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ABSTRACT In this work, we present a numerical study of 1D and 2D closely spaced antenna arrays of
microstrip dipole antennas covered by a metasurface in order to properly cloak and decouple the antenna
arrays operating at neighboring frequencies. We show that the two strongly coupled arrays fed by a
microstrip-to-balanced transmission-line transition are effectively decoupled in 1D and 2D array scenarios
by covering the dipole antenna elements with an elliptically shaped metasurface. The metasurface comprises
sub-wavelength periodic metallic strips printed on an elliptically shaped dielectric cover around the dipole
antennas and integrated with the substrate. We present a practical design of cloaked printed dipole arrays
placed in close proximity of each other and demonstrate that the arrays are decoupled in the near field and
operate independently in the far field with their original radiation characteristics as if they were isolated.

INDEX TERMS Antenna arrays, beam steering, elliptical metasurface, mantle cloaks, microstrip-
to-balanced transmission-line transition, mutual coupling, phased arrays.

I. INTRODUCTION
In recent years, there has been an increasing demand in the
analysis, design, modeling, and practical realization of elec-
tromagnetic cloaks ranging from microwaves to optics. The
cloaking/invisibility of an object is of great interest in mili-
tary, communication, and industrial applications. For exam-
ple, the reduced interference and low visibility of a receiving
antenna in sensing, imaging, monitoring, and communication
applications are typically required to improve the overall
performance of the system andmake the system robust, which
is achieved by cloaking the receiving antenna [1]–[5]. The
elimination of the mutual coupling between tightly arranged
antenna elements is also one of themain applications utilizing
the cloaking technique [1], [6]–[9].

The electromagnetic cloaks can be divided into two groups
of cloaks based on guided-wave and scattering cancella-
tion wave phenomena, respectively. The guided-wave cloaks
include the transformation optics (TO) based cloaks and the
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transmission-line (TL) based cloaks. In the TO-based cloaks
the electromagnetic waves bend around the object to be
cloaked, which reduces the scattered field from the object
and makes it invisible to an observer [10]–[12]. However,
the TO-based cloaks utilize bulkymetamaterials, and this cre-
ates difficulties in the practical realization and significantly
increases the dielectric/conduction losses due to a volumetric
metamaterial with dimensions comparable with the size of the
object to be cloaked. The TL-based cloaks [13]–[15] utilize
the electromagnetic coupling between the transition layer and
the transmission-line network. This method is mainly useful
for the reduction of interference from the blockage placed in
front of the antenna [16]. On the other hand, the scattering
cancellation cloaks include the plasmonic cloaking and meta-
surface cloaking techniques. The plasmonic cloaks [17]–[22]
employ the negative dielectric permittivity of isotropic mate-
rials to eliminate the dominant scattering field, which is dif-
ficult to realize in practical applications [3], [19], [23], [24].
However, the metasurface-based cloaking technique, called a
mantle cloaking, has recently gained much attention because
of its low-profile design, which is realized by an ultra-thin
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surface of sub-wavelength periodic elements [1], [3], [7], [8],
[25]–[29]. In the mantle cloaking the anti-phase surface cur-
rents are excited on the metasurface resulting in the scattering
cancellation of the dominant scattering mode from the object
to be cloaked [7], [8], [28]. A practical realization of metasur-
face cloaks and microwave measurements have been recently
performed for dielectric and metallic cylindrical objects [25],
[30]–[33] and with closely spaced antennas to reduce the
mutual coupling between the antennas and restore their origi-
nal radiation patterns [1], [34]–[37]. However, in these works
the fabrication and microwave measurements have been per-
formed for free-standing cylindrical objects and free-standing
antennas, and the first attempt to integrate the metasurface
cloaks with printed microstrip antennas has been done in [37]
with 3D dielectric printers.

