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Array-Antenna Decoupling Surface
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Abstract— Massive multiple-input multiple-output (M-MIMO)
technology is considered to be a key enabling technology for
future wireless communication systems. One of the challenges
in effectively implementing an advanced precoding scheme to a
large-scale array antenna is how to reduce the mutual coupling
among antenna elements. In this paper, a new concept that
is called array-antenna decoupling surface (ADS) for reducing
the mutual coupling between antenna elements in a large-scale
array antenna is proposed for the first time. An ADS is a thin
surface that is composed of a plurality of electrical small metal
patches and is placed in front of the array antenna. The partially
diffracted waves from the ADS can be controlled to cancel the
unwanted coupled waves. Two practical design examples are
given to illustrate the design process and considerations, and to
demonstrate the usefulness of ADS for the applications of phased
array antennas and M-MIMO systems when commonly used
precoding schemes are applied. The attractive features of ADS
include its applicability to a large-scale array antenna; suitability
for a wide range of antenna forms; wide decoupling bandwidth;
and simplicity in implementation.

Index Terms—Decoupling, decoupling surface, large-
scale array antenna, massive multiple-input multiple-output
(M-MIMO), mutual coupling, phased array.

I. INTRODUCTION

T IS an indisputable fact that the massive multiple-input

multiple-output (M-MIMO) system will be a key enabling
technology in the future fifth-generation (5G) wireless com-
munication systems. In an M-MIMO system, the number of
antenna elements on a base station antenna is much larger than
that of users served. To confront various emerging challenges
facing this new technology for future commercial applica-
tions, intensive research on the practical implementation of
the technology has been done from both theoretical and
practical perspectives. It has been shown that an M-MIMO
system can provide unprecedented high spectral efficiency
and energy efficiency provided that the spatial correlation
and mutual coupling among antenna elements are sufficiently
weak [1], [2].

Due to limited space constrains for deploying a large
number of antenna elements in an array, it is difficult to reduce
mutual coupling effects by increasing the spacing between
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antenna elements. In fact, the mutual coupling effect in a large-
scale array antenna has aroused a great deal of attention in
the domains of phased array radars, wireless communications,
and array signal processing since array antennas were put into
use during the World War II [3]. Recently, people find that
mutual coupling may seriously degrade the output signal-to-
interference-noise ratio of an adaptive-array antenna and the
convergence of array signal processing algorithms [4], [5].
An important early work that addresses the impact of mutual
coupling effects on the performance of an MIMO system is [6],
in which a significant drop of the mean capacity of an MIMO
system due to the mutual coupling among antenna elements
in a base station array antenna is demonstrated. Additionally,
it is found that the mutual coupling in a transmitter array
antenna not only affects the radiated power but also the power
collection capability, implying that the channel transfer matrix
depends on the active loading effect in an MIMO system [7].
To compensate mutual coupling and to design a compact large-
scale MIMO system, much efforts have been paid to optimize
precoding strategies on both the receiver and the transmitter
sides [8], [9].

Although the mutual coupling effect embedded in the
received signals of an adaptive array antenna system can be
accommodated by increasing the complexity of algorithms for
calculating the correlation coefficients, the impact of mutual
coupling on the active reflection coefficient [10] of each
antenna element can never be underestimated. A recent study
shows that due to the mutual coupling effect in an MIMO array
antenna, MIMO transmission is very stressful when a set of
coded weighting coefficients are applied to the array antenna
because of random like phase shifts on antenna elements;
showing that the worst voltage standing wave ratio (VSWR)
can be as high as 6 for the mutual coupling level of —15 dB or
more than 2 for the level of —20 dB [11]. A caution is given
when designing an MIMO transmission system; the mutual
coupling effect must be alleviated to avoid high VSWR at
transmitter ports.

An array antenna containing a large number of elements
is prone to suffer from a certain degree of mutual cou-
pling among antenna elements. It is particularly true for a
compact array antenna such as the MIMO array antennas
for 5G wireless communication systems and compact phased
array antennas for advanced radars. For more than half a
century, the struggle to reduce mutual coupling has never
been stopped. A well-recognized pioneer work toward this
direction was proposed in 1976 [12], in which a transmission
line network is introduced between every pair of antenna
elements. The network, whose mutual admittance is opposite
to that of the coupled antenna elements, cancels the mutual
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coupling between the antenna pair in the narrowband sense.
This concept has been further developed by many different
variations. Until very recently it is found that by replacing
the transmission line network by a coupled resonator network
a wide band decoupling and matching can be achieved for
two coupled low gain antennas [13], [14]. Obviously, such
decoupling approaches are only effective for two coupled
antennas as any additional shunt connection of a decoupling
network will affect the performance of the existing decoupled
antennas.

