivalent Circuit Model for Full-Tensor Anisotropic

Materials

Fig. 3.4 shows the proposed equivalent circuit models for full-tensor anisotropic
materials [69]—[73]. For simplicity, a square unit cell Ax = Ay = Ad is assumed. Here, x
and y branches have the self-inductances L,/2 and L,/2, respectively, and those are
magnetically coupled with a mutual inductance M/2 (M > 0 is assumed). Figs. 3.4(a)
and (b) are isomer circuits with different coupling method of x- and y- branches. In
addition, C is a capacitance to the ground. In the following, it is shown that full-tensor
anisotropic materials can be expressed by the proposed circuit models.

First, we define the node voltages (Vy, Vi+1, Vy, and V1) and the currents (I, L1, 1,
and [,+1) as shown in Fig. 3.4. From the Kirchhoff’s voltage and current laws, we can

obtain circuit equations as:

< Ax > < Ax >
ATTTTTTTTTTTLT Qoo 1 Y Q@ --mmmmmmmmes 1
H Vy+l T1y+] : ! Vy+1 le+] !

i L /2 i i L /2 i
Vic) ] A
L2 | | L/2 |
A :ii /> V. Ii;l: A :& V. <\I“—Ji1:
y¢:Vx </ V 1? y ?Vx Vx+ l?

e L3 L) s

! M2 L M2 !
ST B2 | b2 c
rovi RS P Poovl = )

Y <

Fig. 3.4 Proposed equivalent circuit models for full-tensor anisotropic materials

[69]—[73]. (a) For the zu4y = 14 > 0 case. (b) For the z4, = 14 <0 case.
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|74 I, +1 I, +1
x+1 X :i]COM,( Yy 12 J’J_i_ja)L;(_ .X+12 xj (37)

V.=V I +1 I +1
y+l y :_ja)L!( y 12 yJ$]a)M!(_ .X+12 x) (3.8)

I 1_1 1y+1_]y .
- e = joC'V_, 39
( ) ( > J ¢ (3.9

!

where V. is the voltage at the center node and (') denotes per-unit-length quantities as L',
=LJAd, L', = L,/Ad, M' = M/Ad, and C' = C/Ad. In addition, the upper and lower signs
of the double signs correspond to the cases of Fig. 3.4(a) and (b), respectively. On the
other hand, Maxwell’s equations for z-polarized TE waves in a full-tensor anisotropic

material can be written as the following:

OE.

T~ jou, H, + jou, H, 3.10)
0E. |
g‘?]wume —jou,H, (3.11)
OH. oH
P (3.12)
X

where 4, f4y, 1y, and g, are permeability tensor components and & is permittivity in
the z-direction. Here, from the duality between circuit equations and Maxwell’s
equations, we can obtain the following relations among the circuit parameters and the
material parameters [70] by comparing (3.7)—(3.9) with (3.10)—(3.12) under the

condition of the infinitesimal limit Ad—0:
’ + ’
Ly , _1\’/[ _ Mo Hy (3.13)
*M L My My,
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C'=¢_, (3.14)

z

where the upper and lower signs of the double signs also correspond to the cases of Figs.
3.4(a) and (b), respectively. From these relations, it can be seen that the diagonal
permeability tensor components g4, and g, correspond to the self-inductances
per-unit-length L', and L',, respectively, and more importantly, the off-diagonal
permeability tensor components g4, and g, correspond to the mutual inductance
per-unit-length M'. In addition, permittivity & corresponds to the capacitance
per-unit-length C'. Incidentally, proposed circuit models can also be applied to TM
wave problems [70] by interchanging the permeability tensor and the permittivity

tensors as the following [70]:

L M L
o S (3.15)
+M L g, €
C'=pu., (3.16)

It is noted from (3.13) that when M takes to 0, the circuit models become the same as
the circuit of Fig. 3.3 (b) for anisotropic materials without the off-diagonal components.
In addition, from (3.13)and (3.14), it is also noted that the circuit models are
independent of the frequency and they correspond to the homogeneous medium with g4,
Hyys My, Ly, and & under the condition of the infinitesimal limit Ad—0 (or Az >> Ad).
Therefore, the circuit models have intrinsically wideband property from DC to certain
frequencies in which the discretization errors cannot be neglected.

From these results, it can be concluded that the proposed circuit models can
simultaneously realize anisotropy with the off-diaconal components, wideband property,

and low-loss property.
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3.4 Carpet Cloak Design

In order to confirm the validity of the circuit model, we design a 2-D carpet cloak of
invisibility [31]-[35], [38] with the proposed circuit model. The carpet cloak (see Fig.
3.5(a)) can mimic specular reflections by a flat floor (see Fig. 3.5(b)) and suppress
scatted waves by a bump (see Fig. 3.5(c)). Therefore, the bump under the carpet
becomes invisible.

First, we determine an appropriate coordinate transformation for the carpet cloak. Let
us consider the original area of —p < x < p and 0 <y </ in Cartesian coordinate system
(x, y) of Fig. 3.6(a) including a bump with height A4 to be hidden. Then, we also consider
transforming the area into the area of —p < x' <p and A{1 — (x/p)z}2 <y <h in the
non-conformal cylindrical coordinate system (x', )') of Fig. 3.6(b) by using the

following relations:

x'=x (3.17)

y'—y+A(1—Z){l—(1J } . (3.18)
h p

In the following design, we chose the parameters as p = h = 104d and 4 = 0.3/ = 3 Ad.
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(b)

Fig. 3.5 The concept of a carpet cloak of invisibility. (a) A carpet cloak mimicking
specular reflections by a flat floor. (b) Specular reflection by a flat floor to be

mimicked. (c) Scattering by a bump to be suppressed.
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Fig. 3.6 Coordinate transformation for the carpet cloak design. (a) Original

coordinate system (x, y). (b) Transformed coordinate system (x', y').

Secondly, we calculate the equivalent circuit parameters Ly, L,, M, and C of Figs.
3.4(a) and (b) for designing the carpet cloak with the coordinate transformation of Fig.
3.6. Substituting the calculated o, thy, thx t4y, and & from (2.3) and (2.4) for the

following relations according to (3.15) and (3.16), we can obtain the circuit parameters:

L, =p,Ad, (3.19)
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L, =u.Ad, (3.20)
M =%p1, Ad =+, Ad(M >0), (3.21)

C=¢.Ad. (3.22)

Figs. 3.7(a)—(c) show obtained values of L', L',, and M’ normalized by the permeability
of vacuum g, and Fig. 3.7(d) shows the value of C' normalized by the primitively of
vacuum &, respectively. Here, for the half area of x < 0, the unit cell of Fig 3.4(a) is
used due to 4, = 4> 0 according to (2.3), and for the half area of x > 0, the unit cell of
Fig 3.4(b) is used due to t4, = 14, < 0. From Figs. 3.7(a) and (b), it is seen that L',/z4 and
L',/ iy take minimum and maximum at the center of the area (x, y) = (0, »), respectively.
Besides, from Fig. 3.7(c), it is seen that M'/s4takes O value at the center, top, and both
sides of the area (0, y), (x, h), and (£p, y), respectively, and the off-diagonal
permeability tensor components 4, and 4, become non-zero at the other area. In
addition, from Fig. 3.7(d), it is seen that C'/g takes maximum at the center of the area.
The operations of the carpet cloak are confirmed by carrying out circuit simulations in

the next section.
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(a) (b)

(c) (d)

Fig. 3.7 Equivalent circuit parameters of the circuit models in Fig. 3.4 for the
carpet cloak design. The unit cell of Fig. 3.4(a) is used for the half area of x <0, and
Fig. 3.4(b) is used for the half area of x > 0. (a) Normalized self-inductance
per-unit-length L'y/1. (b) Normalized self-inductance per-unit-length L',/z. (c)
Normalized mutual inductance per-unit-length M'/1p. (d) Normalized capacitance

per-unit-length C'/&.