Mantle cloaks have several advantages, such as their flex-
ibility in the design process, their invisibility for all angles
of incidence, and the ease in the fabrication process, com-
pared to the other methods. The mantle cloaks have been
implemented to the narrowband [7], [8], [28] and even wide-
band cloaking applications [8], [15], [38]. Most work on
the narrowband antenna applications, concerning the opera-
tion at the neighboring frequencies, have utilized the ultra-
thin metasurface-based cloaks to reduce the mutual coupling
between the radiating elements, and at the same time, to pre-
serve the antenna radiation pattern when placed in close
proximity (i.e., λ0/10, where λ0 is the operating or design
frequency of the antenna) [7], [28]. In [29], an analytical
model for the electromagnetic scattering from the cylindrical
dielectric or metallic object with an ultrathin metasurface,
comprising 1D and 2D arrays of the sub-wavelength periodic
elements, is fundamentally studied to investigate the reduc-
tion of the total scattering width at the design frequency.
In [26], the scattering reduction from the dielectric/metallic
cylinder is studied with the line-source excitation placed
in close proximity to the cloaked object. The significant
reduction of the scatteringwidth for electromagnetic cloaking
applications is also achieved at the low-terahertz frequen-
cies by covering the cylindrical objects or antennas with the
thinnest possible mantle cloak utilizing an atomic graphene
sheet [27], [39]–[41]. The confocal elliptically shaped meta-
surface was proposed for strip-dipole antennas to reduce
the mutual coupling and to preserve the antenna radiation
patterns for two cloaked antennas placed in close proxim-
ity [7], [28]. In [8], the wideband cloaks, comprising strongly
coupled I-shaped metasurfaces, were proposed to cloak and
decouple the wideband strip andmicrostripmonopoles within
their bands of operation. In [38], the non-Foster-based meta-
surface cloak was implemented to enlarge the bandwidth of
operation in order to overcome the bandwidth limitations of
the passive metasurface cloaks.

With the recent technological developments, the demand
for high-density platforms with closely spaced radiating
elements, such as multiple-input multiple-output (MIMO)
antenna systems and multiple antenna arrays, has been
highly increased in the areas of military, communication, and

industrial applications [8], [42]. The interleaved antenna
arrays within a limited physical space among the radiat-
ing elements are highly vulnerable to the electromagnetic
interference and mutual coupling between the neighboring
antenna elements. With the development of the mantle cloak-
ing technique, these issues can be addressed. In this regard,
in [42] the cloaking and decoupling of the tightly coupled
antenna arrays was recently introduced with the use of ellip-
tically shaped metasurface cloaks.

In this paper, we further extend the decoupling and cloak-
ing approach to 1D and 2D arrays of printed dipoles fed
by a microstrip-to-balanced transmission-line transition and
with the metasurface cloaks integrated with printed tech-
nology. We present a practical design of cloaked arrays of
printed dipoles placed in close proximity and operating at
neighboring frequencies within the 20 GHz frequency band.
This concerns the satellite communication applications in the
Ka-band. We demonstrate for 1D and 2D phased array
configurations that the mutual coupling strongly affects the
matching and radiation characteristics of the arrays, and the
presence of the cloaks decouples the arrays in the near field
and restores their original radiation patterns in the far field,
as if the arrays were isolated. The numerical analysis is
performed with the CST Microwave Studio [43].

To better highlight the novelty of this work we have created
a comparison Table 1 with the other cloaked strip/microstrip
antenna designs available in the literature.

TABLE 1. Comparative analysis of the proposed designs of cloaked
1D and 2D phased antenna arrays with the other cloaked strip/
microstrip antenna designs available in the literature.

This paper is organized as follows. In Section II, the sin-
gle planar dipole antennas with and without the metasur-
face cloaks operating at neighboring frequencies within
the 20 GHz band and fed by a microstrip-to-balanced
transmission-line transition are presented, and the matching
and radiation characteristics are investigated and discussed
when two single planar dipole antennas are placed in close
proximity of each other. With the mantle cloaking technique,
the 1D and 2D arrays of printed dipoles, fed by the multi-port
feed network, with steering the beam toward the certain angle
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are numerically explored in Section III. The conclusions are
drawn in Section IV.

II. SINGLE PRINTED PLANAR DIPOLE ANTENNA
In this section, we explore the antenna performance with
and without the metasurface cloaks when two single printed
planar dipole antennas are placed in close proximity. Two
printed dipole antennas fed by a microstrip-to-balanced
transmission-line transition are designed to operate at the
neighboring frequencies of 20.5 GHz. The elliptically shaped
metasurface, comprising thin metallic strips printed on an
elliptically shaped dielectric cover around the antennas,
is designed with the cloaking effect for the frequencies of
antenna operation. The antenna characteristics, such as scat-
tering parameters, radiation pattern, total efficiency, electric
field distribution, and current distribution, are investigated
with respect to the cloaked and uncloaked antenna sets when
two printed planar dipole antennas are placed in close prox-
imity of each other.