Unlike all the existing decoupling methods for two antennas,
decoupling of multiple antenna elements in an array antenna
is much more challenging. Although a number of literatures in
this area are available, to save space, only those representative
works are reviewed here. In [15], the mutual coupling owing
to surface waves of a thick substrate is utilized to form
an interference signal to cancel the directly coupled signal
between two microstrip antennas, creating a deep null in the
mutual coupling. Because the decoupling performance of this
approach is restricted by the properties of the thick substrate
and the separation distance of the two antennas, as admitted in
the paper, the application of the approach to an array antenna
is likely to be an issue. Nevertheless, the attempt to conquer
the mutual coupling effect continues. An electromagnetic
band-gap (EBQG) structure is inserted between two microstrip
antennas, resulting in lowering the mutual coupling level [16].

To the best understanding of the authors, basically, the role
of the EBG structure inserted is to adjust the magnitude and
phase of the surface wave to create an appropriate interference
to the coupled waves. This explanation can be justified by the
observed deep notch in the isolation parameter when substrate
parameters are chosen appropriately to support a right amount
of surface waves. The separation distance and dimensions the
EBG structure also need to be appropriate to support the
opposite phase of the coupled waves. To satisfy the magnitude
and phase conditions simultaneously is not a trivial job in
a practical design as there is no space to host an effective
artificial structure between antenna elements.

Dummy elements can sometimes be used to generate
required interferences against mutual coupling among cou-
pled antenna elements by multiple reflections. A network
representation for determining the optimal reactive loads of
dummy elements is proposed [17]. The main limitation of
such decoupling approaches is that it requires enough spaces
to “plant” sufficient number of dummy elements followed
by good wishes. Obviously, the approach is not suitable for
planar array antennas for M-MIMO base stations, where a
large number of high-gain antenna elements will be employed.
Needless to say, a systematic way is required to decouple
an array antenna involving a large number of co- and cross-
polarized antenna elements.

Although the mutual coupling problem in a large-scale array
antenna for various applications is disturbing and is urgent to
solve for future wireless communication systems, to the best
knowledge of the authors, so far there is no such a systematic
and effective approach to reduce mutual coupling among
antenna elements, both in co- and cross-polarizations, in an
array antenna with a large number of elements. To confront the
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Fig. 1. Schematic of an array antenna and an ADS with spacing distance h.
problem, a new decoupling approach dedicated for broadside
radiation array antennas, which is named as array-antenna
decoupling surface (ADS), is proposed and experimentally
demonstrated in this paper. An ADS is a thin surface that
is composed of a plurality of electrical small metal reflection
patches and is placed less than one-half the wavelength above
the ground plane of an array antenna. An ADS is ingeniously
designed to create partial reflective electromagnetic (EM)
waves to cancel the coupled waves from the adjacent antenna
elements. By appropriately adjusting the distance between the
ADS and the array antenna and the sizes of the patches, the out
of phase and the equal intensity conditions of the interference
waves relative to that of the unwanted coupled waves can
be achieved, leading to a high degree of cancellation of the
unwanted mutual coupling between adjacent antenna elements.

The following unique and attractive features of the proposed

ADS method will be demonstrated:

1) applicability to a large-scale array with a wide range
of antenna forms of both single and dual-linear
polarizations;

2) preservability of radiation characteristics and matching
conditions of original antenna elements;

3) superiority of wide band decoupling;

4) simplicity in implementation.

This paper consists of five sections. Section II describes the
basic concept of ADS. Practical design considerations of ADS
are illustrated through the design process of an ADS for a
simple 1 by 8 linear air patch array antenna in Section III.
The design of an ADS for a practical 2 by 2 dual-polarized
array antenna consisting of eight planar dipole elements is
also discussed in great details in Section IV, demonstrating
the effectiveness and usefulness of the ADS method in appli-
cations for radars and M-MIMO systems. Conclusion is given
in Section V.

II. CONCEPT OF ADS

The schematic of an array antenna with a generic ADS is
shown in Fig. 1. An ADS is a thin layer of low-loss and
low dielectric constant substrate printed with a plurality of
electrical small metal reflection patches. The geometries and
the dimensions of the patches are carefully designed to create
a right amount of diffracted waves at the port of the coupled
antenna element to cancel the coupled waves while minimizing
the perturbation to the original array antenna. The separation
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distance (k) between the ADS and the ground plane of the
array antenna is determined to ensure that the partial diffracted
wave is out of phase of the coupled waves at the port of the
coupled antenna element.

