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Improving the reliability of the radio coverage in shadow area is always an important issue for the wireless communications. The
emergence of the transformation electromagnetic (TE) technique provides a new method to control the propagation direction of
the radio signal. This paper proposes a coverage optimization method based on the TE technique; a cloak which covers the surface
of obstacle is designed to improve the coverage performance in shadow area. The material parameters of cloak are calculated by
the transformation electromagnetic method. To solve the calculation problem for the rectangular obstacle, the Fourier series is
used to approximately describe the rectangular boundaries. The effectiveness of the proposed cloak for the coverage optimization
is validated by the theoretical analysis and simulation results. The simulation results show that the coverage performance can be
improved significantly.

1. Introduction
In wireless communication systems, the electromagnetic
waves cannot always transmit from the transmission antenna
to the receiving antenna directly. When the obstacles block
the line-of-sight path, it will bring a significant strength
reduction for transmission signal [1]. The signal power may
suddenly decrease in the “shadow area,” which will lead to the
wireless devices losing their connections with the base station
[2]. Therefore, improving the coverage quality in shadow area
is an important task to ensure the requirement of quality of
experience (QoE) of users.
In order to cope with the coverage problem, there are
two traditional methods to improve the signal strength in the
shadow area: increase the transmission power at the transmitter and deploy the relay nodes for the coverage extension
[3]. Several literatures addressed the power allocation scheme
for the coverage optimization in different scenarios [4–8],
such as femtocell networks [4], sensor networks [5, 6], and
cellular networks [7, 8]. Due to the fact that relay scheme
do not need to increase the transmission power, it is suitable
for the coverage extension in the shadow area. However, for
the optimization of the wireless communication system, there

are two main objects: the energy-saving and the interference
minimization [9–11]. To ensure the QoE of users in the
shadow area, the transmitters increase their transmission
power wich will consume more energy for the coverage and
bring a higher interference power from the adjacent cells.
Moreover, the relay scheme for the coverage optimization
needs more infrastructures which increase the cost of the network construction and increase the risk of security for entire
networks [12, 13]. Therefore, the optimization of the network
coverage is still a challenging task.
Transformation electromagnetic theory brings a new
view to understand the propagation process with the electromagnetic wave. It is based on the coordinate transformations
operation on the Maxwell’s equations which can be interpreted as the anisotropic compression and stretching of the
constituent materials in the original space [14]. By the design
of the materials interpretation, the propagation direction of
electromagnetic wave can be controlled. The transformation
electromagnetic theory is used for an invisibility cylindrical
optical-cloak in flat space [15–17]. The arbitrary geometries
cloak is designed by transformation electromagnetic technique in [18, 19]. These results approved that the transformation electromagnetic theory has many advantages to design
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the cloak in the optical area. So, referring to the optical
results, the transformation electromagnetic theory can be
extended to be use in the ultra high frequency (UHF) bands.
In [20], by using the transformation electromagnetic theory,
the forward and/or backward scattering of the objects is
reduced to improve the antenna performance at 2 GHz.
Therefore, the transformation electromagnetic techniques
can be used to design a special cloak (e.g., covering the surface
of obstacles) to improve the signal coverage in the shadow
area. Compared with the increasing the transmission power
method or the relay-assisted scheme, the transformation
electromagnetic techniques bring a new method for the
coverage optimization which do not need to increase the
transmission power or build more network infrastructures.
In this paper, in order to solve the coverage problem in
the shadow area at UHF bands, a special cloak that covers the
surface of obstacles is designed to improve the performance
for the signal coverage performance in the shadow area. The
main contributions are summarized as follows.
(i) An electromagnetic cloak is designed for improving
the coverage performance of network. It can be used
to strengthen the signal power in the shadow area
without increasing the transmission power or using
relay. It provides a new point of view for the coverage
optimization.
(ii) Due to the fact that shapes of most obstacles are rectangular, the rectangular cloak is designed. In order
to solve the calculation problem caused by the break
point in the first-order derivative in the cylindrical
coordinates system, the boundary functions of the
rectangular cloak are approximately expressed by the
Fourier fitting method. The discussion is extended to
the gap-existed cloak situation.
(iii) The simulation results show that the strength of signal
coverage will not be reduced after across the designed
cloak. Therefore, the effectiveness of the coverage
optimization method which is based on transformation electromagnetic theory is proved.
The rest of this paper is organized as follows. The transformation electromagnetic theory is introduced in Section 2. In
Section 3, a rectangular special cloak is designed for coverage
optimization. The related material properties of cloak are
calculated by the transformation electromagnetic technique.
The performance of rectangular cloak in current mobile
bands is validated by the simulation in Section 4. Finally, the
conclusions are presented in Section 5.