A. STAND-ALONE PLANAR DIPOLE ANTENNAS
First, the two printed planar dipole antennas are designed
on both sides of the substrate using the CST Microwave
Studio with the geometry shown in Fig. 1. The substrate
(Rogers RT / duroid 5870) with 0.79 mm thickness is used
with the dielectric constant of 2.33 and the loss tangent
of 0.0005. The printed planar dipole antenna in this study
is fed by the microstrip-to-balanced transmission-line transi-
tion, which not only transforms the impedance from 50 � to
188 � but also makes the end of the line balanced [44]–[46].
The balanced transmission line consists of the microstrip
and parallel lines. The width of each transmission line can
be easily determined by using a microstrip line equation,
which can be found in [47]. The parallel strip-lines, which
have the same widths with respect to the signal and ground
lines, can be designed by implementing an image theory
to the original equation of the microstrip line [44]–[46].

FIGURE 1. Single printed planar dipole antenna fed by a microstrip-
to-balanced transmission-line transition. The top layer is printed
on the top interface and the bottom layer is printed on the
bottom interface of the substrate.

The antenna parameters, as shown in Fig. 1, are determined
to reduce the mismatch loss: W1 = 9 mm, W2 = 0.4 mm,
W3 = 0.33 mm, L1 = 6.44 mm, L3 = 1.64 mm, L4 =

2.45 mm, L5 = 4 mm, T1 = 0.79 mm, and T2 = 0.035 mm.
The lengths of the printed dipole 1 (L2 = 3.65 mm) and
dipole 2 (L2 = 3.5 mm) are determined to resonate at
the neighboring frequencies around 20 GHz and 21 GHz,
respectively.

Figs. 2 (a)-(b) show the simulation results of the isolated
uncloaked printed planar dipole antennas (original isolated
antennas without the cloak). The antennas resonate at the
neighboring frequencies as shown in Fig. 2(a) with the total
efficiency around 80 % for both antennas (Fig. 2(b)).

FIGURE 2. Characteristics of the isolated uncloaked printed planar dipole
antennas; (a) Reflection coefficient, (b) Total efficiency.

Next, the cloaked printed planar dipole antennas are
designed as shown in Figs. 3 (a)-(c). The thin metallic strips,
as shown in Fig. 3 (c), are mounted on the elliptically shaped
dielectric material with the goal to achieve the required sur-
face reactance of the metasurface, resulting in the scatter-
ing cancellation of the dominant scattering mode from the
object to be cloaked. In this work, the elliptically shaped
metasurfaces are partially integrated with the substrate as
shown in Fig. 3 (b). The parameters of the cloaked printed
planar dipole antennas are the same as those of the iso-
lated uncloaked (original) printed dipole antennas, except
for the antenna length. The metasurfaces have the following
parameters: the width (w) and periodicity (D) of the thin
metallic strips, the focal point (F) of the metasurfaces at the
edges of the strip dipole antenna, dielectric constant (εm),
perimeter (P), and the major (a) and minor semi-axes (b) of
the elliptically shaped dielectric material. The parameters are
listed in Table 2.

TABLE 2. Design parameters of the printed cloaked antennas.
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FIGURE 3. Single cloaked printed dipole antenna fed by a microstrip-
to-balanced transmission-line transition; (a) 3D view; (b) VOW view;
(c) Configuration of the thin metallic strips of the metasurface cloak.

Figs. 4 (a)-(b) show the reflection coefficient and the
total efficiency against frequency, respectively. The cloaked
printed planar antennas are specifically designed to resonate
around 20 GHz (cloaked antenna 1), and at the same time,
to cloak the neighboring antenna around 21 GHz (cloaked
antenna 2) and vice versa. The combination of the inductive
and capacitive components, which represent the surface reac-
tance, can be adjusted by changing the width and periodicity
of the thin metallic strips. The dielectric constant of the
elliptically shaped dielectric material is also a key parameter
to determine the surface reactance to reduce the dominant
scattering energy from the object. The total efficiency of the
cloaked antennas around 80 %, which is very close to that
of the total efficiency of the isolated uncloaked (original)
antennas, is obtained at the designed frequency.