3.5 Circuit Simulations
In order to validate the carpet cloak design, circuit simulations are carried out with a
SPICE simulator.

First, we prepare a node list of 20 x 10 cells for the carpet cloak area shown in Fig.
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3.8(a). Here, for the left half area of Fig. 3.8(a), the unit cell of Fig 3.4(a) is used, and
for the right half area, the unit cell of Fig 3.4(b) is used. Besides, the equivalent circuit
parameters for each unit cell are given from the values in Fig 3.7(a)—(d). Then, we put
the carpet cloak at the bottom center of the isotropic area discretized with n,x n, = 300
x 150 cells as shown in Fig. 3.8(b). The unit cell of Fig. 3.3(a) is used for the isotropic
area. The circuit parameters are chosen to be L = gAd and C = gAd in order to assume
the vacuum.

Fifty in-phase voltage sources (n; = 50) with the internal impedance of the Bloch
impedance in the isotropic area are connected at the nodes in the center of the top row to
illuminate the bump with a normal incident beam (&, = 0 deg). The amplitudes of the
voltage sources are set to form the Gaussian beam with the beam waist of 104d. Nodes
on the bottom boundary of Fig. 3.8(b) are short-circuited including the bump area, and
the other nodes on the top row and the side columns are terminated by resistors with the

Bloch impedance in the isotropic area.
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Fig. 3.8 Configuration of circuit simulations. (a) Cloak area with 20 x 10 unit
cells (p = h = 104d). (b) Configuration for the normal incidence case (,, = 0 deg)

with n, x n, = 300 x 150 unit cells and fifty in-phase voltage sources (ns = 50).
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Figs. 3.9(a)—(c) show calculated complex voltage distributions for the cases with (a)
the carpet cloak, (b) a flat floor, and (c) a bump without the carpet cloak, respectively.
Here, the wavelength is chosen as A, = 124d. For the simulation of a flat floor, the cloak
region is replaced by section with 20 x 10 cells of Fig. 3.3(a) shown in Fig. 3.10. By
comparing Figs. 3.9(a) with (b), it is seen that distributions agree well each other and
the carpet cloak sufficiently mimics the flat floor. Besides, by comparing Figs. 3.9(a)
with (¢), it is clearly seen that scattered waves by the bump are considerably suppressed

by the carpet cloak.
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Fig. 3.9 Calculated complex voltage distributions (4, = 124d). Left and right
figures are amplitude and phase, respectively. (a) Carpet cloak. (b) Flat floor. (c)

Bump without the carpet cloak.
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Fig. 3.10 Section of 20 x 10 cells for the flat floor simulations. The unit cell of

Fig 3.3(a) is used.

Figs. 3.11(a)—(c) show similar results for the case with the shorter wave length A, =
6A4d. From these results, it is also seen that the carpet cloak suppresses scattered waves
from the bump and mimic the flat floor, though the level of scattered waves is slightly
increased (compare Fig. 3.11 (a) with Fig. 3.9 (a)). In contrast, it is expected for the
carpet cloak to work also at lower frequency down to DC since the homogeneous
medium approximation holds. Roughly speaking, the designed carpet cloak works if A4

> 6A4d.
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Fig. 3.11 Calculated complex voltage distributions (4, = 6Ad). Left and right

figures are amplitude and phase, respectively. (a) Carpet cloak. (b) Flat floor. (c)

Bump without the carpet cloak.
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In order to further confirm the operation of the carpet cloak, circuit simulations for
the oblique incidence cases are also carried out. Here, the incident angles are chosen as
Gne = 30, 45, and 60 deg. Fig. 3.12 shows the configuration of the circuit simulation for
the case with 8,. =45 deg, for example. In this case, the calculated area is n, x n, = 300
x 150 cells and a hundred in-phase voltage sources (ns = 100) with the Gaussian
amplitude distribution are connected at the nodes of the staircase boundary in the
top-right corner. For the case with &, = 30 and 60 deg, the calculated area is n, x n, =
172 x 120 cells and 240 x 86 cells, respectively, and the voltage sources are connected

similarly at the nodes of the staircase boundary corresponding to those incident angles.

Figs. 3.13-3.15 show the calculated complex voltage distributions for the cases with

Gne = 30, 45, and 60 deg, respectively. In these figures, the calculated results for the
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Fig. 3.12  An example of the configuration of circuit simulations for the oblique
Ginc = 45 deg incidence case. The calculated area is n, x n, = 300 x 150 unit cells
and a hundred in-phase voltage sources (s = 100) are connected at the nodes of the

staircase boundary in the top-right corner.
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cases with (a) the carpet cloak, (b) a flat floor, and (c) a bump without the carpet cloak
are included. Here, the wavelength is chosen as A, = 124d. From these figures, it is seen

that the carpet cloak works well even with the oblique incidence cases.

From these results, it can be concluded that the validity of the proposed circuit model
and operations of the carpet cloak with the circuit model are confirmed by the circuit

simulations.
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(a)

Fig. 3.13 Calculated complex voltage distributions for the case with &, = 30 deg
(Ag = 124d). Left and right figures are amplitude and phase, respectively. (a) Carpet
cloak. (b) Flat floor. (¢) Bump without the carpet cloak.
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Fig. 3.14 Calculated complex voltage distributions for the case with &, =45 deg

(c)

(Ag = 124d). Left and right figures are amplitude and phase, respectively. (a) Carpet
cloak. (b) Flat floor. (¢) Bump without the carpet cloak.
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Fig. 3.15 Calculated complex voltage distributions for the case with &,. = 60 deg

(Ag = 124d). Left and right figures are amplitude and phase, respectively. (a) Carpet
cloak. (b) Flat floor. (¢) Bump without the carpet cloak.
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Chapter 4 Distributed Full-Tensor Anisotropic

Metamaterials

In the previous chapter, the equivalent circuit model for full-tensor anisotropic
materials has been proposed. In this chapter, a novel material model for implementing
the proposed circuit model is proposed. First, as a new material model, the distributed
anisotropic metamaterials are proposed [74]. Secondly, equivalence of the metamaterial
to the circuit model is shown. Thirdly, design formulas for structural parameters of the
metamaterial are derived [74]. Fourthly, the carpet cloak of invisibility is designed with
the distributed anisotropic metamaterials. Finally, its operations and the validity of the

design theory are confirmed by circuit simulations.

4.1 Distributed Anisotropic Metamaterials

First, let us consider rigorous transformation of the equivalent circuit model in Fig.
3.4 into the circuit models shown in Fig. 4.1 [74] by using the T-circuit expression of
the ideal transformer. Then, let us also consider to replace the inductance elements with
the transmission-line sections as shown in Fig. 4.2 [74], leading to the proposed
distributed anisotropic metamaterials. Here, Z., Zj, and Zjy are characteristic
impedances and S/, B/, and pulm are electrical lengths of the transmission-line
sections. However, the distributed anisotropic metamaterials do not always fully
correspond to the circuit model in Fig. 3.4 just by replacing the inductance elements
with the transmission-line sections. The equivalence between the circuit model and the

proposed distributed anisotropic metamaterials is discussed in the next section.
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(a) (b)

Fig. 4.1 Transformed equivalent circuit models by using T-circuits [74]. (a) For the

My = > 0 case. (b) For the s, = 1, <0 case.

