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Abstract—A gradient index metamaterial (GIM) based conformal cloak is utilized to reduce the overall
scattering of a dipole antenna and its blockage eﬀect when being placed in close proximity of a horn
antenna. The reduction in scattering is attributed to wave conversion properties of GIM cover, by
virtue of which the propagating waves get converted to surface waves and vice versa, thus reducing the
scattering signature of the dipole. The GIM cover also has the advantage of larger bandwidth than
single metasurface based cloaks (mantle cloak). The proposed GIM based cloak proves to be eﬀective in
reducing the mutual interference between dipole and horn antenna without disrupting the performance
of individual antennas in their respective frequency band of interest. The Ansys HFSS simulation
results are presented to demonstrate the eﬀectiveness of GIM based cover to reduce mutual blockage
eﬀect between a low band dipole and an S-band horn antenna.

1. INTRODUCTION
There is a need of antennas with low scattering signature in applications related to sensing and
monitoring systems. The use of antennas with low observability to electromagnetic waves greatly
enhances the performance of such systems. Also it is highly desirable to have some mechanism to
reduce the eﬀect of an antenna on the performance of another antenna when they are placed in close
proximity. For instance, when two antennas are placed in close proximity, there would be interference
between the two. In the manuscript, we try to reduce the interference between the two antennas. In view
of these applications, various approaches have been demonstrated to cloak the antenna and reduce its
overall scattering width. In [1], the suppression of mutual blockage is demonstrated using a transmission
line (TL) cloak wherein it is demonstrated that TL cloak is capable of hiding a mesh-like metal object
placed inside it from the incident wave. However, the mantle cloaks, which are based on scattering
cancellation approach, are more advantageous for rendering any object invisible to EM waves [2–5].
Hence, various works have been published related to reduction of scattering signature of antennas and
sensors [6–9] based on mantle cloaks. For instance, in [7], mantle cloak was used to reduce the mutual
interference between two dipole antennas. It is further extended to design a dual polarized mantle cloak
for dipole antennas [9] wherein it is shown that the mutual blockage between closely placed log-periodic
antenna and covered dipole antenna is reduced using mantle cloak. Mantle cloak has also been used
to achieve transparency in printed circuit technology wherein mutual coupling between two monopoles
was reduced using elliptically shaped mantle cloaks [10–14]. In addition to these works, in [15], cloaking
of Yagi-Uda antenna has been demonstrated using scattering cancellation technique.
However, in the present work, the cloaking based on gradient index media (GIM) [16] is utilized
for applications pertaining to reduction of mutual blockage between antennas placed in close proximity
of each other. In an earlier work, we demonstrated the use of gradient index metamaterial for cloaking
wherein the scattering due to a PEC cylinder was suppressed by enclosing it with conformal GIM
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based shell with spatially varying permittivity () and permeability (μ) proﬁles [16]. The cloaking
behaviour was attributed to the mechanism of conversion of propagating waves into surface waves and
vice-versa [16–19]. To achieve this, the GIM based cover was designed by arranging supercells with
spatially varying  and/or μ proﬁles around the object in such a way that as the EM wave reaches
the cover, it gets converted to surface waves and again back to propagating waves while leaving the
cloak. The GIM based cloak is also advantageous because of its large bandwidth as compared to single
metasurface based cloaks (mantle cloaks) [16]. It was also shown in [16] that the frequency of operation
and bandwidth can be controlled by tailoring the permittivity and permeability proﬁles and also by
varying the thickness of GIM cloak.
Hence, in this paper, GIM based cloaking is utilized for reduction of mutual coupling, when a dipole
is placed in close proximity of another antenna operating in a frequency band diﬀerent from that of the
dipole antenna. For instance, the GIM cloak is designed such that it reduces the eﬀect of dipole antenna
on performance of an S-band horn antenna. Section-2 presents a design procedure of dipole antenna and
its GIM cover together with the eﬀects of GIM cover on its performance. This section further includes
the scattering analysis of bare dipole antenna and when it is covered by GIM shell, under plane wave
excitation. In Section-3, the eﬀectiveness of GIM cloaking is demonstrated by considering the case when
GIM covered dipole antenna is placed in close proximity of an S-band horn antenna. Several simulation
results (done in Ansys HFSS) are presented to show that the mutual coupling between dipole antenna
and horn is greatly reduced within the operation band of horn antenna while keeping the performance
of bare dipole antenna unaltered.
2. DESIGN OF GIM SHELL FOR DIPOLE ANTENNA
This section deals with the design of a GIM based cloaking shell for a dipole antenna. It is shown that
when dipole antenna is covered with a GIM material around it, its resonant frequency changes and
shifts towards the lower side. The amount of shift depends upon the thickness of GIM shell (though
not shown for brevity). As the thickness of GIM shell increases, the resonant frequency shifts more
towards lower frequency side. Thus, it is necessary to design a bare dipole at a little higher frequency
such that it comes down to desired operating frequency range when being covered with GIM cloak. The
geometry of bare dipole and gradient index metamaterial (GIM) covered dipole antenna is shown in
Fig. 1(a) and Fig. 1(b), respectively. The GIM shell consists of four supercells [16] arranged around the
periphery of dipole as depicted in Fig. 1(c). The arrangement of supercells is such that it converts the
impinging propagating wave to surface wave and vice versa on exit through the dipole, thus reducing
the scattering signature of the dipole.

