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ABSTRACT We explore complementary cloaked antennas to improve their designs and to increase our
understanding of the fundamental concepts of mutual coupling and cloaking effects by metasurface cloaks.
We show that a cloaked planar dipole antenna (CPDA) and a cylindrically grounded cloaked slot antenna
(CGCSA) placed in close proximity can be decoupled in the near field and cloaked in the far field of using
planar metasurface cloaks; the antennas operate as if they were isolated. We perform an intensive parametric
study to determine the optimal decoupling and cloaking regimes for both the CPDA and the CGCSA. The
structures developed are in good agreement with previous findings regarding the cloaking effects, even
when complementary antennas are in close proximity. Such analysis can also be applied to other types of
complementary antennas placed close together that operate in neighboring frequency bands.

INDEX TERMS Cloaking, complementary structure, metasurface, planar antennas, slot antennas, scattering

cancellation.

I. INTRODUCTION
Cloaks are designed to make targets invisible or con-
cealed over specific spectral ranges of electromagnetic
waves [1], [2], [3], [4], [5]. Cloaking has many applications
in the industrial and defense fields. In terms of defense, the
survival of military forces is the main priority in the modern
electronic warfare. Self-defense systems use cloaks to protect
electronic equipment from electromagnetic waves emitted by
enemy radar. The demand for high-end cloaking is growing;
there is a need to minimize the total scattering cross-section.
In addition to defense, cloaks are in high demand in
the communications field; they are also in demand for
electronic devices in very dense environment [6], [7]. The
many onboard electronic devices used by modern meth-
ods of transport require multiple antennas to be mounted
on a compact platform; all simultaneously operate within
a narrow spectrum. The main problem is the inevitable
electromagnetic interference that occurs when many anten-
nas are closely packed [7], [8]. This interference degrades
overall performances; radiations from adjacent antennas
strongly interfere, considering their subwavelength separa-
tion [6], [7], [8].Cloaking decouples such interference.
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The fundamental principles are well established; guided
wave cloaks and scattering cancellation methods have been
extensively studied [9], [10], [11], [12], [13], [14], [15], [16],
[17], [18], [19], [20], [21], [22], [23]. A guided wave cloak is
essentially a shell that directs waves away from the cloaked
target [12], [13], [14], [15], [16]. The waves bend around the
target, passing through well-defined transformative optics-
based metamaterials [12], [13], [14], [15], [16]. Guided wave
cloaks include transmission-line based cloaks [17], [18], [19],
[20], a series of metallic layers that guide waves around
targets [17], [18], [19], [20]. These layers are coupled with
free space during impedance matching processes. A cloak
is formed through interactions within the layers [17], [18].
However, practical applications are difficult [1], [2], [3],
[4] [6], [7] because guided wave cloaks occupy substantial
volumes through which cloaked waves are detoured [12],
[13], [14], [15], [16]. Additionally, the high dielectric and
conduction losses reduce efficiency.

Scattering cancellation cloaks use metamaterials or meta-
surfaces that cause fields to mutually cancel [1], [2], [3],
[4], [5], [6], [7], [8]. Thus, a field scattered by the target to
be cloaked is successfully canceled by a field that has been
created using a specifically designed material [1], [2], [3], [4],
[5], [6], [7], [8]. The metamaterial or metasurface generates a
destructive fields, which is the exact opposite of the scattering
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field re-radiated from the target [1], [2], [3], [4], [5], [6], [7],
[8]. However, plasmonic cloaks use cumbersome media, such
as plasmonic metamaterials with negative relative dielectric
constants that restrain fields scattered by the target [9], [10],
[11]. The size of plasmonic cloaks are typically comparable
with the sizes of the target [9], [10], [11].