Fig. 4.2 Proposed distributed anisotropic metamaterials [74]. (a) For the z4, = t4

> 0 case. (b) For the g4, = 14, <0 case.
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4.2 Equivalence to the Circuit Model

In order to study the equivalence of the proposed distributed metamaterials and the
equivalent circuit models, Z-parameters are calculated. First, let us consider the
Z-parameters of Fig. 4.2(a). We define the node voltages (Vs, Vy+1, V5, and V1) and the
currents (I, Iy+1, 1), and 1,+1) as shown in Fig. 4.2(a), and also define the voltage vector
and the current vector as V' = [V, Vi1, V), Vyrr] and I = [L, =L1, 1, —L,+1]. Then, we

can obtain the Z-parameters

z=(z,), ij=1,23and4 4.1)

theoretically by Kirchhoff’s voltage and current lows. Not that all of the directions of
the currents in the vector I are defined as the directions flowing into the network. From

this analysis, we can find the following identities:

Zn = Zn
233 = Ly
Ly = 21y3 = L3 = Ly 4.2)
Zip = Zn
Ly = In3
Z\3= 2oy = 231 = Zy. (4.3)

The details for these matrix elements are summarized in Appendix. On the other hand,

obtaining the Z-parameters of the circuit model in Fig. 3.4(a) with the same manner as

z'=(z}). ij=1.2.3,and4, (4.4)

;
we can also find the following identities:
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L33 = Z'y
Ly =73 =72n= 74y 4.5)
Z'l2 = Z'ZI = Z'34 = Z'43 = Z']3 = Z’24 = Z’3| = Z’42. (46)

The details for these matrix elements are also summarized in Appendix. Here, it is noted
that (4.2) and (4.5) are consistently equivalent for any network parameters in Fig. 4.2(a),

whereas (4.3) and (4.6) are not. However, if the condition:

P = By (= D) 4.7)

is given, all of the parameters in (4.3) become identical, i.e., Zj» = Z>) = Z34 = Zsg3 = Z13
= Zhy = Z31 = Zsy, and (4.3) and (4.6) also become equivalent. In this case, Z = Z' holds
and the equivalence of the proposed distributed anisotropic metamaterials of Fig. 4.2(a)
to the circuit model of Fig. 3.4(a) is guaranteed [74]. Therefore, the proposed distributed
metamaterials can be definitely expressed by the circuit model under the condition of
(4.7). Incidentally, the equivalence of isomer distributed anisotropic metamaterials of
Fig. 4.2(b) to the circuit model of Fig. 3.4(b) can also be shown with the same manner,

and its equivalence is guaranteed under the same condition as (4.7).

4.3 Design Formula for Structural Parameters

In the previous section, it has been shown that the equivalence of the proposed
distributed anisotropic metamaterials to the circuit model is guaranteed under the
condition of (4.7). Therefore, we can safety obtain the design formulas for determining
the transmission-line parameters of the distributed anisotropic metamaterials from the
circuit parameters of the circuit model. In the following, the material design formulas

are derived.

46



Let us consider equating (4.2) to (4.5) and (4.3) to (4.6) under the condition of (4.7)
for the case with Fig. 3.4(a) and Fig. 4.2(a). The relations between the circuit

parameters Ly, L,, M, and C and the transmission-line parameters Z,, Zy,, Zom, fl, and

Pvilv can be obtained as [74]:

L —M= 2Z—O"tan(ﬁ) 4.8)
o 2

L,—M= 220y tan(ﬂ) (4.9)
: w 2

M= 2[Z§M (¥, +7,, )tan(%)
+Zoy {COSCC(IBMIM )_COt(ﬁMZM )}:|
{a){cos2 (ﬁ)
2
+Zom (Y()x +Y,, )Sin(ﬂl)COt(ﬂMlM )

~72, (Y, +7,, ) sin’ (%)H (4.10)

C= 1 {(YOx +Y,, )sin(ﬂl)cos(ﬁMlM )

@

+Y,, cos’ (%) sin(ﬁMlM )

~Zons (YOX +Y,, )2 sinz(%)sin(ﬁMlM )} 4.11)

By solving (4.8)—(4.11) simultaneously, we can determine Zo., Zo,, Zom, fl, and Sulm
from given L, L,, M, and C with one degree of freedom, i.e., one of the
transmission-line parameters can be chosen arbitrary. On the other hand, for the case
with Fig. 3.4(b) and Fig. 4.2(b), the same formulas as (4.8)—(4.11) are obtained with the

same manner. Therefore, these design formulas can be applied to both cases of z4), = £4x
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>0 and g4y = g, < 0. For example, if gy, = 1. > 0, Fig. 4.2(a) with M = p,,Ad = p4,,Ad
(> 0) should be used, and if g4, = g < 0, Fig. 4.2(b) with M = pu,Ad = p,Ad (> 0)
should be used.

Incidentally, if the frequency approaches to zero in (4.8), by approximating tan x ~ x,

design formulas can be expressed as [74]:

L —M-=

X

27, tan( ﬂl) R 2Z,, Pl _ p Bl

N 02
) o 2 )

= éox V LOx COx

0x

-1, (4.12)

where L, and Cy, are the equivalent inductance and capacitance values of the
corresponding transmission-line section with the characteristic impedance Zy, in Fig. 4.2.
Therefore, L, approaches to the frequency independent value. Similarly, by
approximating sin x = tan x ~ x and cos x ~ 1, it can also be shown that L,, M, and C

approach to frequency independent value as:

L,-M—L,, (4.13)
C,, +C,,
M —> Ly, —>——% (4.14)
C
C—>Cy +Cy, +Cpy (4.15)

where (Lgy, Co,) and (Lom, Com) are the equivalent inductance and capacitance values of
the corresponding transmission-line sections with the characteristic impedance Z, and
Zom in Fig. 4.2, respectively. From these results, it can be seen that the proposed
distributed anisotropic metamaterials essentially operate as the lumped element circuits

in Fig. 3.4 at lower frequencies down to DC. Therefore, the bandwidth is limited only
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by the upper frequency of operation.

4.4 Carpet Cloak Design

In order to confirm the validity of the proposed anisotropic metamaterials, a carpet
cloak of invisibility is designed by using the distributed anisotropic metamaterials. The
equivalent circuit parameters Ly, L,, M, and C in Fig. 3.4 for the carpet cloak calculated
in Section 3.4 are used. In this section, the transmission-line parameters in Fig. 4.2 for
the carpet cloak are calculated by using the calculated circuit parameters.

