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It has been shown in the theory of general relativity that Maxwell's equations are invariant with
coordinate transformations and rays of electromagnetic waves or lights are bent by gravitational field. On
the other hands, Maxwell's equations can be invariant for arbitrary coordinate transformations with
appropriate tensor conversions for the constitutive relations, in other words, arbitrary coordinate
transformations can be realized by special materials with highly controlled constitutive parameters. This
concept is referred to as the material interpretation of coordinate transformations. Based on this concept,
high controllability of electromagnetic waves with enormously larger degrees of freedom is expected
compared with those of 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 framsformation electromagnetics or transformation optics. With the transformation
electromagnetics, there are a myriad of novel electromagnetic and/or optical materials and devices such
as cloaks of invisibility, illusion media mimicking scattered waves by arbitral objects, and the like. In
order to realize these unusual materials based on the transformation electromagnetics, anisotropy and
inhomogeneity of permeability and permittivity tensors have to be highly controlled. This is quite
difficult with conventional natural materials, however, it has been shown recently that this can be realized
by artificially constructed materials composed of sub-wavelength constituents, or so to called
metamaterials.

Studies on realization of cloaks of invisibility based on transformation electromagnetics have been
extensively carried out recently. A cylindrical cloak of invisibility has been first implemented with
split-ring resonators (SRRs) and has been demonstrated experimentally at microwave frequencies.
However, its operation bandwidth is intrinsically narrow and losses are very high due to resonance
properties of the SRRs. On the other hand, a non-resonant carpet cloak of invisibility has also been
proposed to overcome the disadvantage. The carpet cloak of invisibility is implemented on a silicon
substrate with cylindrical holes controlling the effective refractive index and wideband and low loss



characteristics have been successfully demonstrated with the carpet cloak of invisibility. However, the
implementation method is essentially limited to cloaks based on quasi-conformal coordinate
transformations since off-diagonal components of the permittivity tensor cannot be controlled. Therefore,
the carpet cloak can hide only small objects comparable with the wavelength. Wideband and low-loss
properties as well as full controllability of anisotropy including the off-diagonal tensor components are
required to realize cloaks of invisibility based on transformation electromagnetics.

In this thesis, novel distributed full-tensor anisotropic metamaterials for transformation
electromagnetics are proposed to realize wideband and low-loss characteristics as well as independent
controllability of anisotropy based on the transmission-line approach. Based on the non-resonant
transmission-line approach, the proposed metamaterials possess intrinsic wideband and low-loss
characteristics from DC to a certain frequency in which the lattice constant is comparable with the
wavelength. In addition, the full-tensor anisotropic metamaterials can be rigorously designed based on an
equivalent circuit model proposed in this thesis. The proposed design theory is epoch-making in a sense
that the theory directly can give structural parameters of metamaterial constituents that have hardly been
given by any conventional design method. First, equivalent circuit models to individually control
full-tensor anisotropy are proposed based on the circuit theory. This model is an abstract model of

anisotropic metamaterials and can be a basis of the theoretical design as well as physical insights. Then,
distributed anisotropic metamaterials are proposed to implement the abstract model. Design formulas to
uniquely determine structural parameters of metamaterial constituents from material parameters are
derived, which can hardly found in any design theories and contribute to realization of cloaks of
invisibility. Furthermore, a carpet cloak of invisibility is implemented on a dielectric substrate using
proposed distributed anisotropic metamaterials, and the validity of the theory is confirmed by
demonstrating an operation of the carpet cloak of invisibility at microwave frequencies.

Chapter 1 is devoted to the concepts of metamaterials and transformation electromagnetics with their
historical backgrounds as well as objectives and goals of this research. 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. In chapter 3, the concept of transmission-line
approach, which is the basis of this research, is shown from the point of view of duality of Maxwell's
equations and telegrapher's equations. Then, abstract equivalent circuit models for full-tensor anisotropic
materials are presented with physical insights of their operation. In order to confirm the validity of the
theory, a carpet cloak of invisibility is designed with the circuit model and its operation is confirmed by
circuit simulations, In chapter 4, novel distributed anisotropic metamaterials are proposed for
implementations of the circuit model. Equivalence of the distributed anisotropic metamaterials to the
circuit model is confirmed by circuit analyses, and the design formulas for structural parameters of
metamaterial constituents are derived. In order to confirm the validity of the theory, a carpet cloak of
invisibility is designed with the proposed distributed anisotropic metamaterials, and circuit simulations
are carried out. In chapter 5, the carpet cloak of invisibility designed in the previous chapter is
implemented on a dielectric substrate with the proposed distributed anisotropic metamaterials, and its
operations are demonstrated experimentally by near-field measurements at microwave frequencies. 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. The concept of the
illusion media is shown and an illusion medium mimicking a groove is designed with the proposed



distributed anisotropic metamaterials, and its operations are demonstrated by circuit simulations. Finally,
the results and outcomes as well as future prospects of this research are summarized in chapter 7.
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