Figs. 5 (a)-(f) show the 2D linear radiation patterns of the
cloaked printed planar antennas. The radiation patterns are
obtained at 19.8 GHz for the cloaked antenna 1 and 20.3 GHz
for the cloaked antenna 2. Unlike the uncloaked printed
planar dipole antennas, the radiation patterns of the cloaked
antennas show poor radiation at the frequency to be cloaked.
This is because the designed metasurfaces effectively cancel
the scattered field of the antenna to be cloaked.

In Figs. 6 (a)-(d) the electric-field distribution of the inci-
dent transverse magnetic (TM) plane wave is shown in the
presence of the cloaked antennas 1 and 2 at the corresponding

FIGURE 4. Characteristics of the cloaked printed planar dipole antennas;
(a) Reflection coefficient, (b) Total efficiency.

FIGURE 5. 2D linear radiation patterns of the cloaked printed planar
dipole antennas at the corresponding frequencies; (a) UOW plane
(φ = 0◦) at 19.8 GHz; (b) VOW plane (φ = 90◦) at 19.8 GHz; (c) UOV
plane (θ = 90◦) at 19.8 GHz; (d) UOW plane (φ = 0◦) at 21.3 GHz;
(e) VOW plane (φ = 90◦) at 21.3 GHz; (f) UOV plane (θ = 90◦) at 21.3 GHz.

frequencies. The electric field is severely distorted for the
cloaked antenna 1 at 19.8 GHz (Fig. 6 (a)) and for the cloaked
antenna 2 at 21.3 GHz (Fig. 6 (d)) due to the strong scattered
field. However, the electric field is nearly uniform as shown
in Fig. 6 (b) for the cloaked antenna 1 at 21.3 GHz and as
shown in Fig. 6 (c) for the cloaked antenna 2 at 19.8 GHz,
which is effectively cloaked.

B. COUPLED PLANAR DIPOLE ANTENNAS
In this section, we explore the mutual coupling and the elec-
tromagnetic radiation of the antennas with and without the
mantle cloaks when two printed planar dipole antennas are
placed in close proximity of each other. Here, we investigate
the mutual coupling between the two antennas operating at
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FIGURE 6. Electric-field distribution of the cloaked antennas; (a) Cloaked
antenna 1 at 19.8 GHz; (b) Cloaked antenna 1 at 21.3 GHz; (c) Cloaked
antenna 2 at 19.8 GHz; (d) Cloaked antenna 2 at 21.3 GHz.

the neighboring frequencies by placing the antennas at the
distances of λ0/15 and λ0/3, where λ0 is the free-space wave-
length at 20.5 GHz. Figs. 7 (a)-(b) show the scattering param-
eters and the total efficiency when two planar dipole antennas
are strongly coupled. It can be clearly seen in Fig. 7 (a)
that the strong coupling less than −5 dB is observed for
the uncloaked planar dipole antennas, whereas the mutual
coupling is significantly reduced tomore than−15 dB around
20 GHz and 21 GHz for the cloaked planar dipole anten-
nas. The corresponding total efficiency results demonstrate
that approximately half of the total efficiency is reduced for
the uncloaked case due to strong mutual coupling, while the
total efficiency of approximately 75 % is obtained for the
cloaked case when two planar dipole antennas are placed
at the distance of λ0/15. We further explore the scattering
parameters (Fig. 7 (c)) and the total efficiency (Fig. 7 (d))
by increasing the distance between the antennas to λ0/3. The
coupling level of the uncloaked and cloaked cases is around
−12 dB and−30 dB, respectively. The total efficiency of the
cloaked planar dipole antennas is around 82 % at 19.8 GHz
(21.3 GHz), while the total efficiency is dramatically reduced
to 5 % at 21.3 GHz (19.8 GHz).

