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FALFRSCRE B Dirac Cone Metamaterials and Their Characteristics
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The Dirac cone with non-zero group velocities at the I'-point in the Brillouin zone can be artificially realized by
using composite right/lefi-handed (CRLH) metamaterials based on the concept of artificial materials composed of
subwavelength constituents. It has been theoretically shown that the Dirac cone can exist in CRLH metamaterials,
however the theory is limited only for lossless systems. On the other hand, for lossy CRLH systems, Dirac cone
characteristics such as group velocities at the Dirac point have been discussed only numerically and experimentally.
Rigorous theoretical values of the group velocities at the Dirac point have not been derived so far, Theoretical
support for the CRLH Dirac cone metamaterials is required for CRLH engineering and applications.

In this thesis, the characteristics of the CRLH Dirac cone metamaterials with realistic losses are elucidated
theoretically. In addition, CRLH Dirac cone metamaterials are discussed for 1-dimensional (1-D) and 2-dimensional
(2-D) cases, and their characteristics are revealed as well as their potential microwave applications.

Chapter 1 is dedicated to the backgrounds, objectives, and academic significances of this study.

In Chapter 2, properties of lossless CRLH Dirac cone metamaterials are summarized for completeness. Then, the
dispersion characteristics for lossy CRLH Dirac cone systems are derived and the influence of losses on the I'-point
group velocities is discussed theoretically based on the equivalent circuit theory. In particular, the dispersion relation
and Bloch impedance are derived, and it is shown that the Dirac cone characteristics can be realized with the CRLH
balanced condition. In addition, rigorous theoretical values of the I'-point group velocities for lossy systems are
derived, and it is revealed that the I'-point group velocity takes non-zero value when satisfying the CRLH balanced
condition. Furthermore, the influence of losses on the I'-point group velocities is discussed. It is shown that the
I'-point group velocities depend on the ratio of Q values of the series and shunt resonators in the circuit model,
Ouw/Ose, and the I-point group velocity takes the maximum value if Q,, and Qg are identical. Moreover, the
condition of Q. = Qg is the same form as the Heaviside condition providing distortionless transmission for
conventional transmission lines. It is theoretically shown that the maximum value of the I'-point group velocities
becomes a half of the speed of light in the background medium and is the same value as that in the lossless system.

In Chapter 3, a waveguide type 1-D Dirac cone metamaterial are discussed. First, the dispersion relation and
Bloch impedance of the 1-D Dirac cone metamaterials are derived, and it is shown that the 1-D waveguide
configuration exhibits CRLH Dirac cone properties and can be applied for a beam steering leaky wave antenna
(LWA). Next, a beam steering LWA is designed by numerical electromagnetic simulations. Experiments are carried
out with a prototype and it is shown that Dirac cone operating with the Dirac point frequency of 51.9 GHz is
realized. Moreover, by measuring antenna characteristics of the prototype, it is experimentally shown that the
continuous beam steering properties from the backward direction to the forward direction including the broad side
radiation is obtained.

In Chapter 4, a reflection type 2-D CRLH Dirac cone metamaterials and its anomalous absorption are discussed.
First, the dispersion relation of the structure is derived, and the principle of the anomalous absorption is expounded.
It is shown that the phenomenon can be explained by a conventional resonator model with 1 external port.
Moreover, it is shown that the coupling between the metamaterial and the external incident wave becomes stronger
with the Dirac cone and the anomalous absorption for nearly normal incident waves is realized, which is difficult to
realize with conventional periodic structures. In addition, a strong anomalous absorption characteristic more than 35
dB is confirmed experimentally with a designed prototype. By carrying out time-domain measurements, it is also
shown that the anomalous absorption is originated by reradiation of the guided waves.

In Chapter 5, a transmission type 2-D CRLH Dirac cone metamaterials and its extraordinary transmission are
discussed. The unit cell structure is presented, and the principle of the extraordinary transmission is expounded.
Then, the Dirac cone with the ™-point frequency of 62.1 GHz is experimentally confirmed with a prototype. It is
experimentally shown that an extraordinary transmission characteristic with the broadside transmittance over unity
is realized by using the 2-D CRLH Dirac cone metamaterial. Time-domain measurements are also carried out and it
is also shown that the extraordinary transmission is originated by reradiation of the guided waves. Moreover, by
near- and far-field measurements, the excitation of the I'-point guided wave by normal incident waves is confirmed.

Finally, in Chapter 6, the results of this study are summarized with future works and challenges.
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