2. Transformation Electromagnetic Theory for
Coverage Optimization
Due to the fact that one of the most common shapes of
the obstacles is rectangular, we consider the case that the
shadow area is caused by the blocking of the rectangular
obstacle which is marked with the grid in Figure 1. The performance of the plane wave propagation is used to evaluate
the improvement of the coverage. In the time-harmonic field,
the electric field varies periodically and sinusoidally with

Shadow area

Electromagnetic
wave

Obstacle

Figure 1: The obstacle blocks the electromagnetic waves and forms
the shadow area.

time. The transformation electromagnetic theory provides
a pathway to design the material parameters to control the
electromagnetic wave propagation and improve the coverage
reliability in the shadow area.
The transformation electromagnetic theory is based on
two assumptions: the invariance of Maxwell’s equations
under coordinate transformations, and the material parameters in transformed coordinate system can be seen as a set of
transformed material parameters in the original coordinate
system [21].
In the time-harmonic field, the curl Maxwell’s equations
give the relationship between the electric field E and the
magnetic field H [13]:
∇ × E = −𝑗𝜔𝜇H,
∇ × H = 𝑗𝜔𝜀E,
D = 𝜀E,

(1)

B = 𝜇H,
where B denotes the magnetic flux densities, D denotes the
electric flux densities, 𝜔 is angular frequency, 𝜇 denotes
the electric-permittivity tensor, and 𝜀 denotes the magneticpermeability tensor.
In the transformed coordinate system, Maxwell’s equations have the same form as in the original coordinate system,
which can be written as
∇ × E = −𝑗𝜔𝜇 H ,
∇ × H = 𝑗𝜔𝜀 E .

(2)

The material property tensors (𝜇 and 𝜀 ) in the transformed coordinate system are derived from the 𝜇 and 𝜀 tensor
in the original space as follows:
𝜇 =

A𝜇A𝑇
,
det A

A𝜀A𝑇
𝜀 =
,
det A

(3)



where A is the transformation matrix from the original coordinate system to the transformed coordinate system and det A
represents the determinant of the transformation matrix A.
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The transformation electromagnetic theory is based on
the materials interpretation between the original coordinate
system and the transformed coordinate system. Since the
propagation characteristics in the media are related to the
material parameters, designing the proper material parameters by the transformation electromagnetic theory can control
the radio propagation in the space. Controlling with the propagation direction of electromagnetic wave by material brings
a new way to consider the coverage optimization in the wireless network.
Generally speaking, the transformation electromagnetic
design procedure can be summarized as follows.
(i) Determine the model of transmission with electromagnetic wave in original coordinate system. Usually
choose a plane wave propagation in the free space.
(ii) Set a volume of space in the original coordinate system and the associated volume of space in the transformed coordinate system.

3

r2 = R2 (𝜃 )

r = R(𝜃)

x

The aim of the coverage optimization in networks is minimizing the transmission power and enlarging the coverage area
(including the shadow area). In this section, a special cloak
that covers the obstacle is designed to improve the coverage
in the shadow area. Due to the fact that shapes of most
obstacles are rectangular, the rectangular cloak is designed in
this paper. It is hard to calculate the material parameters at
the break point of the first-order derivative in the cylindrical
coordinates system. Fortunately, the boundary functions of
rectangular cloak can be expressed by calculating the approximated Fourier series boundary functions by the Fourier
series fitting method. The transformed material parameters
(including the electric-permittivity tensor and the magneticpermeability tensor) are calculated by transformation electromagnetic theory by using the approximated boundary
functions. The detail of design is described as the following
parts.
The cylindrical coordinate system is proper to describe
the original and the transformed spaces. As shown in
Figure 2, the coordinate system transformation is between
the original coordinate system (𝜌, 𝜃, 𝑧) and transformed coordinate system (𝜌 , 𝜃 , 𝑧 ).
The transformed electric-permittivity tensor and the
magnetic-permeability tensor are denoted by 𝜀 and 𝜇 ,
respectively. The electric-permittivity tensor 𝜀 is transformed
from 𝜀. Usually, the magnetic-permeability tensor 𝜇 equals

x

Transformed
space

Original
space

Figure 2: The generalized coordinate transformation.