The mutual coupling is also explored by the current distri-
bution of the coupled printed planar dipole antennas as shown
in Figs. 8 (a)-(d). The two printed planar dipole antennas are
closely spaced at a distance of λ0/15 for both uncloaked and
cloaked cases. The port 1 is excited, and the current flow
toward the port 2 is investigated and vice versa. The current
flow from the port 1 to port 2 and the current distribution
with the same dynamic range are studied at 19. 8 GHz for the
uncloaked and cloaked cases as shown in Figs. 8 (a) and (b),
respectively. It can be clearly seen that the current from the
port 1 is hardly delivered to the port 2 for the cloaked case

FIGURE 7. Characteristics of the coupled printed planar dipole antennas;
(a) Scattering parameters at the distance of λ0/15; (b) Total efficiency at
the distance of λ0/15; (c) Scattering parameters at the distance of λ0/3;
(d) Total efficiency at the distance of λ0/3.

FIGURE 8. Current distribution of the closely spaced printed planar dipole
antennas with the same dynamic ranges; (a) Uncloaked coupled planar
dipole antennas at 19.8 GHz; (b) Cloaked coupled planar dipole antennas
at 19.8 GHz; (c) Uncloaked coupled planar dipole antennas at 21.3 GHz;
(d) Cloaked coupled planar dipole antennas at 21.3 GHz.

compared to the uncloaked case. This observation is also
confirmed, as shown in Figs. 8 (c)-(d), in such a way that
the only port 2 is excited and the current flow toward the
port 1 is explored. The high intensity of the surface current
on the metasurfaces is also observed for both cloaked cases,
which cancels the dominant scattered field from the antenna
to be cloaked.

The radiation patterns are then investigated when two
antennas are placed in close proximity. Here, the radiation
patterns of the uncloaked coupled and cloaked coupled anten-
nas are compared with those for the isolated antennas at the
distances of λ0/15 and λ0/3 to explore the effect of the mutual
coupling on the radiation patterns as shown in Figs. 9 (a)-(f).
The radiation patterns of the cloaked coupled antennas seem
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FIGURE 9. 2D linear radiation patterns of the isolated, uncloaked
coupled, and cloaked coupled antennas at 19.3 GHz; (a) UOW plane
(φ = 0◦) at the distance of λ0/15; (b) VOW plane (φ = 90◦) at the distance
of λ0/15; (c) UOV plane (θ = 90◦) at the distance of λ0/15; (d) UOW plane
(φ = 0◦) at the distance of λ0/3; (e) VOW plane (φ = 90◦) at the distance
of λ0/3; (f) UOV plane (θ = 90◦) at the distance of λ0/3.

to be very close to those of the isolated antennas, while
the patterns are severely distorted for the uncloaked coupled
antennas for all the cut-planes. The metasurface-based cloaks
restore the original radiation patterns of the antennas even for
a deeply sub-wavelength separation of the antennas.

III. PRINTED PLANAR DIPOLE ANTENNA ARRAYS
We have investigated the matching and radiation characteris-
tics of single printed planar dipole antennas with and without
themetasurface cloaks and have demonstrated that themutual
coupling of the antennas placed in close proximity can be
dramatically reduced with the metasurface cloaks, and the
radiation patterns of the strongly coupled antennas can be
restored as if the antennas were isolated. In this section,
we further extend the study to explore the decoupling and
cloaking effects in the printed arrays by comparing the results
with and without the mantle cloaks for 1D and 2D antenna
arrays with the beam steering toward a specific angle.

The 8 by 1 microstrip-to-balanced transmission-line net-
work is proposed to properly feed each antenna element
(Fig. 10). The feed network is designed to have approximately
equal amplitude and phase among the ports so that the power
is evenly distributed to each port. Each length and width of
the parallel strip line is determined to operate around 20 GHz
and optimized by the CSTMWS. Each parameter of the lines
is listed in Table 3.

FIGURE 10. Proposed 8 by 1 microstrip-to-balanced transmission-line
feed network.

TABLE 3. Parameters of the 8 by 1 microstrip-to-balanced
transmission-line feed network.