By solving (4.8)—(4.11) simultaneously with the parameter Zopyw/n = 1.5 (n =
n=./u/e is the wave impedance in the original area), which is chosen as a degree of

freedom, we determine Z,, Zy,, fAl, and Sulv from calculated L., L,, M, and C in Fig. 3.7.
Figs. 4.3(a) and (b) show the obtained characteristic impedances Z, and Zy, normalized

by 7, and Figs. 4.3(c)and (d) show the obtained electrical lengths A/ and Sulm
normalized by kAd (k = w+/gu is the wavenumber in the original area). Here, for the

half area of x < 0, the distributed anisotropic metamaterial of Fig. 4.2(a) is used as the
unit cell since g4, = 44, > 0 according to (2.3). On the other hand, for the half area of x
>0, Fig. 4.2(b) is used as the unit cell since z4, = 14 < 0. From Figs. 4.3(a) and (b), it is
seen that Zy,/n and Zy,/ntake minimum and maximum at the center of the area (x, y) =
(0, y), respectively. These tendencies are the same as L'y/u and L',/1 1n Fig. 3.7(a) and
(b) since (4.8) and (4.9) hold, respectively. Besides, from Fig. 4.3(c), it is seen that
PllkAd takes maximum at the center of the area (0, y). In addition, from Fig. 4.3(d), it is
seen that Sulv/kAdtakes 0 value at the center, top, and both sides of the area (0, y), (x,
h), and (1p, p), respectively. These tendencies are the same as M'/1in Fig. 3.7(c) since

(4.10) holds, and the off-diagonal components of the permeability tensor can be
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determined with this value including Zy/7. Incidentally, the permittivity &. is implicitly

determined by all of the values in Fig. 4.3 since (4.11) holds.

h h

1.5

(a) (b)

(©) (d)

Fig. 4.3 Transmission-line parameters of the distributed anisotropic metamaterials in
Fig. 4.2 for the carpet cloak design. The unit cell of Fig. 4.2(a) is used for the half area
of x <0, and Fig. 4.2(b) is used for the half area of x > 0. (a) Normalized characteristic
impedance Zo/7. (b) Normalized characteristic impedance Zy,/7. (¢) Normalized
electrical length pSl/kAd. (d) Normalized electrical length Swvlw/kAd. Here, we chose

Zom/n = 1.5 as a degree of freedom.
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4.5 Circuit Simulations

In order to validate the carpet cloak design, circuit simulations are carried out with a
SPICE simulator.

First, we prepare the same node list of 20 x 10 cells as in Fig. 3.8(a). Here, for the left
half area of Fig. 3.8(a), the unit cell of Fig. 4.2(a) is used, and for the right half area, the
unit cell of Fig. 4.2(b) is wused. The transmission-line is dealt as an ideal
transmission-line, and the transmission-line parameters for each unit cell are given from
the values in Figs. 4.3(a)—(d). Then, we put the carpet cloak at the bottom center of the
isotropic area in Fig. 3.8(b). In the isotropic area, the unit cell of Fig. 4.4 is used. The
characteristic impedance and the electrical length for both the x- and y- branches in Fig.
4.4 are Zy, = Zoy =2 nand pl (= Bdy = Bly) = kAd/ 2 respectively, taking into
account the effect of 2-D transmission-line networks [65], [66], [68]. In the following
design, the refractive index and the wave impedance of isotropic area are chosen to be n
= klky = 2.14 (ko is the wavenumber in vacuum) and 7 = 63.6 Q, respectively
considering a convenience of realization.

According to the circuit simulation in Section 3.5, fifty in-phase voltage sources (ns =
50) with the internal impedance of 62Q, which is reasonably close to the wave
impedance 77 = 63.6 Q are connected at the top row to illuminate the bump with a
normal incident beam (&, = 0 deg). The amplitudes of the voltage sources are set to
form the Gaussian beam with the beam waist of 104d. Nodes on the bottom boundary
including the bump area are short-circuited. On the other hand, the other nodes on the
top row and the side columns are terminated by 62Q resistors according to the
determined wave impedance in the isotropic area.

The complex voltage distributions of the center nodes in all unit cells are calculated.
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Fig. 4.4 Unit cell for the isotropic area.

For comparison, two simulations for a flat floor and a bump without the carpet cloak are
also carried out. Here, although the settings of the circuit simulations are the same as in
Section 3.5, the unit cell of Fig. 4.4 is used in place of the unit cell of Fig, 3.3(a).

Figs. 4.5(a)—(c) show calculated complex voltage distributions for the cases with (a)
the carpet cloak, (b) a flat floor, and (c) a bump without the carpet cloak, respectively.
Here, the wavelength is chosen as A, = 124d. By comparing Figs. 4.5(a) with (b), it is
seen that the carpet cloak sufficiently mimics reflections from the flat floor. Besides, by
comparing Figs. 4.5(a) with (c), it is clearly seen that scattered waves by the bump are
considerably suppressed by the carpet cloak. In addition, it is also noted that these
results are almost the same as those in Fig. 3.10(a)-(c).

Figs. 4.6(a)—(c) show similar results for the case with the shorter wave length A, =
6Ad. From these results, it is seen that similar results of Fig. 3.11(a)-(c) are obtained,
and the carpet cloak suppresses scattered waves from the bump and mimic the flat floor,
though the level of scattered waves is slightly increased (compare Fig. 4.6 (a) with Fig.
4.5 (a)). Incidentally, from the discussions in the previous section, it is expected for the

carpet cloak to work also at lower frequencies down to DC according to (4.12)-(4.15).
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Fig. 4.5 Calculated complex voltage distributions (4, = 124d). Left and right
figures are amplitude and phase, respectively. (a) Carpet cloak. (b) Flat floor. (c)

Bump without the carpet cloak.
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Fig. 4.6 Calculated complex voltage distributions (4, = 6A4d). Left and right figures
are amplitude and phase, respectively. (a) Carpet cloak. (b) Flat floor. (c) Bump
without the carpet cloak.
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In order to further confirm the operation of the carpet cloak, circuit simulations for
the oblique incident cases (&, = 30, 45, and 60 deg) are also carried out. All
configurations of these circuit simulations are almost the same as those in Section 3.5,
except for the fact in which the unit cell of Fig. 4.2 and Fig.4.3 are used in the
anisotropic and isotropic area, respectively. In addition, 62Q resistors are connected at
the nodes excluding the bottom boundary in place of the used them in Section 3.5

according to the determined wave impedance in the isotropic area.

Figs. 4.7-4.9 show the calculated complex voltage distributions for the cases with
Gne = 30, 45, and 60 deg, respectively. In these figures, the calculated results for the
cases with (a) the carpet cloak, (b) a flat floor, and (c) a bump without the carpet cloak
are also shown. Here, the wavelength is chosen as A, = 124d. From these figures, it is
seen that the carpet cloak with the distributed anisotropic metamaterials works well

even with the oblique incident cases.

From these results, it can be concluded that the validity of the proposed distributed
anisotropic metamaterials and operations of the carpet cloak with the distributed

anisotropic metamaterials are confirmed by circuit simulations.
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Fig. 4.7 Calculated complex voltage distributions for the case with &,, = 30 deg
(Ag = 124d). Left and right figures are amplitude and phase, respectively. (a) Carpet
cloak. (b) Flat floor. (¢) Bump without the carpet cloak.
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Fig. 4.8 Calculated complex voltage distributions for the case with &,, = 45 deg
(Ag = 124d). Left and right figures are amplitude and phase, respectively. (a) Carpet
cloak. (b) Flat floor. (¢) Bump without the carpet cloak.
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Fig. 4.9 Calculated complex voltage distributions for the case with &, = 60 deg (4,
= 12A4d). Left and right figures are amplitude and phase, respectively. (a) Carpet
cloak. (b) Flat floor. (¢) Bump without the carpet cloak.
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Chapter 5 Carpet Cloak Implementation and

Demonstrations

In this chapter, in order to confirm the validity of the design theory with the
distributed anisotropic metamaterials, the carpet cloak designed in the previous chapter
is implemented, and its operations are demonstrated [74]. First, the designed carpet
cloak is implemented on a dielectric substrate with microstrip-line technology
considering easy design and fabrication. Secondly, electric near-field measurements are

carried out and operations of the implemented carpet cloak are verified experimentally.