Mantle cloaking involves an ultra-thin metasurface [1], [2],
[3], [4], [5], [6], [7], [8]. Such cloaking is based on scatter-
ing cancellation by a super-thin metasurface surrounding the
target [1], [2], [3], [4]. The mechanism is electrical; the can-
celling field is induced by anti-phase metasurface currents.
Extensive analytical and numerical studies using dielectric
and conducting cylindrical objects have appeared [6], [21].
Various super-thin one-or two-dimensional (2D) metasur-
faces have been conformally printed and placed in slotted
arrays that are periodically arranged at sub-microwave fre-
quencies [21]. Such scattering cancellation method has also
been implemented at low-THz frequencies using an ultra-
thin graphene layer [3]. Mantle cloaking in the microwave
region has been intensively studied; elliptical metasurfaces
were used to surround bare metallic monopole or dipole
antennas in [1] and wideband cloaked antennas in [2]. These
studies were then extended to interleaved antenna arrays with
the antenna elements in close proximity and operating at
neighboring frequencies [4], [7], [8]. The performance of
cross-coupled, printed, monopole antenna arrays surrounded
by elliptical metasurfaces was explored in [8], whereas the
performance of printed dipole antenna was explored in [7];
interference caused by the radiations of adjacent antennas was
eliminated.

A planar cloaking metasurface in which an anti-phase cur-
rent traveled was recently proposed for a bowtie antenna [7].
This approach suggests that planar metasurfaces can be
directly applied during planar antenna printing, even with
respect to antennas that exhibit electrically large dimen-
sions (approximately one half-wavelength). Recently, mantle
cloaking has been successfully implemented for slot anten-
nas operating at C-band frequencies [22], [23]. An elliptical
metasurface was placed at the edge of the slot aperture. Scat-
tering was cancelled. This eliminated mutual coupling that
involved a neighboring slot antenna operating in the C-band.

Inspired by the findings of [22] and [23], the present study
explores the fundamentals of mantle cloaking, as well as the
decoupling effects of complementary antennas. We show that
a cloaked planar dipole antenna (CPDA) and a complemen-
tary, cylindrically grounded, cloaked slot antenna (CGCSA)
placed in close proximity are decoupled in the near field but
cloaked in the far field; the complementary antennas then
operate as if they were isolated.

Il. COMPLEMENTARY CLOAKED ANTENNAS
A. TAILORED COMPLEMENTARY ANTENNAS
We study the complementary cloaked antennas, CPDA and
CGCSA, shown in Figure. 1. The complementary struc-
ture is guided by the Babinet’s principle of optics. Thus,
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FIGURE 1. Schematic representation of tailored complementary structure
of cloaked antennas: (a) CPDA in the YOZ-plane, (b) CPDA in the
XO0Z-plane, (c) CGCSA in the YOZ-plane, and (d) CGCSA in the XOZ-plane.

a metallic dipole strip antenna in free space is precisely the
dual structure of a slot antenna surrounded by an infinite
metal sheet. Considering this background sheet, the antenna
input impedance between complementary structures satisfies
the condition Z; - Z, = 77(2) / 4, where Z;, Z;, and ng are
the input impedances of the metallic dipole and slot anten-
nas, and the intrinsic impedance in free space, respectively.
Here, we use the cylindrically grounded, cloaked slot antenna
CGCSA, shown in Figure 1(c) and (d), to practically represent
the ground plane. Accordingly, the cylindrically grounded
structure can be regarded as the continuous, background
metallic sheet that facilitates radiation from the slot antenna.

Consider a cloaked planar dipole antenna (CPDA) with
a transverse magnetic polarized (TM?) incident wave
that impinges with respect to the z-axis as shown in
Figure. 1(a) and (b). This wave can be represented as fields
that engage in electromagnetic interference at the CPDA
operating frequency. When the incident wave reaches the
CPDA, an anti-phase current is created by the metasurface
impedance; thus, it is directly induced on the metasurface
to cancel the fields scattering from the bare antenna. This
scenario can be formulated as:

>

Eneta. = Zmeta. - Imeta. = —Escar. (1)

where Emem,, Zimeta.» jme,a,, and Escat. are the electric field
created on the metasurface, surface impedance of the meta-
surface, current density on the metasurface, and the electric
field scattering from the bare antenna, respectively. The sur-
face impedance of the metasurface (Z,¢s,.) must be carefully
chosen to induce the required anti-phase current. Generally,
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FIGURE 2. Configurations of (a) uncloaked planar dipole antenna,
(b) cloaked planar dipole antenna (CPDA), (c) cylindrically grounded
uncloaked slot antenna, and (d) cylindrically grounded cloaked slot
antenna (CGCSA).