The performance of the feed network is numerically eval-
uated by the scattering parameters and the phase difference
as shown in Figs. 11 (a)-(b) for each port. The transmission
coefficient level for each port, as shown in Fig. 11 (a), is
about −10 dB, which is due to a 3 dB loss for each branch
together with the surface leakage current and the loss tangent
of the substrate. The phase difference is also investigated by
subtracting the phase of the port 2 from each phase. The
phase difference for the port 2, port 3, port 4, and port 5 is
included here, as shown in Fig. 11 (b), as the feed network
has a symmetric structure with respect to the VOWplane. It is
shown to be around± 1.5 degrees difference around 20 GHz,
which is within an acceptable level.

FIGURE 11. Performance of the proposed 8 by 1 feed network;
(a) Scattering parameters; (b) Phase difference for each port.

A. 1D PLANNAR ARRAYS FED BY THE 8 BY 1 FEED
NETWORK
The single cloaked antenna is laterally arranged to config-
ure the 1D array as shown in Fig. 12. Every single antenna
is spaced by the distance of λ0/2, where λ0 is the free-space
wavelength at 20 GHz to avoid the grating lobes. The printed
cloaked antennas are equally fed by the transmission-line
transition network, which transforms the port impedance
of 50 � to input impedance of 188 � at each port. The
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FIGURE 12. 1D printed planar dipole array fed by the microstrip-
to-balanced transmission-line transition network.

antenna length and the dielectric constant of the dielectric
cover of the cloaks are adjusted to operate the antennas
around 20 GHz. The 1D array fed by the transition network
is numerically evaluated by the scattering parameters and the
total efficiency as shown in Fig. 13. The cloaked antenna
array 1 resonates around 19.5 GHz and at the same time,
the antenna array 1 cloaks the radiation of the array 2 around
20.2 GHz, where the cloaked antenna array 2 resonates as
shown in Fig. 13 (a). The corresponding characteristic is also
closely related to the total efficiency against the frequency as
shown in Fig. 13 (b). The total efficiency of the cloaked anten-
nas reaches its peak around 90 % at its resonant frequency.

FIGURE 13. Performance of the 1D printed cloaked antenna arrays fed by
the feed network (FN) against frequency; (a) Scattering parameters;
(b) Total efficiency.

The 2D linear radiation patterns of the 1D printed cloaked
antennas are explored as shown in Figs. 14 (a)-(f). The radi-
ation patterns of the cloaked arrays are investigated in such
a way that the patterns of the cloaked antenna arrays are
explored around their resonant frequencies and at the same
time the patterns of the arrays are also explored around the
frequencies to be cloaked. It is clearly seen that the patterns of
the cloaked arrays at the frequency to be cloaked show poor
radiation. This is because the metasurface plays a key role
to effectively cancel the scattered field from the array to be
cloaked.

We investigated the characteristics of the 1D planar cou-
pled antenna arrays at the very close distance, such as λ0/15,
as shown in Figs. 15 (a)-(b), to explore the mutual coupling
and the total efficiency when two coupled arrays are placed
in close proximity of each other. Each characteristic of the
cloaked coupled planar arrays, such as the scattering parame-
ters and the total efficiency against frequency, is compared
with the uncloaked coupled arrays. As expected, the very
strong mutual coupling is observed for the uncloaked coupled

FIGURE 14. 2D linear radiation patterns of the cloaked printed planar
antenna arrays at the corresponding frequencies; (a) UOW plane (φ = 0◦)
at 19.5 GHz; (b) VOW plane (φ = 90◦) at 19.5 GHz; (c) UOV plane (θ = 90◦)
at 19.5 GHz; (d) UOW plane (φ = 0◦) at 20.2 GHz; (e) VOW plane
(φ = 90◦) at 20.2 GHz; (f) UOV plane (θ = 90◦) at 20.2 GHz.

