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Abstract

With the development of 5G and 6G, the improvement of the
communication quantity and the transmission speed causes a sharp surge in
the channel capacity and spectral efficiency. It brings one inevitable issue: the
mutual coupling between the massive MIMO array elements can not be
neglected when large numbers of array elements are deployed within an
integrated system. Especially the mm-wave massive MIMO arrays attract
much more attention because of the priority of wide working band, ultra-high
transmission speed, and smaller antenna size.

For the massive MIMO arrays, on one hand, mutual couplings exist between
the array elements within limited space in horizontal, vertical, and diagonal
directions. On the other hand, the low isolation between array elements are
composed of surface wave coupling and space wave coupling, where the space
wave coupling plays the determined role for the arrays with an inter-elements
distance of half wavelength. Three wideband and dual-polarized patch arrays
with an inter-element distance of half wavelength are proposed by utilizing
the non-resonant metasurface (NRMS), triple-layer metasurface (TMS), and
decoupling cavity to reduce the space wave coupling. For the non-resonant
metasurface, it can be seen as a media that has negative dielectric constant and
positive permittivity along the parallel direction of the NRMS that can be fully
employed to suppress the interference among array elements. For the array
with TMS, the reflected space waves can be decomposed into two parts, which
are canceled perfectly. Where, the first part comes from the bottom surface,
while another is reflected from top two-layer surface. The proposed
decoupling cavity (DC) is made by engraving a cavity on it. The DC has low
insertion loss in the normal and tangential directions of the arrays, respectively.
When the DCs are placed on the top surface of the massive MIMO arrays, the
propagation of the space wave coupling component along the tangential
direction of the arrays can be suppressed effectively.

Furthermore, a Near-field shrinking dielectric superstrate (NFSDS) is
proposed for the massive MIMO mm-wave arrays, which can be mounted
seamlessly above the mm-wave arrays to shrink the near field of the array
elements to reduce the space wave coupling. Finally, a wideband and dual-
polarized mm-wave array with increased beamwidth is designed.






Resume

With the development of 5G and 6G, the improvement of the
communication quantity and the transmission speed causes a sharp surge in
the channel capacity and spectral efficiency. It brings one inevitable issue: the
mutual coupling between the massive MIMO array elements can not be
neglected when large numbers of array elements are deployed within an
integrated system. Especially the mm-wave massive MIMO arrays attract
much more attention because of the priority of wide working band, ultra-high
transmission speed, and smaller antenna size.

For the massive MIMO arrays, on one hand, mutual couplings exist between
the array elements within limited space in horizontal, vertical, and diagonal
directions. On the other hand, the low isolation between array elements are
composed of surface wave coupling and space wave coupling, where the space
wave coupling plays the determined role for the arrays with an inter-elements
distance of half wavelength. Three wideband and dual-polarized patch arrays
with an inter-element distance of half wavelength are proposed by utilizing
the non-resonant metasurface (NRMS), triple-layer metasurface (TMS), and
decoupling cavity to reduce the space wave coupling. For the non-resonant
metasurface, it can be seen as a media that has negative dielectric constant and
positive permittivity along the parallel direction of the NRMS that can be fully
employed to suppress the interference among array elements. For the array
with TMS, the reflected space waves can be decomposed into two parts, which
are canceled perfectly. Where, the first part comes from the bottom surface,
while another is reflected from top two-layer surface. The proposed
decoupling cavity (DC) is made by engraving a cavity on it. The DC has low
insertion loss in the normal and tangential directions of the arrays, respectively.
When the DCs are placed on the top surface of the massive MIMO arrays, the
propagation of the space wave coupling component along the tangential
direction of the arrays can be suppressed effectively.