the reactance of Z,,.,. should be positive for a dielectric
object, which is inherently capacitive; it should be negative
for a conducting object, which is inherently inductive. Here,
the bare antenna is inductive; thus, the reactance of the meta-
surface should be negative. Then, the CPDA is almost cloaked
against the incident wave and the operating frequency is not
affected by that wave.

Similarly, assume that a transverse electric polarized (TE?)
wave is incident [Fig. 1(d)] to the cylindrically grounded,
cloaked slot antenna (CGCSA), thereby comprising the dual
structure of the CPDA. Here, a reverse E-field is induced at
the edge of the slot metasurface when the TE?- polarized
wave reaches the structure. A magnetic field around the
metasurface is then created in the direction opposite to the
scattering magnetic field. This arrangement cancels the field
and thus cloaks the slot antenna. Mathematically:

- -

Hmeat. = Ymeat. 'Emeat. = _Hscat. (2)

where Ijlmem., Yieta.» Eme,a_, and H scar. are the magnetic field
created on the metasurface, the surface admittance of the
metasurface, the electric field on the metasurface, and the
magnetic field scattered from the uncloaked slot antenna,
respectively.

B. METASURFACE-CLOAKED ANTENNAS

Both the uncloaked planar dipole antenna and the cylin-
drically grounded uncloaked slot antenna initially oper-
ate at approximately 3.2 GHz. The configuration of
the uncloaked planar dipole antenna and the CPDA are
shown in Figure 2(a) and (b) respectively. The cylindrically
grounded uncloaked slot antenna and CGCSA are illus-
trated in Figure. 2(c) and (d), respectively. These anten-
nas were designed with the aid of the CST Studio Suite
(CST-Microwave Studio) [24]. The length (L4) and width
(wq) of the dipole, uncloaked planar antenna of Figure 2(a)
are 43mm and 3.5mm, respectively. We assumed that the
length (Lg) and width (wg) of the slot of the cylindri-
cally grounded, uncloaked slot antenna exhibited the same
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FIGURE 3. Characteristics of uncloaked complementary antennas: (a)
reflection coefficient and (b) total efficiencies by frequency.
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FIGURE 4. Characteristic variations of the CPDA as the dielectric constant
(er.q) changes: (a) reflection coefficient and (b) total efficiency according
to frequency.
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FIGURE 5. Parametric study of the CPDA as the height of the metasurface
host material (hy) is varied: (a) reflection coefficient and (b) total
efficiency.

dimensions. The radius of the cylinder is Ag / 10, where Ag is
the wavelength at 3.2 GHz.

Figure 3(a)-(b) shows the scattering parameter and total
efficiencies of the uncloaked complementary antennas. The
reflection coefficients of the uncloaked dipole and slot
antenna [Fig. 3(a)] are similar near 3.2GHz. Thus, the
resonance frequency is 3.1 GHz for the uncloaked planar
dipole antenna and 3.3 GHz for the cylindrically grounded
uncloaked slot antenna. The parametric study was performed
by varying the dielectric constant of the metasurface host
material (erq) [Figs. 4(a)-(b)]. As & q increases, the cloaked
frequency shifts lower. Figure 4(a) shows the reflection coef-
ficient curve, whereas Figure 4(b) shows the total efficiency.
The guided wavelength becomes shorter. The current then
runs through a longer path than the path imposed by the phys-
ical limitation of the antenna; thus, the cloaked frequency is
shifted lower as ¢, g increases.