As depicted in Fig. 1, it can be perceived that for an
array antenna with an ADS the energy radiated from an
element @ consists of four portions: the wave being radiated
outward into far space @; the reflected wave received by the
transmitting antenna @; the reflected wave from the primary
reflector patches @; and the reflected wave from the secondary
reflector patches ®. The primary objective of using ADS is
to reduce the mutual coupling between two adjacent antenna
elements ® while not deteriorating the mutual coupling among
nonadjacent antenna elements @, which are assumed to be
weak enough to worry about. As an ADS is located in the
reactive region of an array antenna, use of the word “reflected
wave” is never accurate. It is used only to mean the diffracted
waves of an ADS that are received by antenna elements.

As illustrated in Fig. 1, an ADS provides a second signal
path between the coupled and the coupling antenna elements.
Since the second signal can be controlled to be with the same
intensity and the opposite phase as that of the aggregated
coupled signal (the first signal) by carefully designing the
pattern and the dimensions of reflection metal patches on the
ADS and the distance /, coupling between adjacent antenna
elements can be significantly canceled by the reflected waves
from the ADS. In terms of functionality, the reflection patches
can be classified in two types: the primary reflectors and the
secondary reflectors. The primary reflectors are designed to
provide major reflected waves, usually in the same polarization
as that of the coupled waves, and the secondary reflectors
are designed to create minor reflected waves to mitigate
weaker mutual coupling such as the mutual coupling in cross-
polarization, or to fine tune the major reflected waves.

ADS can be easily applied to a 2-D array antenna. ADS can
be printed on a thin layer of low-loss substrate. A nonplanar
conformal ADS is also feasible but with more design efforts.
Therefore, to integrate an ADS with an antenna radome could
be an attractive option.

III. DESIGN CONSIDERATIONS OF ADS

Designing an ADS is not only a subject of science but also
a creation of an art work. Conceiving a legitimate pattern
of the metal reflection patches on an ADS requires a very
good understanding of the field distribution in the vicinity
of the coupling and coupled antenna elements and intuition
of how to control the reflected waves. ADS can take multi-
ple design options for a given array antenna. Fig. 2 shows
some of possible geometries of the metal reflection patches:
1) for linearly polarized antenna elements [Fig. 2(a)]; 2) for
dual-polarized antennas elements [Fig. 2(b)]; 3) for circularly
polarized antennas [Fig. 2(c)]; and 4) for some of composite
configurations that may provide more design flexibilities in
both magnitude and phase controls [Fig. 2(d)]. Among all
the possible geometries, the rectangular and the cross-shaped
patches are simplest and most effective for both the single and
dual-linearly polarized array antennas. In order to minimize
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Fig. 2. Some geometries of metal reflection patches. (a) Patches for linearly
polarized antennas. (b) Patches for dual-polarized antennas. (c) Patches for
circularly polarized antennas. (d) Some composite patches.
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Fig. 3. (a) Eight-element linearly polarized air patch array antenna and an
ADS with eight metal broken strips. (b) Dimensions of a metal broken strip.

the perturbation to the original array antenna, a broken patch
consisting of a number of small metal patches instead of a
large patch is preferred to avoid any resonance effect. As a
guideline, the largest dimension of a patch is less than one-
third of the wavelength. Usually, ADS consists of a group of
primary reflector patches to create the main reflected waves
and a few of secondary reflector patches to compensate the
missing components of the main reflected waves.

In addition to geometrical dimensions, the separation dis-
tance £ is also a key design parameter. To be easy to follow, the
eight-element linear air patch array antenna shown in Fig. 3,
which will be fully discussed in Section III, is used as a “hello
world” example to illustrate the design process. This array
antenna operates in the 2.45-GHz Industrial, Scientific, and
Medical (ISM) band. Since the major field component of every
two adjacent elements are the same, as shown in Fig. 3(a),
eight primary rectangular reflectors, each of which is broken
into four pieces of small patches, are printed on the ADS sub-
strate. In fact, a rectangular reflector strip can also be broken
into other number of pieces as long as resonant frequency of
the reflector strip is not close to the working frequency of
the array antenna. Fig. 3(b) depicts the details of the broken
reflector strip. The dimensions of the antenna element and the
ADS are given in Table 1. Because the gap Dy is not very
sensitive to the decoupling performance, it is set to 1 mm.
In this example, each rectangular reflector strip is placed right
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TABLE I
DIMENSIONS OF THE EIGHT-ELEMENT AIR PATCH ARRAY IN mm

Wp Lp Ls Ws Hp Ds h D
45 52.5 15 15 7 1 38 55

above its corresponding antenna element and is in-line with
the polarization direction. Nevertheless, other arrangements
are also possible. Using broken metal rectangular reflectors
instead of a long strip is to avoid creating resonance near
the working frequency by the ADS while still introducing
sufficient amount of reflections. A well-designed ADS will
minimize the reflected wave @ shown in Fig. 1, and not change
the matching condition of each antenna element significantly.

