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a b s t r a c t

To design a uniaxial anisotropic metamaterial, a layered cylindrical metamaterial is introduced for TE polariza-
tion. Unlike to the previous work, which the layers were in radial direction, here the layers are in azimuthal
direction. Scattering efficiency for this metamaterial in different frequency is analyzed with solving Maxwell’s
wave equation. It is observed that in some frequencies when the effective permittivity of the structure goes to
zero the scattering efficiency would be negligible. This result approves the previous predictions. It is also found
out that the scattering cancellation depends on the relative permittivity of the environmental medium for the
cylinder. The finite element simulations are also confirmed the results.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Cloaking [1–3] and transparency [4–9] are the subjects which attract
many interests in all the world during the last decade. One of the
approach in cloaking is based on scattering suppression. Epsilon-Near-
Zero (ENZ) material are very good candidate for this purpose [9–12].

Introduction of hyperbolic layered metamaterials was a very signif-
icant progress to realization of uniaxial ENZ material [13,14]. It was
proved that the scattering cross section of a small arbitrary object at the
center of a planar layered metamaterial with effective ENZ permittivity
can be suppressed provided that dipole approximation be valid [15].

Kim et al.’s are also introduced a cylindrical layered metamaterial
for both TE and TM polarization so that for a cylinder cavity made of
alternating metal–dielectric structure in radial direction the invisibility
condition in a specified frequency is happened when the effective
permittivity of the structure goes to zero [16]. Another research also
approved the result extracted by Kim et al.’s, however it shows that
the frequency of invisibility is also depend on the permittivity of the
environment medium [17]. Using graphene-coated nanowire in order
to suppress the scattering cross section of a cylindrical cavity is also
studied [18].

In this paper we also consider a cylindrical hyperbolic metamaterial,
but with layered structure in azimuthal direction for TE polariza-
tion. The scattering efficiency of this structure is studied with solving
Maxwell’s wave equation analytically and the condition for minimizing
the scattering cross section is found.

Some finite element simulations are also brought to approve the
validation of the analytical solution.
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This paper is organized as follows. In Section 2 we solve Maxwell’s
wave equation for a uniaxial anisotropic cylinder and the scattering
cross section for this cylindrical scatterer is found analytically. In
Section 3 we proposed a hyperbolic layered metamaterial composed of
metal–dielectric layers and its effective permittivities is calculated using
effective medium theory. Analyzing the scattering cross section of this
metamaterial structure and discussion on the condition of the invisibility
is expressed in Section 4. We conclude the result in Conclusion section.

2. Analytical discussion

Consider a long coated cylinder with inner (outer) radius 𝑅1(𝑅) so
that the thickness of the shell is 𝑇 = 𝑅 − 𝑅1. The electric permittivity
and permeability for the core is 𝜀𝑐 and 𝜇𝑐 , respectively and the shell
is an anisotropic material with permittivity and permeability tensor
expressed by
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The permittivity and permeability of the environment medium is de-
noted by 𝜀0, 𝜇0 as shown in Fig. 1.

An incident plane wave with TE polarization (electric field along 𝑧
direction) is illuminated to the cylinder normally so that the wave vector
is in the 𝑥-direction. We are going to find the constraint in which the
total scattering cross section of this structure goes to zero. Lorentz–Mie
scattering theory is used in order to find the solution of Maxwell’s wave
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Fig. 1. A cylinder with anisotropic coated shell.

Fig. 2. (a) Structure of a proposed layered metamaterial for TE illumination. (b) The unit
cell of the structure in part (a) composed of a layer of Drude medium and an insulator
layer.

equation in all three regions. The approach which we apply to find the
scattering efficiency is similar to the method in Ref. [19] and [20] but
for a TE plane wave illumination. Since for the outside region 𝑟 > 𝑅, we
have an isotropic medium, so, for the electric field at the outside of the
coated cylinder we have [21]

𝐸𝑧
𝑡𝑜𝑡 = 𝐸𝑧

𝑖 + 𝐸𝑧
𝑠𝑐 , (2)

where in
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is the electric field for the incident wave and 𝐸𝑠𝑐
𝑧 is the scattered electric

field from our structure and can be expanded in cylindrical coordinate
as follows [21]
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where 𝐻 (1)
𝑛 is the Hankel function of the first kind of order 𝑛; 𝑘 =
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Electric field in a core layer is as follows [21]
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where 𝐽𝑛(.) is a Bessel function of the first kind in order of 𝑛 and
𝑘1 = 𝑘0

√

𝜀𝑐𝜇𝑐 . Since the coated layer is an anisotropic medium, the
solution of the Maxwell’s wave equation in this region using the method
similar to Ref. [19] and [20] takes the form as follows
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where 𝑌𝑛′ is a Bessel function of the second kind with order 𝑛′ so that 𝑛′
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𝑎𝑛, 𝑏𝑛, 𝑐𝑛 and 𝑑𝑛 are the Lorentz–Mie coefficients and can be found

using the boundary condition that is, continuity of 𝑧-component of
electric field and 𝜙-component of magnetic field at the two boundaries
𝑟 = 𝑅1 and 𝑟 = 𝑅. If we write the boundary condition in matrix form for
the boundary at 𝑟 = 𝑅 we have
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In above equations 𝑁 =
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For the 𝑎𝑛 and 𝑑𝑛 coefficients we have
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Fig. 3. Real part of the two components of effective permittivity 𝜖∥(blue line) and 𝜖⟂(orange line) in a layered metamaterial composed of a Drude medium with 𝛾 = 𝜔𝑃 ∕100 and a
dielectric layer with permittivity 𝜖𝐼 = 10 for three different filling factors (a) 𝑓 = 0.2, (b) 𝑓 = 0.5, (c) 𝑓 = 0.8. The shaded regions denote spectral bands where the metamaterial exhibits
a hyperbolic dispersion of the type I (shaded in brown) and the type II (shaded in blue). (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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