The height of the host material (hq) was explored by vary-
ing hq only. The curve characteristics at cloaked frequencies,
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FIGURE 6. Characteristic CPDA variations as functions of frequency when
the metasurface slot (m; 4) is varied: (a) reflection coefficient and
(b) total efficiency.
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FIGURE 7. Characteristic changes in the dielectric constant of the CGCSA
host (er,s): (a) reflection coefficient and (b) total efficiency.

thus the reflection coefficient of Figure 5(a) and total effi-
ciency of Figure 5 (b), shit toward higher frequencies as
hg increases because the total capacitance decreases as hg
increases.

Figure 6(a)-(b) show the changes in the characteristics as
the metasurface slot (mg ¢ value) varies. As mg g increases, the
cloaked frequency increases in terms of the reflection coeffi-
cient [Fig. 6(a)] and total efficiency [Fig. 6(b)] because the
total capacitances decrease, shifting the cloaked frequency
higher as mg 4 increases.

The cloaked slot structure of our CGCSA is based on the
structure described in [22] and [23], but it includes a planar
cloaked host at the edge of the slot. The detailed metasurface
parameters of Figure 2(c) are: the dielectric constant of the
host material (g ), the height of the host material (hy), the
size of the slot on the metasurface (mg ), and the host width
of the metasurface (Hy ).

Figure 7(a)-(b) shows the changes in the characteristics—
reflection coefficient [Fig.7 (a)] and total efficiency
[Fig. 7(b)] —when only ¢, ¢ changes. As suggested by pre-
vious studied, the cloaked frequency, which is 0 dB when
the reflection coefficient corresponds to zero total efficiency,
shifts toward lower frequencies as & s increases.

The effect of the metasurface host width (Hy,s) was
explored by varying that value within specific ranges when
the other parameters were fixed. As Hy s increases, the
cloaked frequency shifts lower for both the reflection coef-
ficient [Fig. 8(a)] and total efficiency [Fig. 8(b)]; as Hy s
increases, the total inductances of the series inductors
increase, thereby changing the cloaked frequency.
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FIGURE 8. The (a) reflection coefficient and (b) total efficiency with
respect to the changes in the host metasurface width (Hw s).
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FIGURE 9. (a) Reflection coefficient and (b) total efficiency as the height
of the host material (hs) is varied.
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FIGURE 10. The (a) reflection coefficient and (b) total efficiency as the
metasurface surface slot (ms s) changes.

The characteristics of Figure 9(a)-(b) were derived by
changing the parameter hg while the other parameters
remained fixed. The cloaked frequencies move lower as hg
increases for both the reflection coefficient curve and the total
efficiency because the inductive component becomes more
dominant than the capacitive component. Thus, unlike for
the CPDA, the width of the host metasurface (Hy, ) is very
similar to the height of the host material (hg) of the CGCSA.

Figure 10(a)-(b) shows the characteristic changes in the
metasurface slot (mg s) of the CGCSA with respect to reflec-
tion coefficient and total efficiency. As mg increases, the
cloaked frequency shifts higher because the total capacitances
decreases.

llIl. CLOAKING AND DECOUPLING OF COMPLEMENARY
ANTENNAS

A. PERFORMANCES OF COMPLEMENTARY ANTENNAS
The complementary cloaked antennas (i.e., the CPDA and
the CGCSA) were subjected to numerical studies. The final
dimensions of the complementary cloaked antennas were:
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FIGURE 11. Characteristic performances of complementary cloaked
antennas according to frequency: (a) final complementary cloaked
antennas, (b) reflection coefficient, (c) 2D radar cross-sections (2D-RCS).

Lq =43mm, wqg = 3.5mm, &rq = 23, hg = 0.4mm, and
mg g = 0.5mm for the CPDA and Lgq = 43mm, wq = 3.5mm,
hs = 0.48mm, er s = 21, mg s = 0.1mm, and Hy s = 0.5mm
for the CGCSA. Figure 11(b) shows the reflection coeffi-
cients of the CPDA and the CGCSA, respectively. The CPDA
operates near 3.10 GHz and the CPDA cloaks at 3.25 GHz;
the cloaked frequency of the CPDA is the operating frequency
of the CGCSA, whereas the cloaked frequency of the CGCSA
is the operating frequency of the CPDA. Here, the cloaked
frequency for the two (complementary) cloaked antennas
is the frequency where scattering is canceled. Figure 11(c)
shows the corresponding 2D radar cross-section (2D-RCS)
for both (complementary) cloaked antennas. The 2D-RCS
is a function of frequency; the cloaked frequency of the
cloaked antenna is lower across the spectrum: 3.25 GHz
for the CPDA and 3.10 GHz for the CGCSA. However, the
2D-RCS characteristic is as functions of frequency, result-
ing that the cloaked frequency of the cloaked antennas is
shown to be lower over the spectrum i.e., at the 3.25 GHz
for the CPDA and the 3.10 GHz for the CGCSA. However,
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FIGURE 12. Electric field distributions near cloaked antennas with the