5.1 Carpet Cloak Implementation with Microstrip-Line

Technology

Let us consider implementing the anisotropic unit cell of Fig. 4.2. Fig. 5.1 shows the
schematic of the unit cell of anisotropic metamaterials implemented on a dielectric
substrate with microstrip-line technology [74]. Figs. 5.1(a) and (b) are for s, = 145> 0
and for s, = . < 0, respectively. They consist of five transmission-line sections of
three different kinds of parameters (width, length) = (W,, L), (W), ), and (Ww, Im). The
transmission-line section of (W, [v) affects the off-diagonal components of
permeability tensor since this directly corresponds to the transmission-line section of
(Zom, Pulm) in Fig. 4.2. The length of each line section is controlled by the curvature R
of the right angle sector. The total lengths /,, /,, and /\;are defined along the center. The

substrate is backed by a metallic ground plane.
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(a) (b)

Fig. 5.1 Schematics of the unit cells of the anisotropic metamaterials implemented
on a dielectric substrate with microstrip-line technology [74]. (a) For the z4y, = 141 >
0 case. (b) For the g, = 1 < 0 case. The substrate is backed by a metallic ground

plane.

Then, we determine the parameters of W, W,, Wy, [, [ in Fig. 5.1 for implementing
the carpet cloak designed in the previous chapter. Here, we choose an ARLON
DiClad880 with permittivity & = 2.17, thickness # = 0.254 mm, and dielectric loss tan &
= 0.00085 as a dielectric substrate. In addition, the width and the height of the carpet
cloak area in Fig. 3.6(b) and the height of the bump under the carpet cloak are chosen to
be 2p = 100 mm, # = 50 mm, and 4 = 0.34 = 15 mm, respectively, and the carpet cloak
is discretized with Ad = 5 mm. The total number of unit cells in the carpet cloak area is
20 x 10 cells which is the same as those in Fig. 3.8(a). We choose the effective

impedance 77 = 63.6 QQ, the phase velocity v,= co/n (cois the speed of light and n = 2.14)
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of the medium in the isotropic area outside of the carpet cloak area corresponding to the
original coordinate system to be mimicked. In addition, those values are determined by
considering fabrication constraints in which the minimum line width is 0.1 mm and all
of the lines have to be accommodated in the unit cell. Under these conditions, we
calculated the parameters of Wy, W,, W, L, l,, and Iy from the calculated characteristic
impedances and electrical lengths in Fig. 4.3 by assuming fB/k = B/k = puwk = 0.615.
Figs. 5.2(a)—(d) show the calculated W,, W,, I, I,, and /. Here, for the half area of x <0,
the unit cells of Fig. 5.1(a) is used since 4y, = £4. > 0, and for the half area of x > 0, the
unit cells of Fig. 5.1(b) is used since g4, = t4 < 0. Besides, the parameter W)y is chosen

to be 0.231 mm from Zg = 1.57 chosen as a degree of freedom.
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Fig. 5.2 Line widths and lengths of the implemented anisotropic unit cells in Fig.
5.1 for the carpet cloak design. The unit cells of Figs. 5.1(a) and (b) with Ad = 5
mm are used for the half area of x < 0 and x > 0, respectively. The width and the
height in the carpet cloak area and the height of the bump under the carpet cloak are
chosen to be 2p = 100 mm, 4 = 50 mm, and 4 = 0.34 = 15 mm, respectively. (a)
Line width W,. (b) Line width W,. (c¢) Line length /. = [,. (d) Line length /. W is

chosen to be 0.231 mm.
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From given the determined parameters in Fig. 5.2, we implemented the carpet cloak
on a dielectric substrate. Fig. 5.3 shows the implemented carpet cloak. As seen in the
figure, the carpet cloak is symmetrical with the center of x = 0, and the branches of the
unit cells at the interface on x = 0 are connected smoothly maintaining the electrical
length. Besides, Fig. 5.4 shows the schematic of the carpet cloak for fabrication. As seen
in this figure, the implemented carpet cloak in Fig. 5.3 is placed into the bottom center
of the isotropic area discretized with 56 x 40 cells (280 x 200 mm? due to Ad = 5 mm)
shown in Fig. 5.5. Although, Fig. 5.5(a) and (b) are electrically identically, they are used
in the left- and right-half of the isotropic area, respectively, for matching the geometry.

The unit cell parameters for the isotropic area are chosen to be W, = W, = 0.264 mm and

y (m)

Fig. 5.3 Implemented carpet cloak with 20 x 10 unit cells 2p x A = 100 x 50
mm?). The unit cells of Figs. 5.1(a) and (b) with Ad = 5 mm are used for the half
area of x <0 and x > 0, respectively. All line widths and lengths are determined from
Figs. 5.2(a)—(d). The branches of the unit cells at the interface on x = 0 are

connected smoothly maintaining the electrical length.
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I(= I, = [,) = 5.75 mm according to the determined refractive index n = 2.14 and the
wave impedance 7 = 63.6 Q.

For comparison, two cases for a flat floor (see Fig. 5.6(a)) and a bump without the
carpet cloak (see Fig. 5.6(b)) are also implemented on a dielectric substrate. Here, Fig.

5.6(a) and (b) are used in place of the carpet cloak on the bottom center in Fig. 5.4.

y (m)

—2.8p - 0 p 2.8p
x (m)

Fig. 5.4 Schematic for the prototype with 56 x 40 cells (5.6p x 4p = 280 x 200
mm?). The implemented carpet cloak in Fig. 5.3 is placed at the bottom center of

the area.
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(a) (b)

Fig. 5.5 Schematics of the unit cells of the isotropic area outside of the carpet
cloak area. (a) For the left-half area of Fig. 5.4. (b) For the right-half area of Fig.

5.4. The substrate is backed by a metallic ground plane.
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y (m)

y (m)

(b)

Fig. 5.6 Implemented a flat floor and a bump without the carpet cloak with 20 x
10 unit cells (2p x A = 100 x 50 mm?). The isotropic unit cells of Figs. 5.5(a) and
(b) with Ad = 5 mm are used for the half area of x <0 and x > 0, respectively. The
line widths and lengths are chosen to be W, = W, = 0.264 mm and I(= [, = [,) = 5.75
mm, respectively. The branches of the unit cells at the interface on x = 0 are
connected smoothly maintaining the electrical length. (a) Flat floor. (b) Bump

without the carpet cloak. These are placed into the carpet cloak area in Fig. 5.4.
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5.2 Prototypes for Experiments

Fig. 5.7(a) shows the fabricated prototype for the carpet cloak corresponding to Fig.
5.4. In addition, Fig. 5.7(b) and (c) also show fabricated another two prototypes for a
flat floor and a bump without the carpet cloak, respectively for comparison. All
prototypes are fabricated with lithography. All the metallic parts are made of cupper
plated by gold. The nodes on the bottom boundary including the bump area are
short-circuited by through-hole vias with the diameter of ¢ = 0.3 mm. The other nodes
are terminated by 62 Q chip resistors with through metallic lands with 0.8 x 0.5 mm”.

