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Abstract— We apply the concept of electromagnetic invisibility/cloaking
to improve the radiation properties and decouple two tightly spaced and
interleaved phased linear antenna arrays of strip monopoles operating
at close frequencies, in order to restore their isolated radiation patterns
and eliminate the undesired cross-coupling between their elements. We
realize this effect using elliptically shaped cloaking metasurfaces designed
for mutually cross-coupled elements of the distinct arrays. We analyze
and investigate the cloaking and decoupling effects in improving the
functionality of the coupled arrays in terms of their radiation patterns
and realized gain, respectively. As a result, the antenna arrays placed in
close proximity of each other can radiate independently for a wide range
of beam scanning angles, restoring the properties they would have when
isolated from each other.

Index Terms— Antenna array, decoupled arrays, elliptical metasurface
cloak, mantle cloaking, reduction of mutual coupling.

I. INTRODUCTION

Recently, the concept of mantle cloaking has been proposed
to reduce the scattering cross section of various objects at
microwave [1]-[9] and low-terahertz frequencies [10], [11]. Later
on, it has been extended to elliptical cylinders and 2-D metallic
strips (as special cases) [12]. In [13], it has been proposed to use
metamaterials for the reduction of mutual coupling between closely
spaced antennas operating at near frequencies. In fact, it is well-
known that the mutual interaction between closely spaced antennas
degrades antenna performance [14]-[18]. In this regard, the mantle
cloaking method has been used for suppressing undesired mutual
interactions in antenna applications [19], [20]. Metasurfaces can
produce a cloaking effect, which helps restoring the radiation of
antennas if blocked by passive elements (by covering those elements
with tailored metasurfaces) [21]. Also, an antenna can be cloaked,
in such a way that its radar cross section (RCS) is reduced [22].

In many applications, not only the antennas are required to
be closely spaced, but also they need to operate at neighboring
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frequencies. Accordingly, it is desired to simultaneously decouple
them and restore their original radiation patterns as if they were
isolated. In this regard, in [23], this concept has been realized
using low-profile metasurfaces for two dipole antennas operating at
3.07 and 3.33 GHz with a very small distance equal to one-tenth of
the wavelength at 3 GHz. Later on, inspired by the mantle cloaking
of elliptical cylinders, in [8] and [12], the concept of simultaneously
cloaking and decoupling antennas has been extended to free-standing
strip dipoles operating at neighboring frequencies and also two strip
dipoles operating at 1 and 5 GHz [24]. In [25] and [26], this concept
has been experimentally verified for two single-band monopoles
and two single-band and dual-band monopole antennas. In [27],
it has been experimentally verified for two monopoles operating at
long-term evolution (LTE) and universal mobile telecommunications
service (UMTS) bands. It has also been extended to planar microstrip
monopoles [28] in printed technology at microwave frequencies and
also free-standing strip dipoles at low-THz frequencies [29]. The
concept of decoupling and cloaking two printed monopoles, presented
in [28], has been experimentally verified in [30]. Very recently,
following the procedure in [28], it has also been applied to wideband
microstrip monopoles at microwave frequencies [31].

Phased antenna arrays have been used for beam steering in mili-
tary and industry applications [32]. In conventional antenna arrays,
elements are spaced with a distance slightly smaller than half-
wavelength to avoid grating lobes [33]. It is of great interest to
accommodate compact antenna arrays for various applications, such
as multiple-input multiple-output (MIMO) systems, radar detection,
mobile communications, among others. However, designing multiple
arrays in a fixed area with a small separation between array elements
is a challenging problem [34]. In addition, the radiation pattern of
an array element is affected by the presence of other elements of
the same array (for one array) or elements from other arrays spaced
closely (in a multiple-array platform). The main contribution of this
article is to address these issues, extending the concepts of cloaking
and decoupling based on metasurfaces to phased arrays.

In this article, we show how two closely spaced, interleaved phased
antenna arrays, namely, Array I and Array II, which are supposed to
operate at neighboring frequencies (not the same), can be decoupled
from each other and, at the same time, their beam patterns can be
restored as if they were two isolated arrays. The idea is based on the
decoupling and cloaking of two closely spaced strip dipole antennas
operating at neighboring frequencies presented in [24]. It should
be mentioned that this operation is different from the scenarios
considered in [35] and [36], wherein the elements of the same array
operating at the same frequency are decoupled. As a result, the length
of a linear array will be cut almost in half (in the case of conventional
half-wavelength spacing), which may lead to large cost reduction
in practical applications and that can be installed on platforms
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Fig. 1. Isolated (a) Array I operating at f1 and (b) Array II operating at f5.
(c) Closely spaced Arrays I and II.

with compact space such as onboard ships, aircrafts, vehicles, etc.,
and, at the same time, enables frequency diversity. We analyze and
investigate how suitably designed metasurfaces covering the antenna
elements enable to decouple the two interleaved arrays whether they
are phased sequentially (one array is ON, and the other array is OFF)
or simultaneously, wherein both arrays are ON and steering the beam
toward their respective desired point in space.