same dynamic ranges: (a) CGCSA at 3.10 GHz, (b) CGCSA at 3.25 GHz,
(c) CPDA at 3.10 GHz, and (d) CPDA at 3.25 GHz.

the 2D-RCS characteristics of the uncloaked antennas vary
slightly according to the neighboring frequencies.

The cloaking effect was also explored using the field
distributions of Figure 12(a)-(d). The electric field distribu-
tion near the antennas was investigated from the perspective
of the plane wave incidence. For example, the transverse
electric (TE®) polarized plane wave is typically incident
along the negative x-axis for the CGCSA case, as shown
in Figure. 12 (a) and (b). When the CGCSA is cloaked, the
electric field near the CGCSA at a cloaked frequency of
3.10 GHz is continuous; the CGCSA is completely invisible
[Fig. 12(a)]. However, the field near the CGCSA is destruc-
tive at an operating frequency of 3.25 GHz, considering the
strong scattering from the CSCSA. This observation was con-
firmed by evaluating the CPDA when the transverse magnetic
(TM*?) polarized plane wave was typically incident along the
positive y-axis [Figs. 12(c) and (d)]. Extremely destructive
field near the CPDA is observed at 3.10 GHz [Fig. 12 (c)], but
the field is uniform near the CPDA at the cloaked frequency
of 3.25 GHz [Fig. 12 (d)].

The 2D radiation patterns of the complementary cloaked
antennas were next explored [Figs. 13(a)-(f)] at the operating
and cloaked frequencies. As expected, the cloaked CPDA and
CGCSA antennas adequately radiated power at their cloaked
frequencies but poorly radiated power at their cloaked fre-
quencies. These results are in good agreement with the cloak-
ing effects observed in previous studies [1], [2], [3], [4], [7]-

B. CO-POLARIZED, COUPLED COMPLEMENTARY
ANTENNAS

First, we thoroughly investigated the cloaking effects of com-
plementary antennas by placing the two antennas very close
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FIGURE 13. Two-dimensional radiation patterns of complementary
cloaked antennas; (a) XOZ-plane (¢ = 0°) at 3.25 GHz;

(b) YOZ-plane (¢ = 90°) at 3.25 GHz; (c) XOY-plane (¢ = 90°) at 3.25 GHz;
(d) X0zZ-plane (¢ = 0°) at 3.10 GHz; (e) YOZ-plane (¢ = 90°) at 3.10 GHz;
(f) XOY-plane (6 = 90°) at 3.10 GHz.

l=} ¥ L x
FIGURE 14. Configuration of the co-polarized, coupled complementary

antennas: two complementary antennas were placed adjacent (1 /15)
and distant (¢ /2).

distance (Ao /15) and then very distant from each other (o /2,
where A¢ is the wavelength at 3.17 GHz). The polarizations
of the two complementary antennas were precisely inter-
changed in the co-polarized coupled configuration [Fig. 14].
This configuration was maintained when the complementary
antennas were both uncloaked and cloaked.