FIGURE 15. Characteristics of the coupled printed planar dipole antenna
arrays; (a) Scattering parameters at the distance of λ0/15; (b) Total
efficiency at the distance of λ0/15; (c) Scattering parameters at the
distance of λ0/3; (d) Total efficiency at the distance of λ0/3.

arrays whereas the mutual coupling is significantly reduced
around 19.3 GHz and 20.2 GHz for the cloaked coupled
arrays, showing the transmission coefficient (S21) level of
more than −30 dB (Fig. 15 (a)). The corresponding total
efficiency is shown in Fig. 15 (b), demonstrating that it
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FIGURE 16. Current distribution of the closely spaced printed planar
arrays with the same dynamic ranges; (a) Uncloaked coupled arrays at
19.3 GHz; (b) Cloaked coupled arrays at 19.3 GHz; (c) Uncloaked coupled
arrays at 20.2 GHz; (d) Cloaked coupled arrays at 20.2 GHz.

reaches up to 81% for the cloaked coupled arrays, and reduces
to 5 % at the frequency to be cloaked. We further explore
this study by increasing the distance between the two arrays
to λ0/3, as shown in Figs. 15 (c)-(d). It can be numerically
confirmed that the decoupling between two closely spaced
arrays is observed for the cloaked coupled arrays as shown
in Fig. 15 (c) and the total efficiency reaches its maximum
value comparable to that of the isolated arrays as shown
in Fig. 15 (d).

Figs. 16 (a)-(d) show the current distribution of the coupled
planar arrays for the case when two arrays are placed with a
deeply sub-wavelength separation of λ0/15. Here, we explore
the current distribution in such a way that the only port 1 is
turned on and at the same time the current distribution is
investigated at the port 2 and vice versa. The current from
the port 1 at 19. 3 GHz, as shown in Fig. 16 (a), is delivered
to the port 2 for the uncloaked coupled array due to the strong

FIGURE 17. 2D linear radiation patterns of the isolated, uncloaked, and
cloaked coupled arrays at the distance of λ0/15; (a) UOW plane (φ = 0◦)
at 19.8 GHz; (b) VOW plane (φ = 90◦) at 19.8 GHz; (c) UOV plane (θ = 90◦)
at 19.8 GHz; (d) UOW plane (φ = 0◦) at 20.6 GHz; (e) VOW plane
(φ = 90◦) at 20.6 GHz; (f) UOV plane (θ = 90◦) at 20.6 GHz.

coupling. However, the current from the port 1, as shown
in Fig. 16 (b), is hardly delivered to the port 2 for the cloaked
coupled arrays. This is because the metasurface properly
cloaks the array at the cloaking frequency and decouples
the array ports. In a similar way, the current distribution
is explored at the port 1 when only the port 2 is excited
for the uncloaked and cloaked coupled arrays as shown in
Figs 16. (c)-(d). For both cloaked coupled arrays as shown
in Fig. 16 (b) and (d), the strong surface current is observed
on the metasurface as expected.

The 2D linear realized gain of the coupled printed pla-
nar arrays is then explored on the cut planes as shown
in Figs. 17 (a)-(f). The radiation patterns of the isolated,
uncloaked, and cloaked cases are investigated in such a way
that the strip dipole antenna array (without the feed network
to avoid any radiation distortion from the feed network) is
presented in front of the printed planar dipole array (with the
feed network) at the distance of λ0/15. The radiation patterns
are then explored at the port 1 around 19.8 GHz as shown
in Figs. 17 (a)-(c), whereas the patterns are investigated at
the port 2 around 20.6 GHz as shown in Figs. 17 (d)-(f).
The radiation patterns of the uncloaked coupled arrays are
severely affected by the presence of the uncloaked antenna
array leading to the distortion of the patterns. However,
the radiation patterns of the cloaked coupled arrays are close
to those of the isolated arrays due to the cloaking effect.
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FIGURE 18. 3D linear realized gain plot with the beam steering toward
the 30 degrees for the 2D coupled arrays at the distance of λ0/15;
(a) Isolated 2D array at 19.6 GHz; (b) Uncloaked coupled 2D array at
19.6 GHz; (c) Cloaked coupled 2D array at 19.6 GHz; (d) Isolated 2D array
at 20.5 GHz; (e) Uncloaked coupled 2D array at 20.5 GHz; (f) Cloaked
coupled 2D array at 20.5 GHz.

B. 2D PLANNAR ARRAYS FED BY THE 8 BY 8 FEED
NETWORK
In this section, we further explore the array study for 2D cou-
pled arrays, with steering the beam toward a specific angle,
arranged as a stack of longitudinal 1D arrays discussed in the
previous section. Here, the eight longitudinal configurations
are made by placing each 1D array set at the distance of λ0/2,
where λ0 is the wavelength at 20 GHz. Each 1D array has an
equal amplitude and progressive phase shift to steer the beam
toward the specific angle.