This article is organized as follows. In Section II, we provide
an analysis of cross-coupling in two closely spaced arrays that
are supposed to operate at neighboring frequencies. In Section III,
we leverage the concept of mantle cloaking with a metasurface to
decouple and cloak two closely spaced, interleaved beam scanning
arrays operating at neighboring frequency bands. Section IV is
allocated to the conclusion.

II. THEORETICAL ANALYSIS OF CROSS-COUPLING

Here, we investigate the effect of cross-coupling between two
closely spaced phased antenna arrays that are supposed to operate
at neighboring frequencies. In general, the realized gain of an array
at frequency f can be written as

etot[47TU(9 v, )]
Jo JoTU©, e, f)sinbdode

where e is the total efficiency of the array and U(0, ¢, f) is the
radiation intensity.

Gre(gs(/’,f)_ O(EtotU(Ha(ﬂ,f) (1)

A. Cross-Coupled Interleaved Arrays (Sequential Phasing)

Consider now the case in which Array I and Array II are closely
spaced, or even interleaved, as shown in Fig. 1(c). We also assume
that the arrays are phased sequentially or, in other words, either
Array I is ON operating at f] and Array II is OFF, or Array I is
OFF and Array II is ON operating at f;. Let us focus on the case
when Array I is ON and Array II is OFF. Due to the presence of
the neighboring elements of Array II, the radiation pattern, matching
properties and, accordingly, the total efficiency of Array I will change.
This deteriorates the constructive far-field coupling (array gain) and
significantly reduces the total efficiency. Here, we explore how to
minimize this effect, in such a way that the interleaved arrays operate
independently of each other, as if they were isolated.

The well-known active element pattern (AEP) technique [37] is
commonly used for the analysis of mutual coupling between elements
of the same array, but not between two distinct arrays. Ostensibly,
it implies that the AEP may not be useful for the analysis of
coupling between the elements of two interleaved arrays in our
specific problem here. However, here we show that, for the case of
two close frequencies of operation, and assuming that the elements
of the two arrays have similar free-space radiation patterns

Flo () = R ()
/' (f) = Hf ()

(2a)
(2b)
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Fig. 2. Multiport network model of isolated (a) Array I and (b) Array II.
(c) Closely spaced Arrays I and II.

we can still apply the AEP technique. Here, Fj S *(f1) and Ff S( f1)
are the free-space vector electric far-field patterns of an element in
the Arrays T and 1T at f7, respectively. Also, Hfs (f1) and H (D
are the free-space vector magnetic far-field patterns of an element in
the Arrays I and II at f, respectively. Then, the scattering matrix
of the whole system (assumed as a multiport network schematically
shown in Fig. 2) of two coupled arrays at f7 can be obtained

LI LI LII LIL \
St Siv, St Siv,
LI LI L1 LI
SN]I SN]N] SN]I SN]N]
S = SILT GILI (LI gL E)
1 N In 7 PIN
ILr o GILI 1,1 LI
SN11 SN1 N SN11 . SN1 N,

Accordingly, assuming Array I is ON and Array Il is OFF (a}nI =0),
the active S-parameter for each element (the pth element) of Array I
can then be defined as

Iseq(f) 1

Ny
S50 = —IZ Spa(f1)- @
p P =

Here, al are the complex voltage excitations of the elements of
Array I (see Flg 2). Assuming that it is the same for all elements
in Array I (S, Lseq _ Sseq) one can also find the total efficiency of
Array I due to the presence of Array II

() =1— |80 )

Then, the vector electric and magnetic far-field patterns for an
element of Array I can be obtained

) = ab[1 4 S0 TF ()
H,;*(f1) = ap[1 SR ().