The resistance value of 62 Q is reasonably close to the wave impedance 7 = 63.6 Q.

Fig. 5.7 Prototype of the carpet cloak.
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Fig. 5.8 Prototype of a flat floor.

Fig. 5.9 Prototype of a bump without the carpet cloak.
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5.3 Near-Field Measurement System

In order to confirm operations of the fabricated carpet cloak, electric near-field
measurements are carried out.

Fig. 5.10 shows the electric near-field measurement system used in the experiments.
For avoiding warp and keeping flatness of the prototype, an adhesive sheet is put on an
aluminum plate, and the prototype is fixed on the adhesive sheet. A coaxial cable is
soldered at the center node on the top row, and electromagnetic waves are excited from
the point. Then, distributions of the z-component of the electric near-field
approximately 0.5 mm above the prototype surface are measured by using a coaxial
probe with a computer controlled xyz-stage. The total measurement area is 275 x 190

mm?, and the complex electric field data are acquired in every 1.25 mm both in the x-

Fig. 5.10 Electric near-field measurement system.
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and y-directions. The total number of the measurement points is 221 x 153. Here, in
order to suppress the direct coupling between the coaxial cable for the excitation and the
electric probe, the differential measurement technique is used, in which measured
complex field distributions on two slightly different planes are differentiated. In this

measurement, we choose the distance between the two planes as 1.5 mm.

5.4 Demonstration of a Carpet Cloak

Fig. 5.11 shows the measured complex electric near-field distributions for the cases
with (a) the carpet cloak, (b) a flat floor, and (c) a bump without the carpet cloak. Here,
the frequency is chosen as 2.20 GHz (4, = 12.74d). By comparing Fig. 5.11(a) with (b),
it is seen that the wave front of the reflected wave by the carpet cloak is flattened
outside the carpet cloak area and the total field distribution reflects well the scattered
field by the flat floor. On the other hand, from Fig. 5.11(c), it is seen that the incident
wave is scattered by the bump to the left and right and its wave front is bent according
to the bump shape.

For comparison, circuit simulations for the same configurations as the experiments
are carried out with the distributed anisotropic metamaterials in Fig. 4.2 base on the
same manner in Section 4.5. Figs. 5.12(a)-(c) show calculated complex voltage
distributions for the cases with (a) the carpet cloak, (b) a flat floor, and (¢) a bump
without the carpet cloak, respectively. By comparing calculated results in Fig. 5.12 with
measured results in Fig. 5.11, it is seen that measured results reflect well calculated
results by circuit simulations.

Fig. 5.13 shows the measured complex electric near-field distributions at a higher

frequency 4.55GHz (A = 6.24d) for the cases with (a) the carpet cloak, (b) a flat floor,
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and (c) a bump without the carpet cloak. By comparing Fig. 5.13(c) with Fig. 5.11(¢c), it
is seen that although the level of scattered waves by the bump is increased, the carpet
cloak can sufficiently suppress those scattered waves by the bump and mimic the flat
floor (compare Fig. 5.13(a) with Fig. 5.13(b)).

Similarly, for comparison, circuit simulations for the same configurations as the
experiments are also carried out. Figs. 5.14(a)—(c) show calculated complex voltage
distributions for the cases with (a) the carpet cloak, (b) a flat floor, and (¢) a bump
without the carpet cloak, respectively. By comparing calculated results in Fig. 5.14 with
measured results in Fig. 5.13, it is also seen that measured results can reflect well

calculated results by circuit simulations.
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(c)
Fig. 5.11 Measured complex electric near-field distributions (4, = 12.74d at

2.20GHz). Left and right figures are amplitude and phase, respectively. (a) Carpet
cloak. (b) Flat floor. (¢) Bump without the carpet cloak.
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(c)

Fig. 5.12 Calculated complex voltage distributions (1 = 12.74d at 2.20GHz).
Left and right figures are amplitude and phase, respectively. (a) Carpet cloak. (b)
Flat floor. (¢) Bump without the carpet cloak.
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(b)

(c)

Fig. 5.13 Measured complex electric near-field distributions (i, = 6.24d at
4.55GHz). Left and right figures are amplitude and phase, respectively. (a) Carpet
cloak. (b) Flat floor. (¢) Bump without the carpet cloak.
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(b)

(c)

Fig. 5.14 Calculated complex voltage distributions (4, = 6.24d at 4.55GHz). Left
and right figures are amplitude and phase, respectively. (a) Carpet cloak. (b) Flat
floor. (¢) Bump without the carpet cloak.
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In order to further confirm the operation of the carpet cloak, similar electric near-field
measurements for the oblique incident case are also carried out. The measurement
system is exactly the same as Fig. 5.10, and a coaxial cable is soldered at the top node

on the left side column of the prototype as shown in Fig. 5.15.

Fig. 5.15 Electric near-field measurement system for the oblique incident case.

Figs. 5.16(a)-(c) show measured complex electric near-field distributions for the
cases with (a) the carpet cloak, (b) a flat floor, and (c) a bump without the carpet cloak,
respectively. Here, the frequency is chosen as 4.65 GHz (4, = 6.04d). By comparing Fig.
5.16(a) with Fig. 5.16(b), it is seen that the total distribution of the carpet cloak reflects
well the scattered field by the flat floor. Especially, from the phase distributions, it is
also seen that the wave front of the reflected waves by the flat floor are recovered well
by the carpet cloak. On the other hand, in Fig. 5.16(c), it is clearly seen that incident
wave is strongly scattered by the bump in the almost normal direction. By comparing

Fig. 5.16(a) with Fig. 5.16(c), the scattered waves by the bump can be suppressed well
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by the carpet cloak.

Similarly, for comparison, circuit simulations for the same configurations as the
experiments are also carried out. Figs. 5.17(a)—(c) show calculated complex voltage
distributions for the cases with (a) the carpet cloak, (b) a flat floor, and (¢) a bump
without the carpet cloak, respectively. By comparing calculated results in Fig. 5.17 with
measured results in Fig. 5.16, it is seen that measured results reflect well the calculated
results by circuit simulations. Therefore, the validity of the measured results for the
oblique incident case is confirmed.

From these results, it can be concluded that the validity of the design theory with the
proposed distributed anisotropic metamaterials is confirmed and operations of the

implemented carpet cloak are successfully demonstrated.
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(c)

Fig. 5.16 Measured complex electric near-field distributions for the oblique
incident case (A; = 6.04d at 4.65GHz). Left and right figures are amplitude and
phase, respectively. (a) Carpet cloak. (b) Flat floor. (¢) Bump without the carpet

cloak.
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Fig. 5.17 Calculated complex voltage distributions for the oblique incident case
(A4g = 6.04d at 4.65GHz). Left and right figures are amplitude and phase,
respectively. (a) Carpet cloak. (b) Flat floor. (c) Bump without the carpet cloak.
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Chapter 6 Applications to Illusion Media

In this chapter, in order to show further potentials of the proposed distributed
anisotropic metamaterials, an illusion medium [56]—[63] mimicking scattered waves by
a groove is designed with the distributed anisotropic metamaterials. First, the concept of
illusion media is presented. Secondly, the illusion medium mimicking a groove is
designed with the proposed distributed anisotropic metamaterials. Finally, its operations

are confirmed by circuit simulations.