Figs. 18 (a)-(f) show the 3D linear gain plot for the
2D coupled arrays. We explore the radiation patterns of the
2D coupled arrays for the cases of isolated, uncloaked, and
cloaked arrays in such a way that the 2D printed planar array
(with the feed network) is coupled to the 2D dipole array
(without the feed network to avoid any radiation distortion
from the feed network) at the close distance of λ0/15, and
at the same time the patterns with the beam steering toward
the 30 degrees are explored with the 3D plots. Here, the
3D plots include the three cut planes, such as UOW plane
(φ = 0◦), VOW plane (φ = 90◦), UOV plane (θ = 90◦) and
the intensity of the pattern. The angle φ is varied from 0 to
360 degrees with the 30 degrees interval, while the angle θ is
varied from−180 to 180 degrees with the 30 degrees interval.
The radiation pattern of the 2D printed array 1 is investigated
at 19.6 GHz, which is coupled to the 2D strip array as shown
in Figs. 18 (a)-(c), whereas the pattern of the 2D printed

FIGURE 19. Total efficiency of the 2D coupled arrays at the distance
of λ0/15; (a) Total efficiency of the coupled antenna array 1; (b) Total
efficiency of the coupled antenna array 2.

array 2 is explored at 20.5 GHz as shown in Fig. 18 (d)-(f),
including the pattern of the isolated printed 2D array for
the comparison. It is clearly seen that the patterns of the
2D cloaked coupled arrays are close to the patterns of
the isolated 2D arrays with the main beam steered toward the
30 degrees. Note that the φ and θ angles of the boresight of
the beam are originally at 90 and 90 degrees, respectively.
However, the intensity of the 2D uncloaked coupled arrays is
lower than the intensity of the isolated or cloaked cases, which
is due to the strong mutual coupling between the arrays.

Figs. 19 (a)-(b) show the total efficiency against frequency
when the 2D printed coupled arrays are placed at the close
distance of λ0/15. The total efficiency of the 2D uncloaked
and cloaked arrays is investigated and compared with the total
efficiency of the 2D isolated array. The total efficiency of the
cloaked coupled arrays is approximately 70 % at 19.6 GHz as
shown in Fig. 19 (a) and at 20.5 GHz as shown in Fig. 19 (b).
Unlike the cloaked coupled cases, the total efficiency of the
uncloaked coupled arrays is approximately 40 %, which is
a relatively low value compared to the isolated or cloaked
coupled cases. This is because the energy is strongly cou-
pled between the two arrays. However, the cloaked coupled
arrays effectively decouple each other at the frequency to
be cloaked. This can be confirmed by the total efficiency of
approximately 20 % at 20.5 GHz as shown in Fig. 19 (a) and
at 19.6 GHz as shown in Fig. 19 (b).

IV. CONCLUSION
In this paper, we have proposed to apply the mantle cloaking
technique to 1D and 2D printed dipole arrays operating at the
neighboring frequencies and fed by the 8 by 1 feed network
for the 1D array and 8 by 8 feed network for the 2D array.
A single printed dipole antenna coated with an ultra-thin
elliptically shaped metasurface has been designed with the
practical microstrip-to-balanced transmission-line transition.
It was numerically confirmed with the CST MWS numerical
simulations that the metasurface cloaks integrated in printed
technology made two tightly coupled antennas to be effec-
tively decoupled and cloaked with the matching and radiation
characteristics restored as if the antennas were isolated. It was
also shown that the metasurface cloaks drastically reduce
the mutual coupling between two phased antenna arrays in
1D and 2D configurations placed in close proximity of each
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other, such that the cloaked arrays operate independently
with their original radiation patterns. The fabrication and
practical realization of the printed cloaked arrays is currently
in progress, which requires a development of a 3D printed
technology in order to integrate the metasurface cloaks with
printed antennas and arrays. This technology has not been
developed yet, and to the best of our knowledge in order to
integrate metasurface cloaks with printed antennas the fully
automated 3D metal-dielectric printers are required. This is
the next step in the 3D fabrication of the proposed cloaked
printed arrays and to perform the near-field and far-field
microwave measurements.
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