The excitation voltages and currents of the elements of Array II
are zero, and with a similar analysis one finds that for an element of
Array 11

(6a)
(6b)

By = By G0R ) ™
Hy ) = by 0! () .

where
II QCQ(f )= Z al SHqI(f )- (7¢)

g=1
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Then, the total vector electric and magnetic far fields of Array I in
the presence of the unexcited elements of Array II, normalized with
respect to e~ /P17 /r, are obtained as follows:

Ni
I, o
Eg = F/ () 1 [1+85790)] > al /1y sin cosg)
p=1

N
. II .
+ 2 :bg,seq(fl)ejﬂl(xp sinf cos ) (82)
p=1
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p=1
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p=1

I and xII are

where S is the wavenumber in free space at fi, and x D »
the locations of array elements on the x—axis [see Fig. 1(c)]. The
realized gain pattern of Array I due to this spatial interference will

be proportional to

GrE(f1) o e (R{ELS( ) x HEST (1)), 9)

In the case of a small distance between a pair of neighboring

elements belonging to two interleaved arrays:

1) The reflected voltage at the port of an element in Array I is
affected by the scattered waves from its closest neighboring
element of Array II, and will be different from the isolated
case

Spp(f) # Spp°(f1) yields seq ) iso p (10
Shl(py 2 shioy ST U #ESTUD- A0

Here, SIiSO (f1) is the active S-parameter of the isolated Array I
[see Fig. 2(a)] at fi defined in [37], assuming that it is the
same for all the elements in Array I (S p’lso = SIiSO).

2) The reflected voltage at the port of an element in Array II is
mainly affected by the radiation from its closest neighboring
element of Array I. Then, we have

11, 11,1
by (1) ~ al,Spy (f1)- (10b)

Ideally, we would like that the elements of the interleaved arrays
are decoupled from each other, and also that their radiation patterns
are similar to the isolated case. To resolve this issue, tailored cloaking
metasurfaces wrapped around the distinct array elements can restore
the radiation patterns and also decouple two strongly coupled closely
spaced antennas operating at neighboring frequencies (with the results
shown in Section III). As a result, if an element in Array II is invisible
to its closest neighboring element from Array I at frequency fi,
we have

S & SO (an
In addition, by making the elements of Array II poor radiators
(?Pen circuit) at the operation frequency of Array I (f1), such that

bp’seq( f1) =~ 0, one can eliminate the undesired cross-coupling
between the arrays, and Array I will be operating independently in

4999
the presence of Array II, as if it is isolated
B 1,iso Liso 7]
S S, 0---0
I'iso . I{so o
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B. Cross-Coupled Interleaved Arrays (Simultaneous Phasing)

Now, we assume that Array I and Array II are closely spaced,
as shown in Fig. 1(c), and also, Array I is designed to operate at fi,
and Array II is designed to operate at f>. If the elements of Array I
and Array II are narrowband, in such a way that there is no overlap
in the emitted frequencies, the realized gain patterns of the arrays
will be similar to the ones in Section II-A. However, if the operation
frequency band of Array II overlaps with f7, then the resulting pattern
of Array I at f1 will be the superposition of its own pattern and the
pattern of Array II at f7. With a similar analysis to Section II-A, one
finds the active S-parameter for each element of Array I can then be
defined as

1sim Lse 13 I LI
S () = 87 + T > ay Spq (f). (13)
P g=1

Assuming that this is the same for all elements in Array [ (S};Sim =

Sfim), one can also find the total efficiency of Array I when Array II
is ON as

ebsim gy =1 — [sim (2. (14)

Similarly, the active S-parameter for each element of Array II and
its total efficiency will be

ILsi by ) 1
Spﬁlm(fl):pf_kﬁza}]spé (f1)- (15)
ap 4p g=1

Hence, the realized gain pattern of Array I at f] in the presence
of Array II will be proportional to

GES™©, 0, f1) o elSM(FR[ELS™(£1) x HES™ ()]
A >
~ e m ) [F () | Peks ™ )

where gi’eSlm(fl) is the normalized gain pattern, and assuming
uniform excitations for both arrays we obtain

™ (fislap| = [ap] = 1)

Nj
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Here 5}, and 52 are the excitation phases of the elements of Array [
and Array II, respectively.

Now, considering Fig. 1(c), we investigate how the electromagnetic
interference between the arrays changes the normalized realized gain
pattern of Array I with two examples. First, we assume that the
11 elements of Array I are fed with a phase pattern aimed at steering
the beam toward 6y = 30° at the center frequency f; = 2.95 GHz,
and the 11 elements of Array II are fed to steer the beam toward

a7
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Fig. 3. Normalized realized gain pattern of Array I at 2.95 GHz when Array 11
is also ON at f; = 2.95 GHz for different values of the total efficiency ratio.
(a) Array I with 0y = 30° and Array II with 6y = —25°. (b) Array I with
6p = 30° and Array II with 6y = 15°.