Figure 1. (a) Bare dipole antenna of radius, rd = 9 mm, (b) when it is covered with gradient index
metamaterial cover of thickness, h = rc − rd = 3 mm, and (c) the schematic wherein color gradient
represents the variation of permittivity and/or permeability around the GIM cover.
In this paper, a GIM cover is designed to reduce the scattering signature of a dipole antenna in
S-band. It means that the thickness and corresponding permittivity/permeability proﬁles of GIM shell
are chosen such that it eﬀectively operates within the S-band. Thus, the thickness of GIM cloak is
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chosen to be equal to h = rc − ra = 3 mm, and the permittivity and permeability proﬁles are chosen as
μr = r = 1 + κx/2k0 h where κ = 2.8k0 is the phase constant along the metamaterial, and k0 is the
phase constant of the incident wave in free space. The procedure to get the GIM cover is as follows: The
permittivity and permeability proﬁles are calculated in the Cartesian domain only for a single supercell,
using μr = r = 1 + κx/2k0 h from x = 0 to x = L, indicated as ‘Supercell-1’ in Fig. 2. It means that
the above expression is valid only within a supercell of length, L = 18.85 mm [16]. The ‘Supercell-1’ is
then mirror imaged at x = L plane to obtain the second supercell. Both of these supercells together are
then mirror imaged at x = 2L plane to obtain the entire GIM cover. Hence, the GIM cover consists of
four supercells. Within a supercell, the continuous r and μr variation is discretized into seven unit-cells
with constant permittivity/permeability, as depicted by the staircase proﬁle in Fig. 2. Subsequently,
the GIM is wrapped around the cylinder (dipole antenna in the present case) to obtain the cloaking
cover. r and μr values range from 1 to 8.5 in a supercell. The dipole antenna is designed to operate
in the frequency range of 0.65 − 0.85 GHz in the presence of a GIM cover. Thus, the proposed GIM
covered dipole works just ﬁne as bare dipole in low frequency band and at the same time possesses
reduced scattering signature in S-band.

