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Abstract. Electromagnetic transparent device is very
important for antenna protection. In this paper, the mate-
rial parameters for the cylindrical transparent devices with
arbitrary cross section are developed based on the coordi-
nate transformation. The equivalent two-dimensional (2D)
transparent devices under TE plane and cylindrical wave
irradiation is designed and studied by full-wave simula-
tion, respectively. It shows that although the incident
waves are distorted in the transformation region appar-
ently, they return to the original wavefronts when passing
through the device. All theoretical and numerical results
validate the material parameters for the cylindrical trans-
parent devices with arbitrary cross section we developed.
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1. Introduction

Control of electromagnetic wave with metamaterials
is of great topical interest, and is fuelled by rapid progress
in electromagnetic cloaks [1-6]. Cloaking techniques rely
on the transformation of coordinates, e.g., a point in the
electromagnetic space is transformed into a special volume
in the physical space, thus leading to the creation of the
volume where electromagnetic fields do not exist, but are
instead guided around this volume [7]. Based on the coor-
dinate transformation idea, some interesting optical and
microwave applications, such as invisibility cloaks [8-10],
illusion device [11], concentrators [12, 13], rotation cloaks
[14], electromagnetic wormholes [15], impedance matched
hyperlenses [16], field shifters [17], anti-cloaks [18],
super-scatterers [19], superabsorbers[20], remote cloaks
[21], cloaking sensor [22], transparent device [23], have
been proposed. Among various novel applications,
transparent device is an important device for antenna
protection. Recently, Yu et al. [23] proposed a kind of
transformation method of compress or stretching, and
designed the circular and elliptical transparent devices with
relatively high symmetry. However, to best of our

knowledge, there is no report about the cylindrical
transparent devices with irregular cross section.

Inspired by the work of Li et al. [8], we propose and
design the 2D transparent devices with non-conformal
inner and outer boundaries. Based on coordinate trans-
formation method, the general material parameter tensors
for the 2D transparent devices are developed, and validated
by numerical simulation. Results show that the perform-
ance of the 2D transparent device is independent on the
orientation of the incident electromagnetic wave; deviation
of material parameters from perfect 2D transparent device
results in a mismatching of impedance and gives rise to
a distortion of the electrical field in the forward-scattering
region. The material parameters developed in this paper
can be also specialized to the 2D transparent devices with
conformal inner and outer boundaries or regular shapes,
such as circular, elliptical and square, which represents
an important progress towards the realization of arbitrary
shaped 2D transparent devices.

2. Theoretical Model

According to the coordinate transformation method,
the permittivity &” and permeability 4" tensors of the
transformation media can be written as [24]

e = AIAT \det(Aji')\_l Py "
17 = AN |det(AD)| 4

where A’is the Jacobian transformation matrix, |det( Aj:')| is

the determinant of the matrix, ¢’ and y” are the permittivity
and permeability of the original space, respectively. The
transformation is identified along the z axis, and the coor-
dinate transformations for the 2D transparent device with
arbitrary geometry are in the xoy plane. The transformed
coordinate schematic diagram is shown in Fig. 1, where
four cylinders with arbitrary cross section enclosed by
contours Ri(p), Rx(p), Ri3(p), and Ry(p), divide the space
into four regions S;, S,, S; and S4. R,(¢), can be chosen as
arbitrary continuous functions with period 2z, and it can be
expressed by a Fourier series as [8]
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devices with arbitrary geometries includes two steps [23].
Firstly, we keep the regions S; and S, invariant; secondly,
we compress the region S; and S, into region S, and
stretch the region S, to the region S, and S;. The corre-
sponding mapping is,

r'=kr+k,, 3)
o=0, 4)
Z'=z )

where
k=T —Ry(9) (= Ry (9)) >

ky =7(1=k)) = 7[R;(9) = R,(9)]/[7 = R, (p)]-

If R3(p) <r<R4(p), 7=R4p), which corresponds to
compressive region; if R(p) <r < R3(p), T = R|(p), which
corresponds to stretching region. The coordinate trans-
formation equations are expressed by
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with the Jacobi matrix and its determinant
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Substituting (9) and (10) into (1), we can obtain the rela-
tive permittivity and permeability tensors of the 2D trans-
parent device as
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Fig.1. Schematic diagram of the space transformation for the

design of arbitrary shaped 2D transparent devices.

Equation (11) gives the general expressions of the
material parameters for the 2D transparent devices with
non-conformal inner and outer boundaries. The permeabil-
ity tensor is equal to the permittivity tensor. For special
case Ri(p) = tiRa(9), Ra(9p) = R4(9), R3(¢) = :R4(p), where
t,<1(=123and0<¢ <t,<t;<1)represents the linear
compression ratio between the inner and outer boundaries,
equation (11) can be simplified as

& ={[r'—1R(@1-k)J cos* @' + > (1-k,)* P> cos® ¢’ (12a)
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For the cylindrical transparent devices with regular geo-
metric shapes such as circular, elliptical and square, the
contour equation R,(¢) can be simplified by the procedure
illustrated in [9] to obtain the corresponding material
parameters. It means that the material parameters deduced
in this paper can be specialized to all formally designed 2D
transparent devices with conformal inner and outer
boundaries.
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3. Simulation Results and Discussion

