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Abstract— In this letter, we endeavor to curb the adverse ef-
fects of mutual coupling between two-slot antennas (operating at
C-band frequencies), situated at a subwavelength separation. The
effects of mutual coupling become extremely apparent at such close
proximity and leads to the deterioration of the radiation aspects of
each antenna. To mitigate these detrimental effects, we exploit the
concept of mantle cloaking for the design of specialized cloaks,
consisting of elliptical dielectric regions integrated with capacitive
metallic strips. It is demonstrated through simulation results that
by enclosing each radiating edge of the individual slots with these
uniquely designed metasurfaces, the slot antennas are decoupled
in the near field. Moreover, the metasurface cloaks also facilitate
restoration of the far field radiation properties of the slots. In this
regard, our cloak design ensures that the slot antennas do not sense
the presence of each other, enabling each slot antenna to operate
individually, as if they were isolated.

Index Terms—Elliptical metasurface, mantle cloaking, mutual
coupling, radiation characteristics, slot antennas.

I. INTRODUCTION

THE concept of invisibility has always been a subject of
fascination to mankind and needless to say, it has become

a trending topic for research in the academic circles. Conse-
quently, a significant amount of research work is being dedicated
toward the achievement of invisibility, specifically, electromag-
netic invisibility. As such, over the past few decades, electro-
magnetic invisibility has emerged as an interesting application of
metamaterials. One of the most commonly used techniques that
can induce electromagnetic invisibility is transformation optics
[1]–[3]. Although it is in principle a viable way to cloak the ob-
jects over a range of desired frequencies, it suffers from several
limitations, such as narrow bandwidths, the usage of complex
and precise inhomogeneity profiles, and dielectric/conduction
losses in metamaterials. Other prominent methodologies include
plasmonic cloaking [4]–[6] and transmission-line networks
[7]–[8], which essentially overcomes the narrow bandwidth of
other cloaking techniques. However, all of these techniques
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suffer from a prevalent drawback; they rely on bulk volumetric
metamaterials with finite thickness, typically proportionate to
the size of the object being cloaked. This leads to difficulties
in the practical realization of these structures, especially in
applications that require dense environments with many closely
spaced objects. To rise up to this challenge, a cloaking method
based on the concept of scattering cancellation, labeled mantle
cloaking, was put forth to reduce the scattering width of different
objects [9]–[13]. As a further extension, this technique has
also been exploited for the cloaking of elliptical cylinders and
two-dimensional (2-D) metallic strips [14]–[15]. The mantle
cloaking method has also been implemented at low-terahertz
(THz) frequencies, whereas a graphene monolayer and a nanos-
tructured graphene patch array is used for planar and cylindrical
objects [16]–[17].

It is known that antennas form the very core of the modern
wireless communication systems and an escalating demand for
increase in the wireless system capacity entails accommodation
of densely packed antennas in a very compact space. However, a
practical design of such a system is not only cumbersome but it
also leads to the deterioration of the overall system performance,
on account of the mutual interaction between the closely spaced
antennas. The mantle cloaking method has been proven useful
in overcoming this issue presented in [18] and [19]. The mantle
cloaking of elliptical cylinders, in particular 2-D metallic strips,
influenced the extension of this concept to freestanding strip
dipole antennas [20] and planar microstrip monopoles [21]–[22].
These explicitly designed metasurface cloaks are known to
produce a cloaking effect in such a way that the neighboring
antennas do not sense the presence of each other [23], [24].
Similarly, graphene-based metasurfaces are used to overcome
the interference due to mutual coupling between strip dipole
antennas [25] and planar antennas [26], at low-THz frequencies.
In [27], wideband cloaking of microstrip monopoles is achieved,
and in [28], graphene-based wideband tunable scattering can-
cellation (terahertz spectrum) is realized by applying mantle
cloaking approach. Very recently, the concept of decoupling and
cloaking using mantle cloaks has also been applied to interleaved
phased arrays of free standing strip monopole antennas [29] and
printed monopole antennas at microwave frequencies [30]–[31].
The idea is further protracted to cloaking of one-dimensional
(1-D) and 2-D of microstrip dipole arrays [32].