The decoupling conditions of the ADS can be easily
explained using S-parameters of two coupled antennas with
and without applying an ADS. Taking the mutual coupling
between elements 1 and 2 as an example and assuming that
the matching conditions of the two elements with and without
ADS are sufficiently good. With an ADS, the reflected wave
that is transmitted from element 1 and received by element 2
can be expressed by

SReﬂ ADS

SArray (1)

where S ADS

is the S»1 parameter measured at the two antenna
ports when the ADS is applied, and SzAlrray is the S»| parameter
of the original array antenna without the ADS. Therefore,
the decoupling conditions of the two antenna ports, or the

condition for SADS =0 are

Refl Arra
|SREM = 185,

Phase of (SX) = Phase Of(Szlrmy) +.

(2a)
(2b)

Intuitively, the height of the ADS above the antennas deter-
mines the phase of the partial reflected wave and the size of
the reflection metal reflector on the ADS controls the intensity
of the partial reflected wave. This intuition can be well
justified by a parametric study. Fig. 4(a) shows the magnitude
difference of |SReﬂ| |S2Almy| verses frequency for different
heights &, from 29 to 44 mm. It is seen that the decoupling
condition for magnitude at the center frequency of 2.45 GHz
does not change very much. However, as shown in Fig. 4(b),
the decoupling condition for the phase difference, which is
calculated by the difference of the left-hand side (LHS) and
the right-hand side (RHS) of (2b), varies in a range of 50°.
With an appropriate set of dimensions of the ADS, as shown
in Fig. 4(c), a wide range of heights can achieve a reasonable
good decoupling level. The deepest decoupling level of the
ADS can be achieved when the decoupling conditions for both
the magnitude and the phase differences are satisfied at the
center frequency of 2.45 GHz.

Fig. 5 shows how the sizes of the reflection patches affect
the decoupling conditions and consequently the decoupling
level. Fig. 5(a) states that as the size W, of the reflection
patches varies from 11 to 19 mm, the magnitude difference
of |85 eﬂ| 155, rray| varies significantly. When the size varies
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Fig. 4. Simulated (a) magnitude difference, (b) phase difference, and

(c) mutual coupling with different heights and Wy = 15 mm and Dy = 1 mm.

between 15 and 17 mm, the decoupling condition for magni-
tude can be well satisfied at the center frequency. However,
when the size becomes larger, the reflected wave tends to be
stronger and the decoupling condition moves toward a lower
frequency or conversely when the size is smaller. Fig. 5(b)
shows the phase difference of the LHS and the RHS of (2b)
for different sizes of W,. When the size varies between
13 and 15 mm, the phase difference is close to zero in a
wide frequency range. Two attractive properties of the ADS
in satisfying the phase condition can be observed in Fig. 5(b):
1) the phase difference is insensitive to the variation of the
size of the reflector and 2) the ripple of the phase difference
is very small over a wide frequency range. Fig. 5(c) shows
the overall decoupling level for different sizes of Wi when the
height 4 is set to 38 mm. A deep notch at the center frequency
is seen when the size W; is close to 15 mm, indicating
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(c) mutual coupling with different sizes of metal strip and 7 = 38 mm.

that the reflected waves well interfere the unwanted mutual
coupling.

In conclusion, the size of the reflection patches on the ADS
decides the magnitude condition and the height of the ADS
determines the phase condition. When the two conditions are
well satisfied simultaneously, the deepest decoupling level can
be achieved. Furthermore, when the two decoupling conditions
are approximately satisfied, there is still a satisfactory decou-
pling improvement obtained in a wide frequency range.