Furthermore, a Near-field shrinking dielectric superstrate (NFSDS) is
proposed for the massive MIMO mm-wave arrays, which can be mounted
seamlessly above the mm-wave arrays to shrink the near field of the array
elements to reduce the space wave coupling. Finally, a wideband and dual-
polarized mm-wave array with increased beamwidth is designed.
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1. Introduction

1.1 Motivations

In the future, 5G communication systems will serve more family
applications besides cellphones and wearable devices, such as smart homes,
augmented reality, virtual reality, mobile cloud offices, telemedicine,
autonomous traffic driving, smart farm, and automated industry, which are
shown in Fig. 1.1 [1] - [5]. These new applications have higher requirements
for the communication system. To meet the performance requirements of
various new applications in the future for wireless communication systems,
numerous 5G technologies have been proposed, such as mobile femtocell [6],
spatial modulation [7], full duplex [8], cognitive radio network [9], millimetre
wave (mm-wave) [10], massive MIMO [11], etc. Here, the massive MIMO is
the key technic of 5G, which can greatly improve spectrum efficiency,
transmission reliability, energy efficiency, etc. [12] - [14]. The massive
MIMO is also the basis for the application of millimetre-wave communication.

Remote management

AV 2
-

Salevehlcles U‘ .

‘ Smart Farms /

Fig. 1.1. The applications scenarios of millimeter-wave

MIMO (Multiple Input Multiple Output) technologies are referred to as
deploying multiple transmission antennas in transmitter and receiver. The
signals can be transmitted and accepted independently to improve antenna



gain and reduce interference between different transmission passes. MIMO
techniques are utilized to direct the antenna beam to the users. But as we
entered the 5G time, the explosive growth users were connected to the 5G
network, which caused the 5G further development and enriched the MIMO
concept by adding massive antennas in the communication devices. Hence,
the concept of massive MIMO came into being. Fig. 1.2 gives a typical 4 x 4
MIMO configuration and a 64 x 64 MIMO configuration.

4 x 4 MIMO

TX Rx
(a)
64 x 64 massive MIMO
64 Tx 64 Rx
s
XX AKX -
xR x| =—
XX XX —
XXX B [

-45° poQization \\D\ G

/ \DD

45° polarization

(b)

Fig. 1.2. The configurations of 4 x 4 MIMO and 64 x 64 massive MIMO, (a) 4 x 4 MIMO
configuration, (b) 64 x 64 massive MIMO configuration.

Compared to MIMO, the massive MIMO typically implements much more
than eight antennas in the base station or mobile terminal, which enhances the



transmission rate, capacity, and spectrum utilization of the systems [15] - [19].
Furthermore, the wide band and dual-polarized antenna that has become a
trend of current base station antenna research and design. Additionally, At
present, there are already many innovative wideband and dual-polarized
antennas, including microstrip antenna [20] - [24], patch antennas [25] - [29],
electric dipole antennas [30] - [39], magneto-electric dipole antennas [40] -
[46], and slot antennas [47] - [51]:

Microstrip antenna: The typical microstrip antenna consists of a
metal ground and radiation patch placed on different sides of the
substrate. The gap at the edge of the antenna leading the
electromagnetic wave leaking so that the electromagnetic wave can
be radiated into space. The microstrip antenna has the features of
small size, light weight, low profile, easy to conform and integrate,
low cost, and suitable for mass production. Adjusting the feeding
point can obtain a linear polarized, circular polarized, and dual-
polarized microstrip antenna. However, due to the resonant response
of the microstrip having a defect of a narrow working band, thence a
wideband microstrip antenna can be carried by cascading multiple
radiation patches. The strip line, coaxial connector, electromagnetic
coupling, and aperture coupling feed methods can feed the microstrip
antenna.

Patch antenna: Typical wideband patch antenna has a ground plane
and a substrate to support patch. Some slot lines or patterns are etched
on the patch to change electric current direction and introduce more
closed resonant modes to extend the working band. For the dual-
polarized antenna, a bridge structure is typically adopted.

Electric dipole antenna: The electric dipole antenna works with a
broader bandwidth than the microstrip antenna and patch antenna. The
length of the dipole around half wavelength. The dipole is placed

above the ground at a distance of %A to form directional radiation.

The cross-polarized antenna has a very low cross-polarization level,
making it a promising and widely used candidate in massive MIMO
communication systems. To enable it to integrate with mobile devices
or other equipment requiring miniaturization, the dipoles of the
antenna are bent to decrease its size.