In this letter, we have applied the concept of mantle cloak-
ing, in order to facilitate the efficient performance of the two
slot antennas, in spite of them being situated very close to
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each other. Accordingly, we have considered two slot antennas,
namely Slot I and Slot II, designed to operate at gigahertz (GHz)
frequencies (specifically focusing on the C-band frequencies
for fifth-generation (5G) wireless applications). The novelty
of our cloak structure lies in the use of elliptical dielectrics
incorporated with two perfect electric conductor (PEC) strips,
acting as capacitive strips, on its surface, such that when they
are wrapped around each radiating edge of the individual slot
antennas, the metasurface cloaks not only restore their radiation
patterns, but also act as a filter, essentially making Slot I a poor
radiator at the resonance frequency of Slot II and vice versa. It is
also established that the far field patterns of the slots are restored
as if they were two isolated antennas. The design procedure and
all the numerical full-wave simulations presented in this letter
are obtained with the CST Microwave Studio [33].

II. DECOUPLING AND CLOAKING OF SLOT ANTENNAS

Our assessment begins with the schematic design of two slot
antennas (essentially slots cut in a rectangular metallic sheet).
These slot antennas, designated as Slots I and II, are intended
to operate at frequencies f1 = 4.5 GHz and f2 = 5.5 GHz,
respectively. All the variables used to denote geometrical
dimensions in this letter are measured in millimeters (mm).
Fig. 1(a) and (b) shows the uncloaked and cloaked structures
for the slot antennas, respectively, whereas Fig. 1(c) shows
a side view of the cloaked antennas, to give a detailed
insight into the construct of the metasurface cloaks. The
list of parameters shown in Fig. 1 are: L = 180, W = 180,
L1=34.8, W1=W2=1.5, L2=28.5, Ws1=0.97, D1=1.17,
Ws2 = 0.843, D2=1.143, a1 = a2 = 0.5, b1 = 0.218,
b2 = 0.196, εc1 = 4.5, and εc2 = 2.1. First, we analyze
each individual slot antennas in the isolated scenario (i.e., each
antenna is analyzed in the absence of the other antenna); we
label this scenario as the isolated case. We then proceed with
our analysis by placing the uncloaked slots very close to each
other (at a subwavelength span of g = 3 mm, which is 0.045 λ1

or 0.055 λ2 approximately; λ1 and λ2 are the wavelengths
corresponding to the frequencies f1 and f2, respectively);
this scenario is called as the uncloaked coupled case. As
expected, the close proximity of the antennas generates a
mutual interference in the near field as well as the far field,
which deteriorates the matching and radiation characteristics
of both the antennas. In order to minimize the adverse effects
of mutual coupling, the corresponding elliptical metasurface
cloaks are enclosed around each radiating edge of the slots;
this scenario is aptly named as the cloaked decoupled case.
We initiated the design process for our proposed metasurface
cloak [see Fig. 1(b)] by modeling cloaking structures for the
isolated Slots I and II and then placed these cloaked slots in
close proximity to observe the desired decoupling and cloaking
effect. In our cloak design, for each of the slots, two PEC
strips are symmetrically arranged along the curved surface of
each elliptical dielectric, such that one strip passes through
the hollow region of the respective slot while the other passes
through the metallic sheet, with two gaps in between the strips
[see Fig. 1(c)]. The width of the PEC strips is larger than the
gap between the two strips, making the cloaks appear like a

Fig. 1. (a) Uncloaked, (b) cloaked schematics of Slots I and II, and (c) side
view of the cloaked slot antennas.

slotted structure. Now consider the cloak structure for each
individual slot, e.g., Slot I. Through multiple experimentations,
we established that it is imperative for one of the PEC strips on
each dielectric surface to maintain contact with the metal sheet.

It is our understanding that this particular arrangement of the
PEC strips leads to the redistribution of charges from the edges
of the slot (in the uncloaked case) to the surface of the metallic
part of the elliptical metasurface, compelling the metasurface
to resemble an equipotential surface. This peculiar behavior
leads to an apparent shielding effect, which in turn leads to
concentration of the electric field (E-field) in between the arcs
of the PEC strips within the slot [see Fig. 2(b) and (c)].