6.1 Concept of Illusion Media

[Mlusion media are media to mimic scatted waves by arbitral objects [56]—[63]. The
illusion media can also be realized by using the medium which is designed based on
material interpretation of the coordinate transformation. Here, the concept of illusion
media is introduced in detail with an example.

Let us consider the Cartesian coordinate system (x, ) with a groove on the bottom as
shown in Fig. 6.1(a) and transform the coordinate system into the square non-conformal

coordinate system (x', »') as shown in Fig. 6.1(b) by using the following relations:

x'=x (6.1)

h, (6.2)
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Fig. 6.1 Coordinate transformation for the illusion medium design. (a) Original
coordinate system including a groove on the bottom (x, ). (b) Transformed square

non-conformal coordinate system (x', ).

where —p < x <p, A{1 — (x/p)*}* <y <h, —p <x' <p, and 0 < )’ <h. By designing the
medium corresponding to the transformed coordinate system of Fig. 6.1(b) based on
material interpretation, we can mimic a groove in the original coordinate system of Fig.
6.1(a). For example, if the medium is put on a flat floor as shown in Fig. 6.2(a), the
medium has exactly the same scattered waves as those by the groove as shown in Fig.
6.2(b). We chose the parameters as p = h = 104d and 4 = 0.3h = 3A4d in the following
design.
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Fig. 6.2 The concept of an illusion medium. (a) An illusion medium mimicking

scattered waves from a groove. (b) Scattering by a groove to be mimicked.

6.2 Illusion Medium Design with Distributed Anisotropic

Metamaterials

As the first step of the illusion medium design with the distributed anisotropic
metamaterials, we calculate equivalent circuit parameters Ly, L,, M, and C in Fig. 3.4
according to (3.19)—(3.22). Figs. 6.3(a)—(d) show obtained L'/, L'y/ 19, M'/ 1, and
(' &, respectively. Here, for the half areas of x < 0 and x > 0, the unit cells of Figs
3.4(a) and (b) are used due to f4), = 4> 0 and g, = g, < 0 according to (2.3),

respectively. From Figs. 6.3(a) and (b), it is seen that L'/ and L')/u take minimum
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and maximum at the center of the area (x, y) = (0, y), respectively. Besides, from Fig.
6.3(c), it is seen that M’/ takes O value at the center, top, and both sides of the area (0,
»), (x, h), and (£p, y), respectively, and the off-diagonal permeability tensor components
My and £4, become non-zero at the other area. It is seen from Fig. 6.3(d) that C'/g, takes

maximum at the center of the area.

(b)

(©) (d)

Fig. 6.3 Equivalent circuit parameters in Fig. 3.4 for the illusion medium design.
The unit cells of Figs. 3.4(a) and (b) are used for the half area of x <0 and x > 0,
respectively. (a) Normalized self-inductance per-unit-length L'./z4. (b) Normalized
self-inductance per-unit-length L',/gy. (c) Normalized mutual inductance

per-unit-length M'/14. (d) Normalized capacitance per-unit-length C'/&.
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Then, we determine transmission-line parameters Zy., Zo,, fl, and Sulm in Fig. 4.2
from calculated L., L,, M, and C in Fig. 6.3 by solving (4.8)—(4.11) simultaneously with
the parameter Zg/n = 1.5 which is chosen as a degree of freedom. Figs. 6.4(a)—(d)
show obtained Zo./n, Zo/n, PlikAd, and Pulw/kAd, respectively. Here, for the half area
of x <0 and x > 0, the unit cells of Figs 4.2(a) and (b) are used since g4, = £4,> 0 and
My = < 0 according to (2.3), respectively. From Figs. 6.4(a) and (b), it is seen that
Zo/n and Zy,/n take minimum and maximum at the center of the area (x, y) = (0, y),
respectively. Besides, from Fig. 6.4(c), it is seen that fl/kAd takes maximum at the
center of the area (0, y). In addition, from Fig. 6.4(d), it is seen that Sulm/kAd takes O

value at the center, top, and both sides of the area (0, y), (x, /), and (£p, y), respectively.
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(a) (b)

() (d)

Fig. 6.4 Transmission-line parameters of the distributed anisotropic metamaterials
in Fig. 4.2 for the illusion medium design. The unit cells of Figs. 4.2(a) and (b) are
used for the half area of x < 0 and x > 0, respectively. (a) Normalized characteristic
impedance Z,/7. (b) Normalized characteristic impedance Z,/7. (c¢) Normalized
electrical length Sl/kAd. (d) Normalized electrical length Sulm/kAd. Here, Zow/n =

1.5 is chosen as a degree of freedom.
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6.3 Circuit Simulations

In order to validate the illusion medium design, circuit simulations are carried out
with a SPICE simulator.

For the illusion medium simulations, we first prepare the same node list of 20 x 10
cells shown in Fig. 3.9. For the left half area of Fig. 3.9, the unit cell of Fig. 4.2(a) is
used, and for the right half area, the unit cell of Fig. 4.2(b) is used. The
transmission-line is dealt as an ideal transmission-line. The transmission-line parameters
for each unit cell are given from the values in Figs. 6.4(a)—(d). In addition, we put the
illusion medium at the bottom center of the isotropic area in Fig. 3.8(b) with the unit
cell of Fig. 4.4. The refractive index and the wave impedance of isotropic area are
chosen to be n = k/ky = 2.14 and 1 = 63.6, which are the same values as those in carpet
cloak simulations of Section 4.5. On the other hand, for the case with the groove
simulations, a node list with the unit cell of Fig. 4.4 is placed by those of Fig. 6.5 with

the isotropic unit cell in Fig. 3.8(b).

e e
| HHHHHHI
O T

h+A

Fig. 6.5 Node list for the groove simulations. Here, the unit cell of Fig. 4.4 is used.
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As in the circuit simulation in Section 4.5, fifty in-phase voltage sources (ns = 50)
with the internal impedance of 62Q are connected at the top row. The amplitudes of the
voltage sources are set to form the Gaussian beam with the beam waist of 104d.
Similarly, nodes on the bottom boundary including the groove area are short-circuited,
and the other nodes are terminated by resistors with 62Q. Then, the complex voltage
distributions of the center nodes in all unit cells are calculated.

Figs. 6.6(a)—(c) show calculated complex voltage distributions for the cases with (a)
the illusion medium, (b) a groove, and (c) a flat floor without the illusion medium,
respectively. Here, the wavelength is chosen as A, = 124d. By comparing Figs. 6.6(a)
with (b), it is seen that those calculated distributions agree well each other and the
illusion medium can mimic the groove well. On the other hand, by comparing Figs.
6.6(a) with (c), it is also seen that scattered waves by the illusion medium are clearly

different to those by the flat floor.
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Fig. 6.6 Calculated complex voltage distributions (1, = 124d). Left and right

figures are amplitude and phase, respectively. (a) Illusion medium. (b) Groove. (c)
Flat floor without the illusion medium.
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In order to further confirm the operation of the illusion medium, circuit simulations
for the oblique incident cases (&, = 30, 45, and 60 deg) are carried out. Here, setting of
all the simulations is the same as those in Section 4.5. Figs. 6.7-6.9 show the calculated
complex voltage distributions for the cases with &,, =30, 45, and 60 deg, respectively.
In these figures, the calculated results for the cases with (a) the illusion medium, (b) a
groove, and (c) a flat floor without the illusion medium are also shown. The wavelength
is chosen as A, = 124d. From these figures, it is seen that the illusion medium cam
mimic the groove well even with the oblique incident cases.

