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Abstract—Metasurfaces are used to design mantle cloaks based
on scattering cancellation which involves surface impedance
analysis. Theory of characteristic modes is a good tool for
analyzing the scattering of a metallic object because it is based
on the surface impedance and brings physical insight into the
scattering properties of a structure independently of an excitation
source. The theory of characteristic modes is applied in the
analysis of a cylindrical cloaking metasurface used for a UMTS
antenna. The result provides physical insight into the design of
mantle cloaks. It shows that the direction of the fundamental
modal current distribution of the cloak is at 90° to that of the
UMTS antenna.

Index Terms—metasurface unit cell, mantle cloaking, theory
of characteristic modes, scattering cancellation

I. INTRODUCTION

The concept of electromagnetic cloaking has gained more
interest since the realization of metamaterials. It involves
controlling the scattering of an object by reducing the scat-
tering cross section (SCS) which makes them invisible to an
incoming electromagnetic wave [1][2]. Thus, electromagnetic
cloaking has found important application in antenna environ-
ment making them less visible to nearby scatters in their
surroundings [3].

Among the cloaking techniques of transmission-line net-
work [4], transformation optics [S] and scattering cancella-
tion [6][7], the scattering cancellation also known as mantle
cloaking is more desired despite its limitation to the size
of the object that can be cloaked. This is because of its
easy implementation, available analytical model and its thin
thickness. One of the challenge of designing a mantle cloak is
finding the optimal parameter of the unit cell which determines
the cloak performance however, in [8] it was shown that by
properly tailoring the surface reactance of the unit cell, one
can achieve reduction on the total scattering of an object.
Alessio Monti and co. [9] designed a mantle cloak for co-site
radio frequency antenna based on the analytical formulation
in [8][10].

Most mantle cloak designs are based on the available
analytical models however, considering that the scattering
cancellation technique is based on the surface impedance of
the structure and the mantle cloak, the theory of characteristic
modes (TCM) is suited for the analysis and design of mantle
cloaks. TCM is the representation of the current distribution
supported on a radiating surface which is derived from the
discretization of the surface impedance of the structure. In

[11], numerical analysis based on characteristic mode was
done for unit cells of metal infinite arrays where only planar
structures were considered.

The aim of this work is to demonstrate the physical prop-
erties of a cloaking structure using TCM which would help
in developing TCM based design principle for cloaks. In this
work a cylindrical cloaking metasurface used for the design of
mantle cloak is analyzed using TCM. To allow for comparison
of the result and analysis, we consider the cloak used in [9]
for cloaking an LTE antenna from interfering with a UMTS
antenna when both are co-located in the same site. The result
shows that by considering the physical insight gotten from the
modal analysis and modal current distribution, a mantle cloak
can be easily designed and optimized. The higher order mode
is exploited for resonance and the fundamental modal current
distribution on the mantle cloak has a direction of 90° to that
of the antenna. TCM is therefore a good tool for designing
mantle cloak while having physical insight on the radiation
properties of the cloak.

II. THEORY OF CHARACTERISTIC MODES

Theory of characteristic modes are a set of orthogonal
surface current and radiated field which are supported by a
structure. It shows the numerical representation of the current
modes supported on a structure and provides physical insight
into the radiating properties of the structure [12] with few
modes sufficient to represent the global behaviour of the
structure [13]. The structure is usually represented by its
surface impedance Z given as:

Z =R +jX, (1)

where R is the real part and X is the imaginary part of
the impedance. The impedance Z, is used in solving the
generalized eigenvalue equation given in equation (2) as:

[X][I] = An[R][1], (2)

where )\, is the eigenvalue of each n mode and I is the eigen-
current.

The A, value can be large and ranges from -oo to +oco
hence, to get an intuitive knowledge into the behaviour and
resonance of the structure, the characteristic angle «,, which
ranges between 90° and 270° is used. «, is derived directly
from )\, as:

an = 180° —tan~ 1 \,,. (3)



The value of A\, and «,, provides information on the modal
behaviour of the structure such that with A, greater than zero
and «,, less than 180° the mode is magnetic and when A\,
is less than zero and «,, is greater than 180° the mode is
electric. A resonant mode has A, equal to zero and ., equal to
180°. The first resonant mode is referred to as the fundamental
resonant mode while the other modes are considered higher
order modes.

IIT. ANALYSIS OF THE UMTS ANTENNA

The UMTS antenna as presented in [9] is a monopole
antenna operating within the frequency range of 1900 MHz
and 2200 MHz. The antenna is shown in fig. 1:

Fig. 1: UMTS monopole antenna.

The length and diameter of the monopole is L = 35mm
and D = 3mm respectively. The ground plane used in this
analysis is set to an infinite ground plane because a finite
ground plane will be seen as a rectangular plate and will add
more complexity to the analysis. The TCM analysis is carried
out. The eigenvalue curve against frequency and characteristic
angle curve against frequency of the first three modes is
displayed in fig. 2 and fig. 3 respectively.
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Fig. 2: Eigenvalue against frequency of UMTS monopole antenna.
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Fig. 3: Characteristic angle against frequency of UMTS monopole antenna.