However, this phenomenon does not affect the efficiency or
the gain of the slot antenna at its resonance frequency (in this
case, 4.5 GHz). In fact, the only apparent effect is the narrower
bandwidth of the cloaked Slot I [see Fig. 2(a)] as the effective
width of the slot is reduced. Similar arguments can be made
for Slot II. The role of the gap between the strips is critical,
as the neighboring slot excites its cloak, inducing E-fields on
these gaps (as equivalent magnetic surface currents). In our
view, these induced fields are responsible for the cancellation
of the scattered fields emanating from the slot, leading to the
suppression of the fields within the slot, which in turn curbs
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Fig. 2. (a) S-parameter plot and E-field distributions for (b) isolated uncloaked
and (c) isolated cloaked Slot I.

Fig. 3. S-parameter plots for (a) uncloaked coupled and (b) cloaked decoupled
slot antennas.

the near-field as well as far-field interaction between the two
slots. Thus, the uniquely designed metasurfaces are successful
in achieving decoupling of the slot antennas in the near field
as well as cloaking in the far field. The optimum values for the
width of the PEC strips and the permittivity of the dielectric
regions was found by conducting extensive parametric analysis.
We also observed that the E-field of the cloaked slots, in the
presence of the elliptically shaped metasurface, emulates the
natural E-field of the uncloaked slots and that the parameters
of the cloaks are much easier to control as compared with
the circular metasurfaces; hence, an ellipse is preferred. The
S-parameter plots (see Fig. 3) prove the decoupling effect of the
elliptical metasurface cloaks, and the snapshots of the E-field
distributions (see Fig. 4) further validate this claim.

It is clearly seen from Fig. 3(a) that the coupling coefficients
|S12| = |S21| > −10 dB (uncloaked coupled case) at both
f1 and f2, indicating strong mutual coupling between Slots
I and II. On the other hand, in Fig. 3(b) (cloaked decoupled
case), a substantial decrement in |S12| and |S21| can be seen;
a reduction of almost 20 dB at both f1 and f2 is noted. From
Fig. 3(b), we can also observe that |S22| = 0 dB at the resonance
frequency f1, indicating that Slot II is completely decoupled
at f1. Similarly, |S11| ≈ 0 dB, at the resonance frequency f2,
indicating that Slot I is decoupled at f2. The cross-sectional
view of the E-field contours is presented for the uncloaked and
cloaked slot antennas in Fig. 4(a) and (b), respectively, wherein
Slot I (f1 = 4.5GHz) is excited, keeping Slot II (f2 = 5.5GHz)
inactive. The presence of mutual coupling is demonstrated for
the uncloaked case [see Fig. 4(a), where a high concentration

Fig. 4. E-field distributions for (a) uncloaked coupled and (b) cloaked decou-
pled when Slot I is active, and (c) uncloaked coupled and (d) cloaked decoupled
when Slot II is active.

Fig. 5. Plots for total efficiencies. (a) Slot I (f1 = 4.5 GHz) is active.
(b) Slot II (f2 = 5.5 GHz) is active.

of E-field in the area between the two slots is visible, shown by
the yellow colored region], essentially enabling the power to be
coupled from Slot I to the port of the neighboring slot (Slot II).

However, when the metasurfaces are employed, they evidently
reduce the E-field interaction between the slots [cloaked case,
see Fig. 4(b), where the cloaks seem to confine the E-fields,
leading to the reduction of field concentration in the area between
the slots], ostensibly making the radiating parts of the slot an-
tennas invisible to each other. Similar observations can be made
from Fig. 4(c) and (d), where Slot II is active and Slot I is kept
passive. Thus, we can conclude that when the slots are cloaked,
the electric field produced by one slot is not sensed by the input
port of the neighboring slot, illustrating the decoupling effect of
the metasurface cloaks. We further present the comparison of the
total efficiencies of the slot antennas for isolated, uncloaked, and
cloaked conditions in Fig. 5. The total efficiency is calculated
as: ηtotal = (1− |Γ |2)η, where ηtotal is the total efficiency, Γ
is the reflection coefficient (S11 or S22), and η is the radiation
efficiency for the respective slot antennas. The mutual coupling
between the uncloaked antennas causes a drop of almost 13%
and a reduction of almost 19% in the total efficiency of Slots I
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Fig. 6. 3-D radiation patterns for Slot I (f1 = 4.5 GHz). (a) Isolated un-
cloaked. (b) Isolated cloaked. (c) Uncloaked coupled. (d) Cloaked decoupled.