IV. DESIGN EXAMPLES

To demonstrate the ADS method for practical array antennas
and to justify the importance of decoupling for an array
antenna, two case studies will be conducted in this section. The
first example is the eight-element linearly polarized air patch
array antenna. The second example is a 2 by 2 dual-polarized
array antennas working in a 5G frequency band. In both cases,
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(b)

Fig. 6. Photograph of the prototype of (a) eight-element linear air patch
array with the ADS and (b) array without the ADS.

the array antennas are EM designed using ANSIS HFSS,
fabricated and fully measured. The usefulness of the ADS
method is justified through the assessments of active reflection
coefficients of antenna elements with a realistic precoding for
5G applications or weightings for a phased array application
as well as element active radiation patterns.

A. Eight-Element Linear Air Patch Array Antenna

As shown in Fig. 3(a), each air patch antenna element
working at 2.45 GHz is supported by three metal legs, two are
located at the virtual short circuit points on the two nonradiat-
ing edges and one acts as the inset-feeding probe. The center-
to-center spacing D of array elements is 55 mm or 0.454¢.
Following the design guidelines discussed in Section III,
an ADS for the array is designed and prototyped. Photograph
of the prototyped array antenna with and without the ADS is
shown in Fig. 6(a) and (b), respectively. The substrate used
for the ADS is with dielectric constant of 2.6, loss tangent
of 0.001, and thickness of 1 mm. The other dimensions of the
array antenna are listed in Table 1.

The prototyped array antenna with and without the ADS are
fully tested. The radiation characteristics are measured using
the in-house SATIMO SG128 spherical near-field scanner in
an ISO17025 accredited laboratory in the university. In mea-
suring the concerned radiation patterns and S-parameters, other
unmeasured antenna ports are terminated by 50-Q loads.
Fig. 7 shows the measured S-parameters at some of the
interested antenna ports. Due to the symmetry of the array,
only the S-parameters of port 1 through port 4 are presented.
It is clearly seen that the mutual coupling between any two
adjacent elements, say S12, S23, or S34, is significantly reduced
from about —15 dB to below —30 dB whereas the mutual
coupling between nonadjacent elements, say S;3, maintains at
the same level or is improved a little. It is worth mentioning
that all the antenna ports are not rematched after applying the
ADS, demonstrating that the ADS does not affect the matching
condition of the original array antenna significantly. It is
also seen that the decoupling bandwidth for mutual coupling
being reduced from —15 dB to better than —24 dB is much
wider than that of 10-dB return loss (RL), demonstrating the
potential for a wide band decoupling. The radiation patterns
of antenna elements 1 and 3 with and without the ADS are



WU et al.: ARRAY-ANTENNA DECOUPLING SURFACE

Mea S11 w/o ADS
----Mea S22 w/o ADS
=®-MeaSIlwADS

| |—*—Mea S22 w ADS
1| —o—Mea S12 w/o ADS
“I{=e=MeaS12 w ADS

S-parameters (dB)

22 23 24 25 26 27 28 29 3
Frequency (GHz)

2 21

i Mea S22 w/o ADS|
| ===~Mea $33 w/o ADS
-=-Mea S22 w ADS

——Mea S33 w ADS
17| —#—Mea S23 w/o ADS
—o—Mea S23 w ADS

S-parameters (dB)

22 23 24 25 26 27 28 29 3
Frequency (GHz)

(b)

2 21

—Mea S33 w/o ADS
Mea S34 /o ADS|

'

F===o- | ~®=Mea$33 wADS
B ' —e— Mea S44 w ADS
| —0— Mea S34 w/o ADS|
1 —o— Mea S34 w ADS

20 feopdeaT

S-parameters (dB)

-25

-30

22 23 24 25 26 27 28 29 3
Frequency (GHz)

2 21

Mea STT w/o ADS|”
----Mea S33 w/o ADS
“|-"-MeaSllwADS |
—e—Mea S33 w ADS
~] —5—Mea S13 w/o ADS|"
Mea S13 w ADS

S-parameters (dB)

22 23 24 25 26 27 28 29 3
Frequency (GHz)

(d)

2 21

Fig. 7. Representative measured S-parameters of the eight-element air patch
array with and without the ADS of (a) antennas 1 and 2, (b) antennas 2 and 3,
(c) antennas 3 and 4, and (d) antennas 1 and 3.

presented in Fig. 8. It can be observed that for an edge
antenna element, i.e., element 1, the antenna gain is apparently
enhanced after applying the ADS. However, for an internal
element, e.g., element 3, the gain improvement is not obvious.
Nevertheless, the beam widths, both in the E- and H-planes,
of the array elements with and without the ADS appear to
be about the same. The measured radiation patterns for array
elements with the ADS are verified by HFSS EM simulation.
The correlation between the measured and the simulated is
very good.