electric-permittivity 𝜀 . So, 𝜀 is considered in the following
analysis. The transformed electric-permittivity tensor 𝜀 is
𝜀𝑥 𝑥 𝜀𝑥 𝑦 𝜀𝑥 𝑧
𝜀 = (𝜀𝑦 𝑥 𝜀𝑦 𝑦 𝜀𝑦 𝑧 ) .
𝜀𝑧 𝑥 𝜀𝑧 𝑦 𝜀𝑧 𝑧

(iv) Calculate the material parameters in transformed
space (the space of the cloak) via (3).

3. Design Rectangular Cloak via
Transformation Electromagnetic Theory

Obstacle
r1 = R1 (𝜃)
Cloak

(iii) Define the coordinate transformation from the original space to the transformed space.

(v) Interpret the material parameters in the original
space, and obtain the desired propagation results
(improve the coverage in the shadow area).

y

y

(4)

In the cylindrical coordinate system, the original space
𝑟 ≤ 𝑅(𝜃) is transformed into the transformed space (cloak)
𝑅1 (𝜃 ) ≤ 𝑟 ≤ 𝑅2 (𝜃 ), where 𝑅1 (𝜃 ) and 𝑅2 (𝜃 ) denote the
inner and the outer boundary function of cloak, respectively
[18]. By the coordinate transformation, the original space 𝑟 ≤
𝑅(𝜃) is transformed into the transformed space which can be
described as

𝑟 = 𝑅1 (𝜃) +

𝑅2 (𝜃) − 𝑅1 (𝜃)
𝑟,
𝑅2 (𝜃)

𝜃 = 𝜃, 𝑧 = 𝑧.

(5)

The values of the transformed permittivity tensor for twodimensional (2D) cloak are calculated mathematically as
follows:
2

𝜀𝑥  𝑥 = ({[𝑟 − 𝑅1 (𝜃 )] + 𝑈2 } cos2 𝜃
− 2𝑈𝑟 sin 𝜃 cos 𝜃 + 𝑟2 sin2 𝜃 )
−1

× (𝑟 [𝑟 − 𝑅 (𝜃 )]) ,
𝜀𝑥  𝑦 = 𝜀𝑦 𝑥
= ({𝑈2 − 𝑅1 (𝜃 ) [2𝑟 − 𝑅1 (𝜃 )]} sin 𝜃 cos 𝜃
+𝑈𝑟 (cos2 𝜃 − sin2 𝜃 ))
−1

× (𝑟 [𝑟 − 𝑅1 (𝜃 )]) ,
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𝜀𝑦  𝑦 = ({[𝑟 − 𝑅1 (𝜃 )] + 𝑈2 } sin2 𝜃
+ 2𝑈𝑟 sin 𝜃 cos 𝜃 + 𝑟2 cos2 𝜃 )
−1

× (𝑟 [𝑟 − 𝑅1 (𝜃 )]) ,
𝜀𝑧  𝑧

=

𝑟 − 𝑅1 (𝜃 )
𝑟

[

2

𝑅2 (𝜃 )
𝑅2 (𝜃 ) − 𝑅1 (𝜃 )

],

𝜀𝑥  𝑧 = 𝜀𝑦  𝑧 = 𝜀𝑧  𝑥 = 𝜀𝑧  𝑦 = 0,
(6)
where
𝑈 = ([𝑟 − 𝑅1 (𝜃 )] 𝑅1 (𝜃 ) (𝑑𝑅2 (𝜃 ) /𝑑𝜃 )
− [𝑟 − 𝑅2 (𝜃 )] (𝑑𝑅1 (𝜃 ) /𝑑𝜃 ) 𝑅2 (𝜃 ))

∞

(7)