Fig. 7. 3-D radiation patterns for Slot II (f2 = 5.5 GHz). (a) Isolated un-
cloaked. (b) Isolated cloaked. (c) Uncloaked coupled. (d) Cloaked decoupled.

and II, respectively [shown by the red curves in Fig. 5(a) and
(b)].

The drop in the total efficiencies for the uncloaked antennas
is improved for the cloaked case (shown by the blue curves
in Fig. 5), and the efficiencies are equivalent to that of the
isolated cases. An important trait of our metasurface cloak
design is that it does not perturb the radiation characteristics
of the antenna which it envelops; rather its effect manifests
at the frequency of the other antenna in its vicinity. This is
ascertained from the plots in Fig. 5(a), where it can be seen
that the total efficiency of Slot I remains unaffected at its own
frequency (f1 = 4.5 GHz), but is reduced almost to 17% at
the resonance frequency of Slot II (f2 = 5.5 GHz). Similarly,
from Fig. 5(b), we note that the total efficiency of Slot II
stays at full efficiency at its frequency (f2 = 5.5 GHz), but is
reduced to zero at the resonance frequency of Slot I (f1 = 4.5
GHz). Simply put the metasurface around Slot I compels itself
to become a poor radiator, while also making its scattering
residual at the resonance frequency of Slot II and vice versa. The
simulated three-dimensional (3-D) radiation patterns for Slot I
(see Fig. 6) and Slot II (see Fig. 7) as well as their polar plots (see
Fig. 8), all confirm the aforementioned claim. It follows that the
presence of the cloaks leads to the suppression of the far-field
coupling as well.

Fig. 8. Polar plots at (a) ϕ = 0◦ and (b) θ = 0◦ for Slot I (f1 = 4.5 GHz),
and at (c) ϕ = 0◦ and (d) θ = 0◦ for Slot II (f2 = 5.5 GHz). (a) and (c) θ
(degrees). (b) and (d) ϕ (degrees).

The realized gain of each antenna is around 4.2 dBi in the
isolated scenario. However, when the antennas are placed close
to each other (uncloaked coupled case), it leads to the distortion
in the radiation patterns for Slots I and II, which is apparent
from Figs. 6(c) and 7(c), respectively. Furthermore, it can be
deduced from Figs. 6(d) and7(d) (cloaked decoupled case) that
the elliptical cloaks successfully restore the radiation patterns
of the slot antennas. Moreover, the restored patterns resemble
the radiation patterns of the antennas in the isolated scenario.
Note that the 3-D patterns for isolated uncloaked and isolated
cloaked cases are practically identical [see Fig. 6(a) and (b) for
Slot I, and Fig. 7(a) and (b) for Slot II], thereby exemplifying that
the elliptical cloaks do not affect the properties of the antenna
elements they are designed for. We finally present the polar plots
in Fig. 8 for the realized gain of each slot antenna, at ϕ = 0◦

and θ = 0◦ reference planes. For the uncloaked coupled case,
a decrease of 1.33 dBi in the main lobe gain is recorded at both
the planes for Slot I [see Fig. 8(a) and (b)], whereas a decrement
of almost 3 dBi is seen at both the planes for Slot II [see Fig. 8(c)
and (d)]. For the cloaked decoupled case, it is apparent that the
engineered cloaks faithfully rehabilitate the realized gain for
both the slots, at both planes of reference.

III. CONCLUSION

We propose a novel cloak structure in order to decouple
two slot antennas, placed at a subwavelength separation, with
the intention to recover their matching properties and restore
their radiation characteristics. Accordingly, the explicit ellip-
tical metasurfaces ensure that the slots are decoupled and their
radiation patterns are reinstated in such a way that it emulates an
isolated operation of each slot antenna. Hence, we have put forth
a design that can lead to densely packed slot antenna systems
with vastly improved performance and high efficiency.
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