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1. Introduction

The concept of left-handed electromagnetic media, which are also known as negative-index materials (NIMs), was
introduced by Veselago [1] as a theoretical curiosity. Interest in these metamaterials was rejuvenated by Pendry [2]
who noted that the growth of evanescent fields within a NIM provides the opportunity for building a “perfect lens”
that can focus electromagnetic waves to a spot size much smaller than a wavelength. Negative refraction has
nonetheless been confirmed in recent experiments [1 - 3]. NIM have recently been designed on the basis of
composite wire and split ring resonator structures [4], backward-wave transmission lines [5], and photonic-band-gap
crystals [6].

In our work we propose an approach based on using dielectric rods which themselves possess a negative refractive
index at definite wavelengths [7]. It consists of the following steps: (i) the design of elementary units (rods)
exhibiting properties of NIM; and (ii) different periodic or quasi-periodic structures assembled from these
elementary units are considered, and their properties are calculated numerically and further experimentally tested
with the goal of producing negative refraction and optimizing the focusing effect. A highly efficient and accurate
multiple-scattering approach [16] is used to calculate propagation of electromagnetic waves through these structures.

2. Simulations of the NIM

The elementary building blocks of our design are dielectric rods with a changeable refractive index. Their gradient
resembles a “fish-eye” profile [8] given by:
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where r is the distance from the center of the rod and n,, r, are constants. In such a material light propagates in
circular (or spiral) trajectories with a radius comparable to the quantity ry, i. e. a medium with the “fish-eye”
dielectric constant profile behaves like a NIM from the point of view of light scattering. This approach is certainly
valid for wavelengths much shorter than the diameter of the cylinder. To prove that this is still the case for longer
wavelengths we consider the design of dielectric rods by analyzing the scattered light. We employ an approach
based on the effective medium concept [9] to choose appropriate parameters for the dielectric profile of the rod. This
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method relies on using a hypothetic background medium with variable index of refraction in which the dielectric rod
is immersed [10]. The scattering cross section of the rod is calculated as a function of the refractive index of the
background medium. It is obvious that the scattering cross section should exhibit a minimum when the refractive
index of the background medium approaches that of the rod under investigation. For practical purposes, we
approximate the fish-eye medium by use of several discrete layers of different refractive indices. We analyzed the
scattering cross section for a rod which consists of three layers with the radii 7, = 0.5a, r, = 0.254, and r; = 0.1a, and
refractive indices n; = 1.5, n, = 3, and n3 = 4. In Fig. 1a are shown the result, one step forward, where basically the
refractive index of each individual rod as a function of radiation wavelength is computed obtained from analyzing
the scattering cores section of the rods for each wavelength. One can see that for peculiar wavelengths the ng
approaches —1.
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Figure 1 The variation of the n.¢of a cingle rod as a function of the inverse of the wavelength (a). Assembly of the fish-eye cylinders acting as a
plane plate lens; simulations done for the TM polarization (b).

If the chosen approach is valid then an assembly of such cylinders would have to behave as a NIM with ngg < 0.
While filling a volume is somewhat impossible having as construction blocks only cylinders, one could instead
arrange them into a triangular lattice with a lattice constant a = 2R where R is the radius of the cylinders and obtain
merely the same effect. In order to check this approach we investigated if for the special wavelengths from Fig. 1a,
the cylinders assembly does focus the radiation. The results are shown in Fig. 1b. The black dot on the images stands
for the radiation source. The colorbar represents the normalization of the electromagnetic (EM) field intensity
calculated with the lens to the one of the free space, i.e. a value bigger than one implies directly localized gain in
intensity. From the calculations one can see that the fish-eye cylinders assembly indeed emulates the behaviour of a
plane plate lens constructed from homogenous NIM. Any movement of the point source will be perfectly and
correctly followed by the image spot. Thus, theoretically, we confirmed our approach.

3. Experimental implementation of the fish-eye approach

In order to experimentally confirm our approach we setup the experiment in the microwaves, due to easier handling
of the objects. However, due to the scalability of the Maxwell equations the same effect would be possible to
observe for higher frequencies, provided the right dimensions of the constituents are selected.

To approximate the fish eye profile we used a cylinder consisting of three layers. The following materials are used:
in the middle, as high index material, is used Al,O;, followed by a layer of glass and for the final layer, the low
index material is used the air. One has to mention that for the microwaves it is quite difficult to obtain easily
handling materials with very high dielectric constants, i.e. n = 4 as involved in the theory. The alumina cylinder has
a diameter of 4mm. The glass tube which is put over the alumina cylinder has the diameter of 9mm with the wall
thickness of 2mm. Finally, an assembly of 195 cylinders is arranged in a triangular lattice with the small lattice
constant a = 12mm which then results in the thickness of the last layer, i.e. air, to be almost 1.5mm. The experiments
are conducted in a specially aligned room with absorbing plates for excluding reflections from the walls and
formation of the standing waves which could induce artifacts in the measurements. As a point source a dipole is
used and measurements are done for two polarizations, i.e. TE and TM - oscillation of the electric field
perpendicular and along the axis of the cylinders. More details on the measuring setup can be found in [11]. The
wavelength is selected for which the n. = -0.8. This is the lowest value that could be achieved in the framework of
this construction, hence one has to account with some efficiency losses due to the imperfect impedance matching.
The measurements results are shown in Fig. 2. In order to save the space the measurements are shown only for the
wavelength where the focusing is the best, i.e. where n.; = -0.8. Fig. 2a-c shows the focusing for the TE
polarization. Fig. 2a shows the picture of the EM scanned behind the lens when the source is too far off the lens and
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the focusing occurs merely inside the structure. However as soon as the source is shifted closer to the lens edge, Fig.
2b, the image point can be seen and it will further follow the source when it is shifted to the left, Fig. 2c.
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Figure 2. The focusing is observed for the TE polarization (a-c) as well
as for the TM polarization (d-e).

Even better focusing could be obtained for the TM polarization, Fig. 2e-d. Very well defined focal point is observed
and, similarly to the previous case, it is shifts as well as soon the source is shifted to the left. Actually, the lens is
merely optimized for the TM polarization and it can also be seen that indeed the focus for the TE polarization is
somewhat spoiled by contrast to the clean focus for the TM polarization. Figure 2 shows that also experimentally

our theoretical approach could be well proved.

4. Conclusions
In conclusion, the results of our calculations show that dielectric rods with the “fish-eye” dielectric constant profile
are promising for designing and manufacturing negative index materials. The NIM designed in this work on the
basis of multilayer dielectric rods is suitable for focusing the EM radiation in a relatively large wavelength range.

The experiment prove the validity of our approach.
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