The curves in fig. 2 and fig. 3 shows that the higher modes,
mode 2 in blue and mode 3 in green are magnetic modes.
They have similar behaviour since they have the same value
throughout the considered frequency band of 1.6 GHz to 2.6
GHz. The fundamental mode, mode 1 in red is a resonating
mode and crosses the zero eigenvalue and 180° characteristic
angle at 1.95 GHz. Thus, mode 1 is the resonating mode while
mode 2 and mode 3 are higher order non-radiating modes.

To get further physical insight into the behaviour of the
UMTS monopole structure, we examine the modal surface
current distribution of the first three modes shown in fig. 4.

Fig. 4: Normalized modal surface current distribution of UMTS monopole
antenna.

The normalized modal surface current distribution shows
mode 1 with an electric profile having the flow in only one
direction towards the ground. The current density for mode 1
is the same around the cylinder and increases along the length
of the cylinder as it approaches the ground plane. Mode 2 and
mode 3 have similar current profile with a loop like current
around the cylinder. There is a 90° shift in the position of the
maximum and minimum current density between mode 2 and
mode 3.

IV. ANALYSIS OF THE MANTLE CLOAK

The design of the mantle cloak should be such that it is able
to cancel the scattering from the UMTS monopole antenna. In
[14], it was shown that by exploiting the resonance of higher
order modes, maximum scattering can be achieved. As a result
of the challenges associated with TCM analysis of di-electrics
such as numerical and modal tracking complexities [12], only
the metallic part of the mantle cloak is considered by analysing
the metallic part of a unit cell of the cloak. The unit cell of
the cylindrical cloak implemented in [9] is shown in fig. 5:

Fig. 5: Cylindrical mantle cloak.

The length and diameter of the cloak is a = 24.07mm and
d = 15mm respectively. The TCM analysis is carried out. The
result represented by the eigenvalue curve against frequency
and characteristic angle curve against frequency of the first
three modes is shown in fig. 6 and fig. 7 respectively.

The curves in fig. 6 and fig. 7 shows that the mode 3 in
green is a magnetic mode while mode 1 in red and mode
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Fig. 6: Eigenvalue against frequency of cylindrical mantle cloak unit cell.
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Fig. 7: Characteristic angle against frequency of cylindrical mantle cloak unit
cell.

2 in blue have the same behaviour with overlapping values
and are resonating modes since they cross the zero eigenvalue
and 180° characteristic angle at 2.51 GHz. Mode 1 is the
fundamental resonating mode, mode 2 is the resonating higher
order mode while mode 3 is the non-resonating higher order
mode. As suggested in [14], the higher order resonance of
mode 2 is exploited to coincides with the resonance of mode 1
which enhances the absorption properties of the unit cell. The
resonating mode 1 and mode 2 of the cloak cancels out the
effect of the non-resonating mode 2 and mode 3 of the UMTS
monopole antenna. The inclusion of the di-electric substrate
would shift the resonance frequency (i.e. frequency at which
the eigenvalue and characteristic angle would cross zero and
180° respectively) to a lower frequency value while retaining
the behaviour of the mantle cloak.

To get further physical insight into the behaviour of the
mantle cloak structure, we examine the modal surface current
distribution of the first three modes as shown in fig. 8:

Moe 2

Mode 3

Mode 1

Fig. 8: Normalized modal surface current distribution of cylindrical mantle
cloak unit cell.

The normalized modal surface current distribution of the
mode 3 shows a magnetic profile with the current flowing
around the cylinder in a loop manner. In mode 1 and mode

2, the current profile are similar with 90° shift in the position
of the maximum and minimum current density. Mode 1 and
mode 2 current profile are the same as a dipole current profile
which is electric.

From the physical perspective, it is worth noting that the
surface current distribution of the non-resonant modes of the
UMTS monopole antenna have magnetic current distribution
and an inductive behaviour while the resonant modes of the
mantle cloak have electric current distribution profile and a
capacitive behaviour. There is also a 90° shift in the direction
of their flow i.e. while the current on the UMTS monopole
flows in the vertical direction, that of the mantle cloak flows
in the horizontal direction. An alternative explanation to the
function of the mantle cloak can be the compensation of the
inductive behaviour of the non-resonant modes of the UMTS
monopole antenna by the capacitive behaviour of the resonant
modes of the cloak. The result of the effect of the mantle cloak
on the antenna performance is not reproduced here since it can
be found in literature [9].

Although only the analysis of a unit cell of the cloak
structure was shown, the analysis of the full cloak structure as
presented in [9] shows that the physical behaviour in terms of
the eigenvalue, characteristic angle and modal surface current
distribution are almost the same however, there is a shift in
the resonances of the full cloak structure.

V. CONCLUSION

The design of a mantle cloak for a UMTS monopole
antenna has been analyzed using the TCM numerical tool.
By exploiting the resonance of a higher order mode of a unit
cell such that it coincides with the fundamental resonance, the
absorption properties of the unit cell is maximized. The modal
surface current distribution of the first two months for both
the antenna and the cloak have a 90° shift in the direction of
the flow. This analysis can help guide the design principle of
mantle cloaks while having insight into the radiating properties
of the cloak.
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