Magneto-electric dipole antenna: The magneto-electric dipole
antenna has a pair of electric dipole antennas placed parallel along the
ground plane, and a pair of magnetic dipole antennas are vertically
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placed and connected with the ground plane and electric dipole. The
electric dipole antenna has an “8” shaped radiation pattern in E-plane,
while the magnetic dipole antenna has an “0” shaped one in H-plane.
When the crossed magnetic dipole antenna and electric dipole antenna
are excited with the same amplitude and phase, a “heart” shaped
combined radiation pattern will be carried. The magneto-electric
dipole antenna features a simple structure, easy broadband, and a wide
beam angle, which is very suitable for mobile communication. The
ME antennas are normally fed by the cross-arranged “I"™” shaped
feeding probe deployed between the magnetic dipole pair.

¢ Slot antenna: The slot antenna is carried by etching one or more slots
on the metal plate, causing electromagnetic wave radiation, where the
electric length of the slots determines the radiation patterns and
working band. The traditional slot antenna has a narrow band.
Therefore, multiple slots can be engraved to generate more closed
resonant modes so that the working band of the slot antenna can be
broadened. But it is difficult to etch the crossed slot to obtain cross-
polarization.

The patch antenna has superiorities of wide bandwidth and low cross-
polarized level, yet it is still a challenge to construct complicated slot patterns
to form multiple closed resonant modes to broaden the bandwidth. Typically,
the feeding structure of the patch antenna passes through the ground plane,
which needs a complex fabrication technology. In addition, drilling the holes
will destroy the integrity of the ground plane, increasing some difficulty of
applying patch antenna for mm-wave applications. Although the electric
dipole antenna has a priority of wideband, an air gap exists between the
electric dipole antenna and the ground. In addition, the mm-wave antenna
performance is very sensitive to the air gap because the mm-wave antenna has
a strict requirement on the accuracy of air gap dimensions. Therefore, a small
change in the air gap will significantly change the antenna performance. The
unique wide beam characteristic of the magneto-electric dipole antenna has
attracted much attention from researchers, but a fatal defect of relatively large
size and the complex feeding structure makes it difficult to be extended into
the mm-wave application. In terms of the slot antenna, it is typically used in
the linear-polarized application rather than a dual-polarized massive MIMO
antenna array. Based on the analysis of the pros and cons of the referred
structure, the microstrip antenna is adopted as the basic element of the
wideband and dual-polarized massive MIMO array owing to its features of
simple structure, easy to arrange large-scale.
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As humans enter into 5G time, the users have exponential growth, inspiring
the increment of communication capacity and the transmission rate.
Consequently, many antennas are deployed in the communication equipment.
At the same time, according to the trend of miniaturisation and compaction,
the larger-scale antennas will be integrated with a massive MIMO array that
has limited space. Therefore, the physical inter-element distance of the array
will be greatly compressed, causing strong electromagnetic interference
between array elements, which is called coupling of the massive MIMO array.
In the end, the radiation efficiency and channel capacity of the massive MIMO
system will be seriously decreased. Hyok J. Song etc. presented a comparison
between the measured mutual coupling effect on the ergodic channel capacity
of a 2 x 2 MIMO system in a reverberation chamber and a suburban outdoor
environment [52]. The test results provide insight into the difference in the
channel capacity that the mutual coupling between antennas caused a
reduction in total embedded radiation efficiency and an increase in correlation,
causing a decrease in MIMO capacity. Additionally, the symbol error rate,
active voltage standing wave ratio (VSWR), spectral efficiency, bit error rate,
adaptive antenna gain, and out-of-band (OOB) emission suppression etc.
Furthermore, the beam scanning of the array theoretically has a wide scanning
angle base on a hypothesis that the array elements can work independently.
But, for the actual application, the mutual coupling between the array elements
always exists that can not be neglected. Therefore, if the isolation of the
massive MIMO array is enhanced, theoretically, the beam scanning capacity
will be enhanced in some certain. Ai Hu Song proposed a dual-polarized Ku-
band and single-polarized Ka-band shared-aperture phased array in [53].
Some metal strips are loaded above the ground of the Ku-band antenna to
eliminate the mutual coupling between the Ka-band antenna and the vertical
polarized Ku-polarized antenna. Consequently, the VSWR of the array has
been reduced to lower than 3.2 in the beam-scanning coverage in E-plane and
H-plane, and the scanning blind spots are eliminated as well, which is helpful
to the broadening of the beam scanning. Md. Afaque Azam is considered a
hybrid architecture for uplink data decoding with the mutual coupling of the
base station (BS) [54]. The system performance in terms of spectral efficiency
(SE) and bit error rate (BER) is analyzed. The results presented that the system
performs better than the one in an actual base station in the absence of the
mutual coupling effect. Q. Yuan, Q investigated the performance of the
adaptive array when the presence of mutual coupling is considered [55]. It
presented that mutual coupling degraded the adaptive antenna gain rather than
the iterative convergence of the adaptive algorithm. C. M. Schmid analyzed