Figure 15(a) and (d) shows the characteristics of the co-
polarized coupled cases in terms of scattering parameters
and total efficiency. Figure 15(a) and (c) shows that the
coupling coefficient (Sy; or Sq2) of the uncloaked coupled
case is approximately —5 dB when the antenna are close but
—18 dB when they are distant at approximately 3.10 GHz
and 3.25 GHz, coupling is strong between uncloaked coupled
antennas. The properties of both antennas are considerably
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FIGURE 15. Investigation of the cloaking effects for complementary
structures with co-polarized coupled cases: (a) scattering parameters
with 1o /15 distance apart case, (b) total efficiency with 1, /15 distance
apart case, (a) scattering parameters with 14 /2 distance apart case,

(b) total efficiency with 14 /2 distance apart case.

affected by the neighboring antenna, compromising antenna-
matching; and the radiation pattern, gain, and efficiency.

Cloaking significantly reduced coupling when the anten-
nas were both adjacent and distant because cloaking cre-
ated reverse fields that eliminated the scattering fields.
In the CPDA, a metasurface anti-phase current canceled
the unwanted field. The reverse electric and magnetic fields
around the CGCSA slot facilitated scattering cancellation.

The total efficiencies of the co-polarized, coupled comple-
mentary antennas are shown in Figure 15(b) and (d) when the
antennas were close and distant, respectively. The efficiency
of the uncloaked antennas was approximately 70%, but the
efficiency of the cloaked antenna was 90 %.

The 2D linear radiation patterns on each principle plane
[Figs. 16(a)-(f)] were also explored in terms of the gains
provided by co-polarized coupling. The CGCSA was excited
in the transmit mode (i.e., at 3.25 GHz) in presence of its
dual CPDA structure. The radiation patterns were severely
distorted when the complementary antenna was uncloaked at
either distance. However, the radiation patterns of the cloaked
complementary antenna were in good agreement with the
radiation patterns of the isolated case at both distances. Thus,
the patterns of all reference planes fully recovered when the
complementary antenna was cloaked, even at sub-wavelength
separation distance. Scattering cancellation was effective.

C. CROSS-POLARIZED, COUPLED COMPLEMENTARY
ANTENNAS

The cross-polarized (X-pol.) coupled characteristics were
explored as shown in Figure 17. The two complementary
antenna were placed parallel to the z-axis; ports 1 and 2 were
connected to the cylindrically grounded slot antenna and the
dipole antenna, respectively. We explored both the cloaked
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FIGURE 17. Configuration of the cross-polarized (X-pol.) coupled
complementary antennas: two complementary antennas are closely
spaced with near distance of 1, /15 and separated with far distance of

Xo/z.

and uncloaked coupled scenarios by evaluating the scattering
parameters and total efficiency as a function of frequency.
Figure 18 (a)-(d) shows the performances. Figure 18 (a)
and (c) shows that the coupling level (transmission coef-
ficient, S12) of the uncloaked, cross-polarized complemen-
tary structure was constant at approximately —130 dB with
respect to frequency at a distance of A¢ / 15 and approximately
—200dB at A9 / 2. However, the coupling level of the cloaked
case was <—160 dB at A9 / 15 but was dramatically decou-
pled at the cloaked frequency because the total efficiencies
[Fig. 18(b) and (d)] show that the efficiency is zero for
the cloaked coupled case in cross-polarized configuration
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FIGURE 18. Characteristics of the cross-polarized (X-pol.), coupled
complementary antennas: (a) scattering parameters at 14 /15; (b) total
efficiency at 1o /15; (c) scattering parameters at 1, /2; (d) total efficiency
atig/2.

but approximately 90 % at the cloaked frequency for the
uncloaked coupled case, indicating substantial coupling.

IV. CONCLUSION

We explored complementary cloaked antennas in terms of
decoupling and cloaking. Planar, printed metallic antennas
can cloak at any chosen frequency. We developed a cloaked
slot antenna with a planar metasurface around the edge.
The CPDA and the CGCSA were numerically explored by
designing a metasurface that can cloak at a specific frequency
and then cancel scattering. We performed detailed parametric
studies of both the CPDA and the CGCSA to facilitate the
selection of parameters at a desired cloaked frequency. The
cloaking and decoupling phenomena of the complementary
antennas were intensively explored in terms of reflection
coefficient, total efficient, field distributions, and radiation
patterns when the antennas were adjacent and distant.
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