(a)

(b)

(c)

Figure 2. (a) The discretized permittivity and permeability proﬁle for the GIM cover used to reduce
the scattering of dipole antenna. Here L is the length of a supercell, and the whole of GIM cover consists
of four supercells as shown in (b), wherein supercells are alternatively arranged as their mirror images,
and (c) the planar GIM is wrapped around the dipole to obtain the required GIM cover.
Next, S11 plots for the bare and GIM covered dipole antennas are shown in Fig. 3. An observation
can be made that the resonance point for GIM covered dipole antenna is shifted towards the lower
frequency as compared to bare dipole antenna because the presence of GIM cover changes the input
impedance of dipole and lowers the frequency at which the reactance part of input impedance becomes
zero, hence the shift in resonance. Owing to this eﬀect, it is imperative to choose the dimensions of bare
dipole antenna such that it operates at a little higher than the desired frequency. In this way, when
it is covered with GIM shell, it will operate in the desired frequency band. Keeping this in mind, the
dimensions of bare dipole are taken as: ldipole = 138.8 mm, lf eed = 10 mm, for which resonance occurs
at 0.93 GHz while for GIM covered dipole it occurs at a frequency of 0.75 GHz.
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Figure 3. S11 plots of bare and GIM covered dipole antennas.

(a)

(b)

Figure 4. (a) Total scattering cross-section (SCSt ) plots depicting reduction in scattering, for GIM
covered dipole, within the S-band, and (b) normalized total scattering cross-section (SCSt,norm ) plots
where normalization is done with respect to matched terminated bare dipole antenna.

2.1. Scattering Analysis of Bare and GIM Covered Dipole
Here the scattering behaviour of bare and GIM covered dipole antennas is presented under the inﬂuence
of plane waves. The plots for total scattering width versus frequency are plotted in Fig. 4(a) and Fig.
4(b). The total scattering width is obtained by integrating scattering cross-section around the dipole
geometry through all angles along azimuthal direction. These plots are obtained for the case when
a plane wave is incident on the dipole with its E-ﬁeld vector oriented along the dipole axis (i.e., Zaxis). The simulations are done in commercially available software Ansys HFSS. The plot in Fig. 4(a)
consists of three curves which are for: (a) GIM covered dipole antenna with matched load, (b) bare
dipole antenna terminated with matched load at its terminal, (b) open circuited bare dipole antenna,
respectively. The plots in Fig. 4(b) are normalized plots for the matched terminated scenario, wherein
normalization is done with respect to matched terminated bare dipole antenna.
It can be observed from Fig. 4(a) that the total scattering width for the GIM covered dipole antenna
decreases at frequencies corresponding to S-band while keeping the resonance at lower frequency band
unaltered [9]. The reduced scattering signature can be more clearly depicted from Fig. 4(b) wherein
the scattering width plots for GIM covered dipole are normalized with respect to that for bare dipole
antenna. There is a reduction in scattering signature with a good 3 dB bandwidth that appropriately
covers the S-band. Hence, it is envisaged that the proposed GIM cover can be eﬀectively used to reduce
the scattering signature of dipole antenna when it is placed in close proximity of any S-band antenna. To
better illustrate the scattering reduction, the plots of scattering cross-section around the bare and GIM
covered dipoles are presented in Fig. 5 for two frequencies within S-band, i.e., f = 2.9 GHz (Fig. 5(a)
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(a)

(b)

(c)

(d)

Figure 5. Scattering patterns around the GIM covered and bare dipole antennas under matched
termination conditions, for two frequencies within S-band: (a), (b) 2.9 GHz and (c), (d) 3.2 GHz.). The
plots in (b) & (d) are normalized versions of plots in (a) & (c), respectively. The normalization is done
with respect to maximum scattering due to bare dipole antenna.

Figure 6. (Top) Simulation setup when GIM covered and bare dipoles are placed in front of an S-band
horn antenna; (Bottom) Geometrical dimensions of the horn.
and Fig. 5(b)) and f = 3.2 GHz (Fig. 5(c) and Fig. 5(d)). The plots in Fig. 5(b) and Fig. 5(d) are
normalized with respect to the maximum scattering due to bare dipole antenna. It can be observed that
in the presence of GIM cover, the scattering cross-section decreases quite eﬀectively in all directions.
3. SIMULATIONS IN S-BAND
In this section, the simulations are presented for the cases when a bare dipole antenna and a GIM covered
dipole are placed in close proximity of an S-band horn antenna. All the simulations are performed in
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Figure 7. Gain versus frequency plots when GIM covered and bare dipole antennas are placed in close
proximity of S-band horn antenna.