how the mutual coupling and the calibration affect the beam pattern and then
proposed a method of worst-case boundaries and statistical analysis of the
beam pattern deviation [56].

From the industry viewpoint, when the coupling of the array is reduced to
lower than -24 dB, the deterioration of the previously mentioned antenna
performance will be significantly alleviated, even though the coupling of the
array can not be fully eliminated. Thus, decoupling means should be adopted
during the designing process of a massive MIMO array so that the
independence of the array elements has a significant increment. Consequently,
the beam scanning angle will be increased as well.

1.2 Aims of the thesis

The antenna is a transmit and receive device of wireless communication
systems that can transmit and receive magnetoelectric waves. Furthermore,
the massive MIMO antenna array is a key part of the massive MIMO systems.
This thesis aims to design a massive MIMO array composed of microstrip
antennas. To increase the spectral efficiency and system capacity, the array
element used in the massive MIMO array must possess wideband and dual-
polarization characteristics. During the investigation of the decoupling
methods for the massive MIMO array, three 4 x 4 wideband and dual-
polarized arrays are used as the reference arrays, which work in the sub 6 GHz
band. The decoupling concepts of single-layer non-uniform metasurface,
triple-layer metasurface, and decoupling cavity will be studied to reduce the
coupling to lower than 24 dB, to satisfy the industry requirement. In terms of
the mm-wave massive MIMO base station array, it needs to have a working
band of 245 GHz to 29.5 GHz, a beam scanning capacity of +60° in

horizontal direction and +30° in vertical direction, respectively. Meanwhile,

the coupling of the massive MIMO mm-wave array has to be reduced to lower
than -23 dB.

Decoupling for massive MIMO array by using single-layer metasurface
The wideband and dual-polarization are the basic characteristics of
massive MIMO arrays. This thesis adopts the stacked microstrip antennas as
the array elements. In addition, the metasurface unit with negative dielectric
constant and positive permittivity is a promising candidate to suppress the
propagation of space wave coupling. To break out the constraint of the narrow
band, caused by the resonant response, a non-resonant metasurface (NRMS)
is proposed to broaden the working band with negative permeability.



Theoretically, when a NRMS unit is not sensitive to the incident angles of the
space wave coupling, it is a promising candidate for the isolation enhancement
of the massive MIMO array, which includes complicated coupling paths.

Decoupling for massive MIMO array by using triple-layer metasurface

Triple-layer metasurface is different from the reflective metasurface or
single-negative metasurface. The coupling waves of the array can be divided
into two parts, which have different propagation paths. One part comes from
the bottom metasurface. Another part is reflected from the top two-layer
metasurface. The reflection waves from the bottom metasurface and the top
two-layer metasurface have the same amplitude and opposite phase so that
these two parts can be cancelled by each other. Furthermore, the metasurface
elements work in a non-resonant response band, therefore, it performs stable
transmission and reflection characteristics in wideband, which makes it a good
candidate for the wideband and dual-polarization array.