−1

× (𝑅2 (𝜃 ) [𝑅2 (𝜃 ) − 𝑅1 (𝜃 )]) .
The 𝑑𝑅1 (𝜃 )/𝑑𝜃 and 𝑑𝑅2 (𝜃 )/𝑑𝜃 denote the first-order
derivative of 𝑅1 (𝜃) and 𝑅2 (𝜃), respectively. When the firstorder derivative of boundary function is continuous, the
electric-permittivity tensor and the magnetic-permeability
tensor of the cloak can be solved by (6)-(7). In fact, in wireless
communication environments, many shapes do not have
the first-order continual derivative of boundary function
at the sharp corners (such as triangle, rectangle, and pentagon). These kinds of mathematical functions cannot be
solved when calculating the results at the break point of the
first-order derivative.
In traditional cellular communication scenarios, the rectangular shape is one of the most common shapes of the
obstacle. Since the cloak covers the rectangular obstacle, the
cloak is like a rectangular ring. The inner boundary and the
outer boundary can be described as
𝑎
,
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where 𝑎 and 𝑏 denote the side length of the inner rectangular
boundary and the outer rectangular boundary, respectively.
There are four break points where the first-order derivative of the boundary is discontinued. Take the square shape
as an example, the value of (𝑑𝑅1 (𝜃 ))/𝑑𝜃 and (𝑑𝑅2 (𝜃 ))/𝑑𝜃
with cloak inner boundary and outer boundary are discontinued when 𝜃 = 𝜃 = ((2𝑛 − 1)𝜋)/4, 𝑛 ∈ 𝑁, 𝜃 ∈ [0, 2𝜋), and
𝜃 ∈ [0, 2𝜋). It is hard to get the value of electric-permittivity
𝜀𝑥 𝑥 , 𝜀𝑥 𝑦 , 𝜀𝑦 𝑥 , 𝜀𝑦 𝑦 , 𝜀𝑧 𝑧 .
In order to solve this calculation problems, the inner
boundary function 𝑅1 (𝜃 ) and the outer boundary function
𝑅2 (𝜃 ) of the cloak can be replaced by the Fourier approximated continuous functions with period 2𝜋. The Fourier
series can be described as
𝑓 (𝜃 ) = 𝑎0 + ∑ (𝑎𝑛 cos 𝑛𝜃 + 𝑏𝑛 sin 𝑛𝜃 ) ,

(9)

𝑛=1

where 𝑎𝑛 and 𝑏𝑛 are the Fourier series coefficients.
The Fourier series coefficients of the approximated
boundary functions is determined by the least-square-fitting
method. A number of the feature points (must include the
break points, 𝜃 = 𝑛𝜋/4, 𝑛 ∈ 𝑁) are used to describe the
boundary shape as shown in Figure 3. After using the
least-square-fitting method, the 𝑎𝑛 and 𝑏𝑛 are determined
for the approximate boundary functions. The 𝑓1 (𝜃 ) and
𝑓2 (𝜃 ) denote the inner boundary and the outer boundary,
respectively. The first-order derivatives of boundary functions (𝑓1 (𝜃 ) and 𝑓2 (𝜃 )) are the continuous functions. In
Figure 4, it shows approximated boundaries of cloak which
are described by 𝑓1 (𝜃 ) and 𝑓2 (𝜃 ). Then by substituting the
approximated boundary functions 𝑓1 (𝜃 ) and 𝑓2 (𝜃 ) into the
(6)-(7), the material parameters of the cloak can be calculated.
Based on the previous calculation, the calculation flowchart is shown in the Figure 5. This designing method is
limited not only to the rectangular cloak but also for all the
shapes which have the discontinuous boundary functions in
first-order derivative.

4. Electric Field Performances with
the Rectangular Cloak in Wireless
Communication Frequency

(8)

The rectangular cloak performances are evaluated in UHF
bands. The radio frequency is chosen as 900 MHz. Since the
obstacles are usually far from the base station in the cellular
networks, the propagation process of electromagnetic wave
can be seen as a plane wave transmission process. The cloak
is assumed to cover the obstacle to enhance the coverage in
shadow area, so the inner boundary of cloak has the same
boundary function with the obstacle. Due to the fact that
cloak performance is not related to the size of the obstacle, to
facilitate processing with simulation, a small square obstacle
is chosen as an example. The inner and the outer boundary
functions of the cloak are denoted by 𝑅1 (𝜃 ) and 𝑅2 (𝜃 ).
The size of obstacle is 0.2 m × 0.2 m. The side length of
the inner boundary and the outer boundary of cloak are 0.2 m
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There are four break points in the first-order derivative
of boundary functions (both 𝑅1 and 𝑅2 ) when 𝜃 = 𝑛𝜋/4
(𝑛 = 1, 2, 3, . . .). After using the Fourier least-square-fitting
method, the approximate boundary functions of cloak are
calculated as

f2 (𝜃)