6p = —25° at the center frequency f» = 3.35 GHz. The distance
values are d = 50 mm and djp = 10 mm. The analysis below
concerns the case when the operation frequency band of Array II
overlaps with the frequency f; (even though the Array II was
designed to operate at the center frequency f>). In this regard,
we excite both arrays at f], as the center frequency of Array I.
According to the superposition principle, the gain of Array I will
be affected by Array II. This superposition is a function of the total
efficiency of Array II at the frequency f]. To quantitatively investigate
this effect, the results for the normalized realized gain pattern of
Array I [given by (17)] in dB are shown in Fig. 3(a) for various values
of the ratio of the total efficiencies (egtmm /e%oilm) at f1. It can be
seen that high interference (large ratio) may lead to large side lobes
for the Array I, due to the superposition of its own pattern and the
pattern of Array II at f1. Then, we assume the elements of Array I
and Array II are designed to steer the beam toward 0y = 30° at
the center frequency f1 = 2.95 GHz and 0y = 15° at the center
frequency fo = 3.35 GHz, respectively. Again, we excite both arrays
at f1. The results are shown in Fig. 3(b). In this case, not only the
main beam of Array I shifts, but also its shape will be deformed in
the case of high interference between the arrays.

It can be concluded that the cloak metasurfaces, wrapped around
the elements of Array II, not only should make these elements
invisible to the elements of Array I at fi (and vice versa at f>)
due to the cloaking effect but also should make these elements
poor radiators with a low total efficiency at f; (and vice versa
at fo) by decoupling the arrays and minimizing the ratio of the
total efficiencies. In Section III, we show how this objective can
be achieved.

III. DECOUPLING AND CLOAKING OF INTERLEAVED
PHASED ANTENNA ARRAYS

Now, we consider two closely spaced (interleaved) linear antenna
arrays, namely, Array I and Array II (schematically shown in Fig. 4),
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Fig. 4. (a) Schematics of isolated Array I, uncloaked coupled arrays, and
cloaked decoupled arrays. (b) Schematics of the elliptical metasurface cloaks
and the cross-section views of Antenna I (left) and Antenna II (right).

TABLE I
DESIGN PARAMETERS OF ANTENNA [ AND ANTENNA II

Antenna I (Isolated Antenna I Antenna II (Isolated Antenna II
or Uncloaked) (Cloaked) or Uncloaked) (Cloaked)
W =4mm W =4 mm W =4 mm W =4 mm
S a=22mm a=22mm
> b = 0.9165 mm b =0.9165 mm
Ly =229 mm Ly = 20.7 mm L, =20.75 mm L, =194 mm
= D = 3.4034 mm D = 3.4034 mm
- w; = 0.35 mm - wy, = 0.3 mm
= & =615 & =98
A= 0.1 mm A= 0.1 mm A= 0.1 mm A= 0.1 mm

supposed to be operating at f; = 2.95 GHz and f, = 3.35 GHz,
respectively, each with N = 11 elements located on the x—axis.
The spacing for each array is d = 50 mm (which is 41/2 or
0.5647), and the inter-element spacing between the two arrays is
di2 = 10 mm (which is 41/10.2 or 4,/9). From array theory
(considering the array factor of a linear array) [32], in our example,
the scan angle ranges are —90° < 0(1) < 90° and —50° < G(I)I < 50°,
for Arrays I and II, respectively. To illustrate the concept of restoring
array beam scanning and gain properties using cloaking metasurfaces,
we assume three different cases: 1) the arrays operate independently
of each other (isolated); 2) the arrays are closely spaced, coupled,
but uncloaked; and 3) the arrays are closely spaced, decoupled and
cloaked by the elliptical metasurface cloaks, as shown in Fig. 4(a).
Here, we consider the array elements made of strip monopole
antennas (i.e., Antenna I and Antenna II) excited by 37.5 Q discrete
ports, vertically positioned with respect to an infinite ground plane.
The various parameters of the two monopole antennas and their
respective metasurfaces [shown in Fig. 4(b)] have been found using
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Fig. 5. (a) Realized gain at f| = 2.95 GHz. (b) Total efficiency of Array I
for Gy = —60°.

the design procedure in [24] for strip dipoles, as given in Table I.
In fact, once the optimization is done for dipoles, the same parameters
can also be used for their equivalent strip monopole antennas, and
should still work in the presence of an array of antennas, since
the cloak performance should not be affected by the environment,
even in the near field [38]. The corresponding simulations have been
performed using CST MWS [39].

A. Sequential Phasing (Array I is ON and Array Il is OFF)

In this scenario, we investigate the effect of using metasurfaces
when each element of Array I is excited and the elements of Array II
are OFF. A similar analysis has been performed when Array I is OFF
and Array II is ON, but it is not shown here for the sake of brevity.