Massive MIMO array design with high isolation by using decoupling
cavity

All the metasurfaces have a common feature in that the metasurface has to
be suspended above the array with a distance, which makes it accrues a puzzle
to install and fix it as the simulation model without any tolerance. Therefore,
it provides a new train of thought when the decoupling structure is directly
mounted above the massive MIMO array without any air gap. When a
decoupling cavity with a low insertion transmission in the normal direction
and a high insertion loss in the tangential direction of the array is deployed
above the array, the tangential part of the space wave coupling can not
propagation, while the normal component of the space wave coupling can
propagation normally. Here, the high transmission performance of the
decoupling structure is caused by the air cavity, while the high insertion
characteristic results from the filling medium around the cavity. In the end,
the space wave coupling of the array can be suppressed theoretically.
Additionally, the broadband response of the low dielectric constant of the
decoupling cavity makes it suitable for the isolation enhancement for
wideband and dual-polarized arrays.

Massive MIMO millimeter-wave array antennas with high isolation
Considering the pros and cons of the metasurface suspended above the
array and the decoupling cavity previously mentioned, it concludes that the
seamlessly mounted superstrate is a good method to solve the issue that the
metasurface is sensitive to the size change of the air gap between metasurface



and massive MIMO array. When the waves propagate in the superstrate the
equivalent wavelength will shorten, and the near field will shrink significantly
so that the coupled energy between array elements will weaken when the inter-
element distance keeps unchanged. But, when a superstrate with high
permittivity is loaded, it will excite strong surface wave coupling theoretically.
Thus, the superstrate with proper permittivity can maximize the difference
between space wave coupling reduction and the surface wave coupling
increment. By directly loading the superstrate with optimized permittivity
above the massive MIMO mm-wave array without any air gap makes it an
effective and simple method for mm-wave applications.

2. General knowledge and discussions

In this chapter, some general knowledge and some discussions are
presented to understand the theory and methods in the papers.

2.1. Massive MIMO microstrip antenna array

This section introduces the classic configuration and the Characteristic
parameters of the massive MIMO microstrip antenna.

Massive MIMO microstrip antenna array is the most important type. Two
layers stacked antenna is constructed to generate two closed resonant
frequencies to broaden the bandwidth of the antenna. The top antenna is
supported by a PP (polypropylene) board with a dielectric constant of 2.2.
Two feeding ports are placed in the horizontal and vertical directions to
generate dual-polarization electromagnetic waves. On the one band, when the
stacked wideband and dual-polarized antenna has a great impedance matching,
the coupling between cross-polarized feeding ports is very high. Therefore,
some slots along the diagonal direction are etched to improve the isolation
between cross-polarization feeding ports. Here, the inter-element distance is
half wavelength. On the other band, when the positions of feeding ports are
adjusted to obtain high isolation between cross-polarization feeding ports, the
impedance of the antenna will be not so good, thence an impedance stub is
embedded into the substrate of the bottom antenna and connected to the inner
conductor of the coaxial feeding cable, which means the substrate of the
bottom antenna composed of two-layer substrates so that the impedance stubs
can be printed between in. Fig. 2.1 presents a typical 4 x 4 wideband and dual-
polarized massive MIMO microstrip antenna array, where the coupling
between cross-polarization feeding ports is reduced by etching the cross-

10



distribute slots. Fig.2.2 presents the picture of the wideband and dual-
polarized microstrip antenna with impedance stubs.
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Fig. 2.1. Typical 4 x 4 wideband and dual-polarized massive MIMO microstrip antenna array.

Top antenna

Bottom antenna

Impedance
matching stub

of feeding port

Fig. 2.2. Typical 4 x 4 wideband and dual-polarized massive MIMO microstrip antenna array.
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The wideband and dual-polarized antenna with impedance matching stubs
shown in previous figurations has a complicated structure and fabrication
process. Therefore, it is hard to be applied in mm-wave applications. For the
mm-wave massive MIMO microstrip antenna arrays, the differential feed
structures are adopted to feed the antenna and reduce the cross-polarization
level. This kind of feeding structure can be placed on the backside of the
antenna and directly connected to the connectors.