In this example, eight identical rectangular reflector strips
are placed right above the eight identical elements one by one.
Such arrangement is seemingly independent of the number of
antenna elements. This attractive feature justifies the applica-
bility of the ADS method to a large-scale array antenna.

In a 5G system, a base station antenna sends data streams
to multiple users at the same time and in the same frequency
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Fig. 8. Representative radiation patterns of the eight-element air patch array
with and without the ADS. (a) E-plane patterns of element 1. (b) H-plane
patterns of element 1. (c) E-plane patterns of element 3. (d) H-plane patterns
of element 3.

band by applying a precoding scheme to the data stream
to be transmitted at each antenna port of the array antenna.
Several precoding schemes are discussed in [18], among which
the zero-forcing (ZF) scheme is a popular one due to its
simplicity. To demonstrate the practical importance of the
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ZF precoding weighting coefficients.

ADS to an M-MIMO system, the active reflection coefficients
of antenna elements in the array to which the weighting
coefficients obtained by the ZF precoding scheme are applied,
are investigated. The definition of active reflection coefficients
can be found in a classical reference [10].

The ZF precoding is a beamforming scheme for generating
weighting coefficients on an array antenna based on the
estimated channel matrix. It intends to send data streams
toward the corresponding multiple intentional users with nulls
in the “directions” of other interfering users. It is reasonable
to choose an uncorrelated Rayleigh fading channel model
for demonstration purpose since spatial correlation between
anonymous users can be neglected for a large-scale array
antenna. The ZF weighting coefficients can be obtained by [19]

Wz =H'(HH")™ A3)

where H is the transmission channel matrix with dimension
of M by N, M is the number of users, and N is the number
of antenna elements. It is assumed that four users are served
by the eight-element linear array. To evaluate the system
performance of an array antenna with and without the ADS,
for simplicity, four random binary data streams are modulated
by BPSK scheme to the carrier and are transmitted in a
Rayleigh fading channel. Fifty sets of weighting coefficients
are randomly generated by the ZF precoding scheme under
the Rayleigh fading channel model. The acceptance magnitude
threshold of the weighting coefficients is set to 0.1 to avoid
extremely large active reflection coefficients. The largest active
reflection coefficient among the eight antenna elements in
the frequency band of 50 MHz is collected for each set of
weighting coefficients and is shown in Fig. 9. It can be seen
that by applying the ADS to the array antenna, the maximum
active VSWR is significantly reduced for almost all the random
sets of weighting coefficients.

To demonstrate the usefulness of the ADS for radar appli-
cations, in which the radiation pattern forms dedicated beams
in multiple specific directions. The array factor (AF) can be
expressed by the discrete Fourier transformation (DFT)

M—-1
AF = z I[m]e—jkmd0036 4)

m=0
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TABLE 11
DIMENSIONS OF THE 2 BY 2 DIPOLE ARRAY IN mm

La ha Wa DI D2 Lg Wg H
36.5 12.5 2 45 60 180 165 25

where I[m] is the weighting coefficient on the mth antenna
element, @ is the propagation direction, and d is the spacing
between antenna elements. For given target beams in angu-
lar spectrum, the weighting coefficients can be obtained by
applying inverse DFT. For example, two desired beams in
the directions of 320° and 20° are targeted using the eight-
element array antenna. The obtained weighting coefficients
are shown in Fig. 10(a). The ideal synthesized AF and the
simulated active radiation patterns with and without the ADS
are superimposed in Fig. 10(b). The simulated active radiation
patterns are obtained by applying the weighting coefficients
to the port excitations in the HFSS models of the array with
and without the ADS. It can be seen from Fig. 10(b) that the
beam directions of the active radiation pattern without the ADS
deviate from the synthesized due to the mutual coupling. The
mutual coupling effect can be alleviated by applying the ADS.
The active VSWR at each antenna port of an array antenna
is another major concern in phased array antennas. Fig. 10(c)
shows the largest active VSWR of each antenna element of
the eight-element linear array in the frequency band with
and without the ADS. It is seen that the ADS reduces the
worst VSWR from 1.9 to less than 1.26, a very significant
improvement.

B. 2 by 2 Dual-Polarized Eight-Element Linear Dipole Array

The second example is a 2-D dual-polarized 2 by 2 planar
dipole array with eight elements operating in the frequency
band from 3.3 to 3.8 GHz, one of the 5G frequency bands. The
array antenna together with an ADS is illustrated in Fig. 11(a).
This small-scale array antenna is a good reflection of a large-
scale M-MIMO array antenna as the ADS decoupling solution
can be easily scaled up to an M-MIMO array antenna with a
large number of antenna elements of the same type.