In this section, based on the finite element software
COMSOL Multiphysics, we make full-wave simulation on
the 2D transparent device with non-conformal inner and
outer boundaries under TE wave and cylindrical wave
irradiations, in order to validate the designed equation (11).
To show the flexibility of the proposed approach to design
cylindrical transparent device with irregular cross section,
the contour equations

R () = (12+2cos(p)+sin(2 p)-2sin(3 ¢))/320 (13)
R, (p) = (20+2sin(2¢)-3sin(5 p)+5cos(7 9))/288 (14)
R,(¢) = 0.175(0.8+0.1cos(¢)+0.2cos(5¢)+0.1sin(5¢)) (15)
R, (¢) = (10+sin(p)-sin(2 p)+2cos(5¢))/48 (16)

are chosen as an example. Since the material parameters of
the 2D transparent device are independent on frequency, its
performance does not vary significantly with frequency.
Here, the frequency of the excitation source is set to be
2.5 GHz.

3.1 Field Distribution of the 2D Transparent
Device under TE Wave Irradiation

Fig. 2(a)-(d) show the electric field distributions in
the vicinity of the 2D transparent device under TE wave
irradiation. The TE plane wave has an electric polarized in
z direction with unit amplitude. In the simulation, perfect
matched layers (PML) are applied to terminate the compu-
tational domain in £x and +y directions. In Fig. 2(a), the
incident TE wave is from left to right along the x axis. In
Fig. 2(b), the incident wave is from upside to downside
along the y axis. In Fig. 2(c) and 2(d) the waves are irradi-
ated with angles of 45° and -45°, respectively. It can be
clearly seen that although the waves are distorted in the
transformation region, they return to the original propaga-
tion directions and wavefronts when passing through the 2D
transparent device. The performance of the device is inde-
pendent on the orientation of the incident wave.
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Fig.2. (Color online) The electric field (Ez) distribution in the
computational domain of the 2D transparent device

under TE wave irradiation.

3.2 Field Distribution of the 2D Transparent
Device under Cylindrical Wave
Irradiation

Since the proposed 2D transparent device has no
symmetry in any direction, it’s necessary to study its
interaction with electromagnetic waves from different
orientations. Fig. 3(a)-(d) illustrate the electric field
distribution in the vicinity of the 2D transparent device
under cylindrical wave irradiation, where line sources with
current 10°A/m in z direction are located at (-0.35m, 0),
(0, 0.35m), (-0.35m, -0.35m) and at the centre of the
device, respectively. From Fig. 3(a)-(c), we can see that
although the waves are distorted in the transformation
region, they recovered the original propagation status when
passing through the device. Interestingly, in Fig. 3(d) when
the line source is located at the centre of the device, i.e.,
inclosed in the structure, the wavefronts of the cylindrical
wave are perfectly recovered, as if the device does not
exist. It indicates the effectiveness of the 2D transparent
devices with arbitrary geometries in the application of
optical and electromagnetic engineering.

-49

(Color online) The electric field distribution in the
computational domain for the 2D transparent device
with arbitrary geometry under cylinder wave
irradiation.

3.3 Influence of Metamaterial Loss on the
Performance of the 2D Transparent
Device

Since metamaterials are always lossy in real applica-
tions, it does make sense to investigate the effect of loss on
the transparent property of the device. The electric field in
the vicinity of the 2D transparent device with electric and
magnetic-loss tangents (tgd) of 0.001, 0.005, 0.01 and 0.02
are displayed in panels (a), (b), (c) and (d) of Fig. 4,
respectively. As it can be seen from Fig. 4(a) and (b) that
the electric field distributions are basically undisturbed
when loss tangents of 0.001 and 0.005 are added to both
permittivity and permeability tensors of the anisotropic and
inhomogeneous materials. When the loss tangent of the
metamaterials is 0.01 or more than that, it deteriorates the
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performance of the 2D transparent device, as shown in Fig.
4(c) and 4(d). The electric field distributions along the x
axis of the 2D transparent device with electric and mag-
netic-loss are shown in Fig. 5. It can be seen that for the
back-scattering region, performance of the 2D transparent
device is independent on the loss tangent of the meta-
materials. The increase of loss tangent deteriorates the
performance of the 2D transparent device in the forward-
scattering region of the near field. In this paper, the proper-
ties of the transparent device to TE waves are numerically
verified. Since the permeability tensor is identical to the
permittivity tensor, the responses of the transparent device
to TM waves are the duality of their response to TE waves.
Hence, the numerical results for TM cases are not included
for brevity.

Fig.4. (Color online) The electric field (Ez) distributions in
the computational domains for the 2D transparent
devices with loss tangents of 0.001 (a), 0.005 (b), 0.01

(c) and 0.02(d), respectively.

tg5=0.02
125=0.01
\ 25=0.005
tg5=0.007

Electric field distribution (v/m)
=

Fig. 5. The electric field distributions along x axis for the 2D
transparent devices with different loss tangents.

4. Conclusions

The material parameters for 2D transparent devices
with arbitrary geometries are developed. A peculiar 2D
transparent device is designed as an example. All theoreti-
cal and numerical results validate the material parameters
for the cylindrical transparent devices with arbitrary cross
section we deduced. Besides, we have investigated the
influence of metamaterial loss on the performance of the

device, and found that the electric field distributions of the
2D transparent devices are basically undisturbed when loss
tangent of metamaterials is less than 0.01. It is expected
that our works are helpful for designing new transparent
devices for antenna protection and contribute to more
applications in electromagnetic field engineering.
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