2.2 Characteristic parameters of the microstrip antenna

In this section, the characteristic parameters referred to the microstrip
antenna are given [57]. Fig.2.3 shows the classical microstrip antenna model.
The radiated power from the edge of the patch can be divided into space and
surface wave, where the surface wave works in dominant TMo: mode. The
surface wave spreads out in the horizontal direction. Therefore, the microstrip
antenna coupling can be divided into space and surface wave coupling.

Space wave

Surface wave

NN ]

l

Fig. 2.3. Classical microstrip antenna model.

55(11tal — ngace + S;llu"face (2.1)

Fig.2.4 gives the geometry of the microstrip antenna in cylindrical
coordination, where r represents the distance from the center of antenna to a
certain point in the propagation direction of the space wave. The normalized
radiation pattern is given by:

A
L/

Fig. 2.4. Geometry of the microstrip antenna in cylindrical coordination.
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Here, the k denotes the free space wavenumber.
k=2m/A (2.4)

The radiation pattern function can be calculated by:

f(6,8) = |E3 + E2 (2.5)

s (klsinecosqb

2 )\/(COSQD)Z + (cosfOsing)? (2.6)

 klsi ,
Sln( lsmé)smq':)

f (9'(]5) = kzsineszin¢
2

2.3 Mutual coupling between array elements

As presented in Fig.2.3, the wave is divided into space and surface waves.
Consequently, the coupling can also be divided into space wave and surface
wave coupling. This section investigates the surface wave and space wave
coupling by combining the grounded dielectric slab waveguide model shown
in Fig.2.4 [58]. When the surface wave propagates along the +x direction, it
has a phase constant of px. The surface wave bounces between the dielectric
interface and the ground and moves in the x-direction.

Evanescent wave
Qlz

e_az'z

Space wave ropagating wave 1z

gr=€1, l1=1
h kz1
\ X
ground
Fig. 2.4. The grounded dielectric slab waveguide model.
az = ki — Bz (2.7)
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az = m (2.8)

Here, the ko denotes the free space wavenumber. The «, is the attenuation
constant when z > h.

Equation (2.8) demonstrates that the surface wave exponentially decays
when it has a distance from the dielectric interface. When the surface wave
propagates in the dielectric slab, it has a phase constant of k,, and k, in z and
x directions, respectively. Here, h = z = 0.

ky = ki +kZ =/ (er — Dk] (2.9)

k4 is the phase constant in the dielectric slab.

For the surface wave coupling, the coupling impedance Z5¥" can be
calculated according to equation (2.10) [59], [60]:

1 "
Z31 = _@ffs(&‘l X Hs; — Esp X Hg1) 1dS (2.10)

Where the S presents a closed space with a radius of d /2 and a height of h
with the origin point at the center of antenna. Considering the dominant mode
of surface wave is TMo: mode. Thus, the vertical electric field of the excited
patch is expressed as following equation (2.11) and (2.12):

o HP (k)
E, = —]Ak,%mcos (ky12),h=2=>0 (2.11)
@
B, = —BIE D cos (k,2), 7>h 2.12)

&o IS the permittivity of air.

The field component of the surface wave can be calculated as the power
flow:

P, = 0.5PEy X Hi; = 12,, - Ggyr (2.13)

For the space wave coupling, it also has the dominant TMo: mode. The E-
field of the space wave can be written as follows [61]:

E9:

—J % 8Vyexp (J % cos¢psinf)exp (j % sind)sine)sin(% cosgsing) x
1 1

kol . . . . .
cos(=, smqbsm@)kosmd)cosdmm@(kgcosz(psinz9 k§sin2¢sin29—n2/lz)
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(2.14)

E, =
¢
- 'W 8Vyexp (j % cos¢psinf)exp (j % singsinf)sin (% cos¢sinf) x

kol . , . 1 1
cos (= singsin®)kysinf 0 -
( 2 ° psind)kcosindscos (kgsinzt? k%sinzd)sinze—nz/lz)

(2.15)
Here, d = rsind.