In the 2 by 2 array, each antenna unit consists of two
perpendicularly polarized dipole antennas, one is oriented
in 45° and the other in 135°, with respect to the horizontal line.
The two diamond ring-shaped arms of each dipole antenna
with the width of W, are printed on a substrate. The substrate
is with dielectric constant of 2.6, loss tangent of 0.001, and
thickness of 1 mm. Each dipole is fed by a microstrip line
balun, which is installed vertically to each planar dipole [20].
As illustrated in Fig. 11(b), the horizontal and vertical center-
to-center distances between two antenna units are D1 and D2,
which are 45 and 60 mm, respectively. As shown in Fig. 11(c),
the two perpendicular balun circuits also play the role of
mechanical supporter to the two dual-polarized antennas. The
ports of antenna elements are located on the other side of
the ground plane. The assignment of element number is given
in Fig. 11(d). The other major dimensions of the array are
listed in Table II.

Designing a viable ADS requires a good understanding of
the antenna working mechanism and a sense of art. Seeking
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Fig. 10.  (a) Weighting coefficients of the eight-element phased array.

(b) Synthesized AF and the active radiation patterns of the array with and
without the ADS. (c) Largest active VSWR at each antenna port with and
without the ADS when the weighting coefficients are applied to the array.

the symmetry and maintaining the balance are two important
components in art. Fig. 12 shows the metal reflection patches
printed on the ADS substrate for the 2 by 2 array. The
substrate used for the ADS is the same as that for the printed
dipoles and the balun circuits. The ADS consists of eight
primary reflectors and two groups of secondary reflectors.
Each of the primary reflectors is oriented in-line with the
corresponding dipole underneath symmetrically and is made
of a broken metal strip. Two crossed primary reflectors for
the two dual-polarized dipoles in an antenna unit are used
to maintain the symmetry of the antenna unit. The main
consideration to adopt a broken patch reflector for a primary
reflector is to minimize the perturbation to the radiation
patterns and the deterioration of the matching condition of the
corresponding dipole antenna. A primary reflector is designed
to cancel the strongest mutual co-polarized coupling between
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(d)
Fig. 11. 2 by 2 dual-polarized dipole array. (a) Perspective view of the
array with the ADS. (b) Top view of the array. (c) Top and side views of one

antenna unit consisting of two dual-polarized antenna elements. (d) Number
assignment of the eight antenna elements.
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Fig. 12. Metal reflection patches on the ADS for the 2 by 2 dipole array.

two adjacent elements in this 2-D array. Since D2 > D1 in
this example, the mutual coupling between two horizontally
adjacent elements, say elements 1 and 3, will be stronger
than that of two vertically adjacent elements. Two groups of
secondary reflector patches are used in the ADS design. The
patches in group 1 are introduced to create a small amount of
reflected wave in the cross-polarized components to cancel
the mutual coupling between two cross-polarized adjacent
elements, such as the coupling between elements 1 and 4 and
that between elements 2 and 3. They are called secondary
reflector patches because the reflected waves are at a much
smaller level than those by the primary reflector patches.
The secondary reflector patches play a role of “fine tuning”
and their sizes are smaller than that of the primary reflector
patches in general. Group 2 secondary reflector patches are
introduced to adjust the reflected waves from the primary
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DIMENSIONS OF ADS FOR THE 2 BY 2 DIPOLE ARRAY IN mm

TABLE III
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L L1 L2 L3 L4 LS5 L6
170 9.5 8.5 20 14 18.5 18
w w1 w2 w3 w4 w5
155 5 5 7 8 3

S-parameters (dB)
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Fig. 13. Photograph of the prototype of the 2 by 2 dipole array antenna
with the ADS. (a) Array with the ADS on top. (b) Array with the ADS half
cutoff.