𝑅1 (𝜃 ) ≈ 𝑓1 (𝜃 )

f1 (𝜃)

= 0.4512 − 0.06732 cos 4𝜃 + 0.02494 cos 8𝜃
− 0.01553 cos 12𝜃 + 0.006722 cos 16𝜃 ,
𝑅2 (𝜃 ) ≈ 𝑓2 (𝜃 )
Figure 3: A large number of the feature points describe the boundary functions.
90
f2 (𝜃)

30

150
f1 (𝜃)

180

0
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[0, 2𝜋)

210

330

240

300
270

Figure 4: The approximate boundaries of the cloak.

and 0.4 m, respectively. The cloak boundary functions can be
expressed as
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− 0.007764 cos 12𝜃 + 0.003361 cos 16𝜃 .
(11)

60

120

= 0.2256 − 0.03366 cos 4𝜃 + 0.01247 cos 8𝜃

(10)

Finally, the material parameters of cloak (𝜀 and 𝜇 ) can
be calculated via (6)-(7).
As shown in Figure 6, the transverse-electric (TE) plane
wave transmits from the left to the right with unit amplitude.
The signal strength is decreased at the back side of obstacle.
The coverage performance with cloaked obstacle is shown
in Figure 7. Compared with the performance in noncloak
situation, the signal strength in the shadow area with cloaked
obstacle is improved. The electromagnetic wave is smoothly
guided by the cloak and transmitted into the shadow area. It
shows a more stable and predictable coverage performance in
the shadow area.
Due to the fact that cloak cannot always keep perfectly
all the time, the imperfect situation that the cloak has a gap
should be considered as well. In Figure 8, there is a gap in the
cloak whose width is 0.1 m. The TE plane waves transmit from
the left to the right. It can be simply described as a situation
that the TE plane waves transmit across a semi-infinite space
which is shown in Figure 8. The electric-permittivity and
magnetic-permeability in medium I and medium II are 𝜀1 , 𝜇1
and 𝜀2 , 𝜇2 , respectively. The thickness of the middle medium
material is 𝑑, and the material properties are described as 𝜀 ,
𝜇 . When the TE plane electromagnetic waves transmit from
left to right (+̂𝑧 direction, from medium I to medium II), the
reflection occurs at the place of two boundaries 𝑧 = 0 and 𝑧 =
𝑑. The transmission coefficient is always less than 1 [22] which
means that only a part of electromagnetic waves can transmit
into the medium II. When electromagnetic waves pass
through the gap, a part of electromagnetic waves are blocked.
As shown in Figure 9, the signal coverage performance in the
shadow area is deteriorated slightly because a part of signal
power is leaked into the surrounding space at the gap area.
As shown in Figure 10, the strength of the electromagnetic
wave in the shadow area is compared. When the obstacle
covers with the designed cloak, the signal power in the
shadow area is more stable and stronger than in the case
without cloaked obstacle situation. And when there is a gap
on the cloak, the performance of cloak is still acceptable. The
simulation results prove that the designed cloak can improve
the performance of the coverage in the shadow area.
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Get boundary function
of obstacle R(𝜃)

Design the inner boundary function
R1 (𝜃 ) and outer boundary function
R2 (𝜃 ) of cloak

Is the boundary functions of cloak
continuous in first-order
derivation?

Yes
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(11)–(16)
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functions f1 (𝜃 ) and f2 (𝜃 ) which are
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Compute the material
parameters of cloak via
(6)–(7)

Figure 5: The calculation flowchart of the material parameters for the cloak.
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Figure 6: The coverage performance when the obstacle block the
electromagnetic wave.

Figure 7: The coverage performance when using the cloak to
enhance the signal strength in the shadow area.

5. Conclusion

Fourier least-square-fitting method to approximate describe
the rectangular boundary function of the rectangular cloak
are proposed. The simulation results prove that the designed
cloak can improve the coverage performance in the shadow
area effectively. In addition, the gap-existed cloak also brings
an acceptable performance in the shadow area. Compared
with the transmission power optimizing or relay-assisted

This paper presents a special rectangular cloak design for the
improvement of the signal coverage in wireless communications. In order to solve the calculation problem with the
rectangular shape in the electromagnetic transformation theory, the approximated boundary functions which use the the
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scheme, the transformation electromagnetic theory provides
a new viewpoint and gives an efficient tool for the coverage
optimization in the shadow area.
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