From these results, it can be concluded that operations of the designed illusion
medium are confirmed, and it is shown that the proposed distributed anisotropic
metamaterials can be used for implementing media based on transformation

electromagnetics other than cloaks of invisibility.
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(c)

Fig. 6.7 Calculated complex voltage distributions for the case with &,, = 30 deg
(A4g = 12A4d). Left and right figures are amplitude and phase, respectively. (a)

[lusion medium. (b) Groove. (c) Flat floor without the illusion medium.
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(b)

(c)

Fig. 6.8 Calculated complex voltage distributions for the case with &, = 45 deg
(A4g = 124d). Left and right figures are amplitude and phase, respectively. (a)

[llusion medium. (b) Groove. (c) Flat floor without the illusion medium.

91



(b)

Min Max

(c)
Fig. 6.9 Calculated complex voltage distributions for the case with &,, = 60 deg

(A4g = 12Ad). Left and right figures are amplitude and phase, respectively. (a)

[lusion medium. (b) Groove. (c¢) Flat floor without the illusion medium.

92



Chapter 7 Conclusions

In this thesis, distributed anisotropic metamaterials for transformation
electromagnetics has been studied. First, the theoretical model for transformation
electromagnetics based on the transmission-line approach has been proposed, and major
subjects for transformation electromagnetics: full control of anisotropy including the
oft-diagonal tensor components, and wideband and low-loss properties have been
achieved by the proposed circuit model. Secondly, a novel distributed anisotropic
metamaterial for implementing the proposed theoretical mode has been proposed, and
the theory for composing media based on transformation electromagnetics has been
established. Finally, based on the theory for composing media, the proposed distributed
anisotropic metamaterials have been implemented, and the validity of the theory has
been confirmed by demonstrating a carpet cloak of invisibility experimentally.

In Chapter 2, the theory and concept of transformation electromagnetics have been
overviewed. Mathematical treatment and potentials of transformation electromagnetics
have been shown, and design formulas for a cylindrical cloak of invisibility have also
been shown as an example.

In Chapter 3, the equivalent circuit model for full-tensor anisotropic materials based
on the transmission-line approach has been proposed. The circuit model can realize the
wideband and low-loss properties due to its intrinsic non-resonant property. Besides,
from the duality between circuit equations and Maxwell’s equations, it has been shown
that the diagonal permeability tensor components 4, and g, correspond to the
self-inductances per-unit-length L', and L', in the circuit model, respectively, and more

importantly, the off-diagonal permeability tensor components s, and g, correspond to
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the mutual inductance per-unit-length M’ in the circuit model. It has also been shown
that the circuit model corresponds to the homogeneous dispersionless medium with /e,
Hyys My, Ly, and & under the condition of the infinitesimal limit Ad—0 (or A, >> Ad),
and therefore the model has intrinsically wideband properties from DC to a certain
frequency at which the discretization errors cannot be neglected. In addition, a carpet
cloak of invisibility has been designed with the proposed circuit model and its cloaking
operation and has been confirmed by circuit simulations. Therefore, the validity of the
theory of the proposed equivalent circuit model has been confirmed.

In Chapter 4, distributed anisotropic metamaterials for implementing the proposed
circuit model have been proposed. First, equivalence of the metamaterial to the
proposed circuit model has been shown theoretically and the design formulas for
structural parameters of metamaterial constituents have been derived. It has also been
shown that the proposed distributed anisotropic metamaterials essentially operate as the
proposed lumped element circuit model at lower frequencies down to DC. In addition,
the carpet cloak of invisibility has been designed with the proposed distributed
anisotropic metamaterials, and the validity of the theory of the proposed distributed
anisotropic metamaterials as well as their wideband operations have been confirmed by
circuit simulations.

In Chapter 5, a carpet cloak of invisibility designed in the previous chapter with the
proposed distributed anisotropic metamaterials has been implemented on a dielectric
substrate with microstrip-line technology. It has been experimentally shown by electric
near-field measurements that the carpet cloak suppresses scattered waves by a bump and
mimics the flat floor, and therefore the validity of the theory of the proposed distributed

anisotropic metamaterials has been demonstrated experimentally.
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In Chapter 6, in order to show further potentials of the proposed distributed
anisotropic metamaterials, an illusion medium mimicking scattered waves by a groove
has been designed with the proposed distributed anisotropic metamaterials. Operations
of the designed illusion medium have been confirmed by circuit simulations. It has been
successfully shown that this approach can also be applied to other media based on
transformation electromagnetics than cloaks of invisibility.

The proposed distributed anisotropic metamaterials can be useful for implementing
novel planar circuit devices. For instance, a 2-D resonator based on transformation
electromagnetics could have unique property in which the resonant frequencies become
exactly the same as those of the original resonator including higher harmonics
regardless of its physical shape. In addition, Rotman lenses based on 2-D transformation
is another possible candidate for microwave application.

The proposed distributed anisotropic metamaterials have been implemented with
planar circuits in this thesis, however, implementations are not limited to planar circuits
and other implementation methods are future subjects to be tackled. 3-D extensions of
the structures are also another future subject. In addition, implementations of the media
without metal will be required to reduce conductor losses, which is to be realized at
higher frequency above terahertz and optical wave regions. Furthermore, exporting the
concept of transformation electromagnetics to other academic fields (elastic waves, heat,

fluids, and the like) is also challenging but interesting topic in the future.
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Appendix

In this appendix, details of formulas for the Z-parameters of Fig. 4.2(a) and Fig.
3.4(a) in Section 4.2 are given as follows.
First, the Z-parameter components of (4.1) for the transmission-line network in Fig.

4.2(a) are given as:

le zzzz
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[ Bl |
Zy =2, = 5 —JZom secz( y2y Jcosec(ﬂMlM) (A5)
Zyy=Zy=2y =2y,
[
= %[— JZ o sec('g ’“2[" jsec( /}yz Y ]cosec(ﬂMlM )} \ (A6)
where
D =2cot(Bl) Zow + Zow +1
Z t ﬂxlx ﬁ}'l,"
0x €O ) Z,, cot 5
— 12
Z 7z
- cosec(,BMl M )i o + = ) (A7)
D Z, cot —ﬁ s Z t Al
0x 2 0y Y 2

Here, if the condition of (4.7) is given, equations (A4)—(A6) become identical as shown

in the following:

A Botpn)] o



Incidentally, by interchanging the matrix elements of (Zy4, Z»3, Z32, Z41) and (213, Zo4,

Z31, Zap), Z-parameter components for the isomer transmission-line network in Fig.

4.2(b) can be obtained. On the other hand, the Z-parameter components of (4.1) for the

equivalent circuit model in Fig. 3.4(a) are given as:

! ! ja)L)» 1
Z,,=2, = -4
2 joC
‘oL 1
Z§3=Z;4=J - +——
2 joC
’ ! ’ ! ja)M ]'
Ziyy=Zy=2y=2y="—FT""+—

2 joC

’ ’ ! ’ r ! ’ ’ ]'
Ly,=2s=2,=2,,=21; :Z34:Z42:Z43:.—C-

(A9)

(A10)

(Al1)

(A12)

Similarly, by interchanging the matrix elements of (Z'14, Z'23, Z'32, Z'41) and (Z'13, Z'24,

Z'31, Z'p), Z-parameter components for the isomer transmission-line network in Fig.

3.4(b) can be obtained.
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