Here, we provide the realized gain of Array I for the three
scenarios of Fig. 4(a). For the sake of brevity, we have chosen
the scan angle of 6y = —60° and its respective realized gain is
shown in Fig. 5(a). It can be seen that the elliptical metasurface
cloaks, wrapped around the elements of Array II, provide restoration
of the patterns of Array I in the presence of Array II, despite
the small spacing. Also, Fig. 5(b) shows the total efficiency of
Array I, wherein the elliptical metasurface cloaks, wrapped around the
elements of Array II, make it possible to recover the total efficiency
of Array I around f; = 2.95 GHz, and at the same time, the elliptical
metasurface cloaks, wrapped around the elements of Array I, make
this array a poor radiator at the resonance frequency of Array II,
and thus, decouples them. Also, for 0y = —60°, here we provide
a comparison between the electric field distributions of the isolated,
uncloaked coupled, and cloaked decoupled cases as shown in Fig. 6.
It can be seen how the metasurface cloaks can restore the field
distribution and result in a radiation similar to the isolated case.

5001

Isolated

Uncloaked

Cloaked

0 0.150.290.430.580.720.86 1

Fig. 6. Normalized electric field distribution of Array I for §y = —60° at
f1 = 2.95 GHz for isolated, uncloaked coupled, and cloaked decoupled cases.

¢ =0° Plane atf1 =2.95GHz

— Isolated
— Uncloaked
- = Cloaked

Realized Gain [dB]
<

-90 -75  -50 -25 0 15 30 45 60 75 90
0 [degrees]

Fig. 7. Realized gain patterns of Array I with 0y = 30° at f; = 2.95 GHz,
when Array II is simultaneously excited at f7.

Also, in Fig. 6 (middle panel), it can be seen that in the case of
two coupled (uncloaked) arrays, the Array I is a poor radiator due to
its strong cross-coupling with the elements of Array II.

B. Simultaneous Phasing (Array I is ON and Array Il is ON)

Here, we provide simulation results for the case that the inter-
leaved, closely spaced Array I and Array II [see Fig.1(c)] are both
ON, each with 11 elements. Array I is designed to operate at the
center frequency f1 = 2.95 GHz, and simultaneously, Array II is
designed to operate at f> = 3.35 GHz.

As an example, we assume that the elements of Array I are
supposed to steer the beam toward 6y = 30° at the center frequency
f1 =2.95 GHz, and the elements of Array II are phased, in such a
way that steer the beam toward 6y = —25° at the center frequency
f>» = 3.35 GHz. The analysis below concerns the case when the
operation frequency band of Array II overlaps with the frequency
f1 (even though the Array II was designed to operate at the center
frequency f>). To find the effect of the superposition of patterns for
Array I at 2.95 GHz, we excite both arrays at f; = 2.95 GHz. The
distance values are d = 50 mm and d1 = 10 mm. Then, we cover the
elements of each array by the proposed metasurface cloaks (described
in Section III). The results for the realized gain pattern of Array I at
f1 =2.95 GHz in dB are shown in Fig. 7 for the isolated, uncloaked
coupled, and cloaked decoupled cases.

The metasurface cloaks wrapped around the elements of Array II
make them poor radiators at f; =2.95 GHz, in such a way that
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the ratio of the total efficiency of Array II to that of Array I
changes from 0.61 in the uncloaked coupled case to 0.06 in the
cloaked decoupled case. Accordingly, they dramatically reduce the
large sidelobe (almost 10 dB), occurred due to the superposition
of patterns at fj. In addition, these metasurface cloaks make the
elements of Array II hidden to the elements of Array I, which improve
the desired main beam (almost 4 dB) of Array I, in such a way
that Array I functions as in the case when it is isolated. The results
confirm the analysis presented in Section II. A similar analysis can
be performed for Array II at f> = 3.35 GHz, not shown here for the
sake of brevity.

IV. CONCLUSION

In this article, we have proposed to utilize the established mantle
cloaking method in order to decouple and cloak two closely spaced
and interleaved phased antenna arrays operating at neighboring fre-
quencies, to restore their radiation patterns and recover their matching
properties, in such a way that the two distinct arrays operate indepen-
dently of each other as if they were isolated. We have theoretically
analyzed the cross-coupling of such arrays. The presented simulation
results confirm our theoretical analysis, and show that decoupling and
cloaking of two antennas operating at different but close frequencies
can be generalized to two decoupled and cloaked antenna arrays, in a
cost-effective and size-reduced manner, leading to densely packed
arrays with high efficiency and beam scanning capabilities.
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