The above equation demonstrates that the propagation distance r
determines the E-field strength. When r equals the distance between array
elements, and 6 equals 90°, the maximum E-field on the passive patch can be
obtained. When r equals 0, the maximum E-field on the active patch can be
got too. When it has a pure superstrate above the antenna substrate, the k is
replaced by k.

ky = (g5 — Do (2.16)

The coupling denotes that the S21 is the ratio of the maximum magnitude
of the E-field on the passive antenna to the active antenna [62].

max(E—field )on passive patch

Syy = (2.17)

max(E—-field )on pactive patch

Combining the previous analysis, the ratio of surface wave energy to total
energy can be calculated as:

_ e1k3[2k 41 h+sin(2k, )]
T e1k3[2ky, htsin(2k, h)+2k3, sin? (k. b))

(2.18)

The above equation means that the thickness of the substrate determines
the surface wave ratio [63], [64].

Therefore, when the array has an inter-element distance of half-wavelength,
the space wave coupling is dominant. Consequently, the main work of
decoupling is how to reduce the space wave coupling component of massive
MIMO arrays. In the works of my thesis, four decoupling methods were
proposed and verified. Four corresponding prototypes were fabricated to
verify the feasibility of the proposed decoupling method.

2.4 N-element linear array

15



Fig 2.5 gives the geometry of the uniform magnitude and distance N-
element linear array. the distance between array elements is d. When the array
elements have the same amplitude but a phase difference of S.

dcosQ,,_,.,..A::;tEiﬁ::;dCOSQ,.'-‘:;i??:;:@_JIcos‘Q.,..«::ifflf_'_: dCoS@""‘:"‘i“f
RN RN AN TR Th
) :
d d d
Al A2 A3 A4 AN

Fig. 2.5. The grounded dielectric slab waveguide model.

The array factor (AF) of an N-element linear array is given as follows
[64]:

AF = Zgzl el (n—1)(kdcos6+p) =271\l/=1 e/ (=1 (2.19)
Y = kdcos6 + (2.20)

1-eiN¥  sin (Gap)
AF = 1-ei¥ ¥

2

(2.21)

Normally, we define the beam scanning capacity as the largest angle when
the realized gain of the array has a drop of 3 dBi.

3. Contributions

This section presents the main contributions of this thesis together with
brief summaries of the motivation, content, and conclusions of the papers.

This Ph.D. project involved the following objectives:

1. Dual-polarization and wideband massive MIMO array design by
using single-layer non-resonant metasurface.

2. Mutual decoupling for Massive mimo antenna arrays by using triple-
layer meta-surface.

3. Isolation enhancement for dual-polarization and wideband massive
MIMO array design with decoupling cavity.

4. Decoupling for millimeter-wave array antennas using near-field
shrinking dielectric superstrate.
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Owing to the dominant coupling type is space wave coupling when the
distance between array elements is relatively large. Therefore, the
contributions of my thesis concentrate on developing decoupling methods for
dual-polarization and wideband massive MIMO arrays. The main
contributions of this thesis can be listed below:

1. A decoupling method of non-resonant metasurface (NRMS) is
realized by etching square air cavities on the metasurface. The NRMS
has a stable negative dielectric constant and positive permittivity
along the parallel direction of the NRMS so that the coupling of the
massive MIMO array can be reduced. (Paper A)

2. By using a triple-layer metasurface (TMS), the space wave coupling
can be divided into two parts, which have the same amplitude and
opposite phase, thereby the two kinds of space wave couplings can be
cancelled with each other. Thus, the coupling of massive MIMO
arrays can be reduced effectively. (Paper B)

3. The decoupling cavities (DC) have low insertion loss in the vertical
direction and a high insertion loss in the horizontal direction of the
arrays, respectively. When the DCs are seamlessly placed above the
massive MIMO array, the propagation of the space wave component
in the horizontal direction is suppressed, which causes the coupling of
the array can be reduced. (Paper C)

4. A decoupling concept of near-field shrinking dielectric superstrate
(NFSDS) is developed for wideband and dual-polarized massive
MIMO mm-wave arrays. By loading the NFSDS the near-field of the
array elements can be shrunk, and the coupling of the mm-wave array
can be reduced. (Paper D)