reflector patches above two vertically adjacent antenna ele-
ments of co-polarization. This is needed because the mutual
coupling between elements 1 and 3 is different from that
between elements 1 and 5. Of course, to maintain the balance
between two cross-polarized dipoles in the same antenna
unit, some auxiliary patches of the secondary reflectors are
added symmetrically about the antenna unit. Fig. 13(a) is a
photograph of the prototyped 2 by 2 dipole array antenna
with the designed ADS. For a clear view, a photograph of
the array with a cutoff of the ADS is presented in Fig. 13(b).
The detailed dimensions of the ADS are given in Table III.
Due to the symmetry of the 2 by 2 array, only the
measured S-parameters of the concerned ports are presented
in Fig. 14. As shown in Fig. 14(a), the RLs at port 1 and
port 2 of the array with the ADS remain at 15 dB or better
across the whole working frequency band from 3.3 to 3.8 GHz.
The mutual coupling between two adjacent elements of the
same polarization in both horizontal and vertical directions,
i.e., S13 and S;s, is shown in Fig. 14(b). It is clearly seen that
with the ADS, Si3 is reduced from about —14 to —25 dB or
lower, and S5 is improved from —26 to —28 dB or lower.
As shown in Fig. 14(c), the coupling between two cross-
polarized elements in the same unit, say Sj2, is also improved
to below —30 dB although the original coupling without the
ADS is about —25 dB. The coupling between two adjacent
dipoles with cross-polarization, say Si4, is difficult to control
when the two antenna units are close to each other. This is
because the coupling is strongly determined by the capaci-
tance between the two closest ends of the concerned dipoles.
However, it is seen from Fig. 14(c) and (d) that by introducing
group 1 secondary reflectors, both Sj4 and S>3 are reduced
from —23 to —25 dB and from —25 to —30 dB or lower,
respectively. Usually, the mutual coupling between two
co-axial and colinear dipoles, say Si7, and that between two
far away dipoles of co-polarization, say S»g, are inherently low
before applying the ADS. There are no specific considerations
to deal with the mutual coupling rather than not deteriorating
it. As can be observed in Fig. 14(d) that with the major mutual
coupling reduced the weak mutual coupling is also reduced.
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Fig. 14. Measured and EM simulated S-parameters of the 2 by 2 array
with and without ADS. (a) S1; and Sp>. (b) S13 and S;s. (¢) S12 and Si4.
(d) S17 and Sg. (e) S»3 and Sy6.

The mutual coupling between elements 1 and 6 is the weakest
among others due to cross-polarization and a long separation
distance. As shown in Fig. 14(e), with the ADS the coupling
is changed from —40 to —30 dB, which is far below other
mutual coupling and should not be a concern. In Fig. 14,
the EM-simulated S-parameters for the array with the ADS
are also provided, showing a conservative estimation.
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Fig. 15.  Representative radiation patters of the 2 by 2 dual-polarized
dipole array with and without the ADS. (a) H-plane patterns of element 1.
(b) E-plane patterns of element 1. (c) H-plane patterns of element 2.
(d) E-plane patterns of element 2.

One of the attractive attributes of the ADS method is its radi-
ation pattern enhancement capability. It is known that due to
the existence of mutual coupling the active radiation pattern of
each antenna element in an array will be distorted. This issue
can be alleviated after an ADS is applied. Fig. 15 shows the
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radiation patters of antenna elements 1 and 2 with and without
the ADS measured at 3.5 GHz in both H- and E-planes.
By inspecting the radiation patterns, the following observations
can be obtained.

1) The beam widths of the major field components for an
antenna element with the ADS are about the same as
those of the element without the ADS, but are with less
distortion due to the reduction of mutual coupling.

2) Antenna gain is enhanced.

3) The ratio of forward/backward radiation for an element
with and without the ADS is about the same.

4) A good cross-polarization ratio can be retained,
i.e., better than 18 and 10 dB in axial and in
+60° directions, respectively.

The measured (Mea) active radiation patters of antenna ele-
ments with the ADS are also verified by EM simulation (Sim)
at 3.5 GHz, as superimposed in Fig. 15. Excellent correlation
can be observed.

V. CONCLUSION

A new concept called ADS for reducing mutual coupling
between both co- and cross-polarized antenna elements in a
large-scale array antenna is proposed. An ADS is a thin surface
that primarily consists of a plurality of metal reflection patches
and is placed above the array antenna. The partially reflected
waves from the ADS can be controlled to create interference
signal to the coupled waves among adjacent antenna elements,
leading to a high degree of cancellation of the unwanted
mutual coupling in a wide frequency band. Design guidelines
and considerations of the ADS are discussed. Two practical
design examples are given in detail and the usefulness of the
ADS is demonstrated by applying commonly used precoding
schemes to array antennas. The attractive features of the
ADS include the applicability to a large-scale array antenna;
the suitability for a wide range of antenna forms; a wide
decoupling bandwidth; and, above all, the simplicity in imple-
mentation. It is expected that the ADS can be widely used in
communication and radar applications, where the phased array
technology is used.
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