(a)

(b)

(c)

(d)

Figure 8. Gain patterns of horn antenna in presence of GIM covered and bare dipoles: (Top) θ = 90◦
plane, and (Bottom) φ = 90◦ plane, for f = 2.9 GHz [(a), (c)], and f = 3.2 GHz [(b), (d)], respectively.
Ansys HFSS. Firstly, the horn antenna is designed, and its dimensions are optimized for adequate
performance within the S-band (geometry of horn antenna is shown in Fig. 6 with required dimensional
parameters). It is then followed by simulations with bare and GIM covered dipole antennas placed
in close proximity of horn antenna. The simulation setup used is as shown in Fig. 6 wherein a GIM
covered dipole antenna is placed in front of the horn with a gap of 25 mm between the outer surface of
GIM cover and horn antenna top face. The simulation domain is terminated using radiation boundary
conditions.
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The dimensions of horn antenna are taken from L3 Narda-ATM Microwaves speciﬁcation sheet
for WR284 waveguide size and a gain of 15 dB. According to speciﬁcations given in website [20], the
horn antenna operates within the frequency band of 2.6–3.95 GHz. The results of these simulations are
depicted in Fig. 7 and Fig. 8, respectively.
The gain versus frequency is plotted in Fig. 7, where it can be observed that the gain of horn
antenna is restored nicely when the dipole is covered with the gradient index metamaterial as opposed
to when a bare dipole is placed in front of it. To further strengthen our viewpoint, the gain patterns
for horn antenna in the presence of GIM covered and bare dipoles are presented in Fig. 8. It can be
seen that the distortion in gain patterns is restored nicely when bare dipole antenna is covered with the
proposed GIM cloak. The plots in Fig. 7 and Fig. 8 correspond to the case when bare dipole and GIM
covered dipole both are matched and terminated at their terminals.
These encouraging results make the GIM cloaking a potential candidate for reducing mutual
interference between closely placed antennas, for instance, in a crowded communication system. Also, in
the present case, the main advantage is that permittivity and permeability values are isotropic, positive,
and do not have very high values (the values for both r and μr range from 1 to 8.5. So, there is no
need to design unit-cell based metamaterials. Instead, there are chemical techniques that can be used to
manipulate the permittivity and permeability values of a host medium. For instance, by mixing Barium
Titanate with Polydimethylsiloxane (PDMS), a ﬂexible dielectric composite material can be prepared.
It has an additional advantage that the permittivity can be controlled by varying the concentration
of Barium Titanate in the composite [21–24]. Also, using similar chemical approaches, a composite
can be prepared wherein permittivity and permeability of the material can be varied simultaneously,
as demonstrated by various research groups [25–28]. Hence, with the use of these magneto-dielectric
composites, it is possible to realize the GIM cloak for the current purpose.
4. CONCLUSIONS
A gradient index metamaterial (GIM) based conformal cloak is utilized to reduce the overall scattering
of dipole antenna within S-band and also its blockage eﬀect when being placed in close proximity
of an S-band horn antenna. The proposed GIM based cloak proves to be eﬀective in reducing the
mutual interference without disrupting the performance of individual antennas (dipole and horn) in
their respective frequency band of interest. Also, the values of permittivity and permeability, in the
present case, are isotropic and positive. So, there is no need to go for unit-cell based metamaterials for
its realization. Instead, available chemical techniques can be used to realize ﬂexible magneto-dielectric
substrates. These promising results render the proposed GIM cover suitable for scattering or blockage
reduction of dipole antenna in crowded communication systems.
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“Wideband elliptical metasurface cloaks in printed antenna technology,” IEEE Transactions on
Antennas and Propagation, Vol. 66, No. 7, 3512–3525, 2018.
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