3.1 Motivation

The massive MIMO array is a key device in the 5G and future 6G
applications. But distance between array elements is limited because of the
space size constraint, therefore, the coupling of the massive MIMO array is
inevitable. Here, the coupling of the array will bring sone negative effect on
antenna performance in certain, such as power amplifier efficiency, active
VSWR, channel capacity, radiation efficiency, impedance match, signal-to-
noise ratio, and so on. To increase the throughput and transmission cavity, the
features of wideband and dual-polarization for massive MIMO arrays are
needed. Correspondingly, the coupling of the massive MIMO array has to be
suppressed.
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For the massive MIMO array, the mutual couplings between array elements
exist not only in orthogonal directions but also in diagonal directions.
Furthermore, the mutual coupling between adjacent and non-adjacent
elements has to be considered at the same time, because the coupling between
non-adjacent elements has a relatively high value, which can not be neglected.
According to this requirement, four decoupling methods are proposed in my
thesis.

3.2.1 Ppaer A

Decoupling of Dual-Polarized Antenna Arrays Using Non-Resonant
Metasurface

Shengyuan Luo, Peng Mei, Yiming Zhang, Gert Frglund Pedersen, and Shuai
Zhang

Published at the Sensors, DOI: 10.3390/s23010152

Paper content

By etching the square air cavities on the metasurface a non-resonant
metasurface (NRMS) is carried out, that performs negative dielectric constant
in and positive permittivity in the parallel direction to suppress the
propagation of the space wave coupling component in tangential direction. To
analyze the decoupling principle of the NRMS, the NRMS unit is investigated
when the incidence waves propagate along the normal and tangential
directions under TE mode and TM mode at different incident angles of 6 offset
the normal direction, and a dual-element array model is utilized to illustrates
the development for the NRMS. To verify the proposed decoupling concept,
an actual example of a 4 x 4 array with NRMS is simulated, fabricated, and
measured.

Main results

According to the simulation of NRMS unit cell, when the incident wave
propagates in the normal direction, the NRMS unit cell performs a high
transmission characteristic, and the extracted permittivity and permeability are
positive. However, when the incident wave spreads in the tangential direction,
the NRMS unit cell has a negative permeability and positive permittivity.
When the NRMS is placed on the front of a 4 x 4 array, the mutual couplings
between array elements are lower than —24 dB with a working band of 4.36
GHz — 4.94 GHz. The measured realized gain and total efficiency are more
than 6 dBi and 74% from 4.36 to 4.94 GHz, respectively. In addition, the
radiation characteristics of array elements basically keep unchanged.
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3.2.2 Paper B

Mutual Decoupling for Massive MIMO Antenna Arrays by Using Triple-
Layer Meta-Surface

Shengyuan Luo, Yiming Zhang, Gert Frglund Pedersen, and Shuai Zhang
Published at the IEEE Open Journal of Antennas and Propagation, vol. 3, pp.
1079-1089, 2022.

Paper content

This paper introduces a decoupling method of Triple-Layer Meta-Surface
(TMS) for massive MIMO arrays. The waves come from the bottom MS and
top two-layer MS have the approaching same amplitudes and opposite phases,
which enables perfect cancellation between these two kinds of space waves.
To demonstrate the decoupling principle, a single-layer and dual-layer
metasurface unit cell with different incident angles 0 are simulated. To verify
the feasibility of the proposed decoupling method, a 4 x 4 array with TMS is
simulated, fabricated, and measured.

Main results

The calculated amplitude differences between the two kinds of reflected
waves range from -0.1 to 0.02 when the incident angle of 6 varies from 0° to
60° with the step of 20°. The corresponding phase differences approach 180°.
The simulation and measurement for the real example of a 4 x 4 array with
TMS show that the TMS can help reduce the coupling among the array
elements to less than -24 dB within 4.23-4.82 GHz. The measured realized
gain and total efficiency have a slight drop because of the power loss in
feeding cables. The total efficiency of the 4 x 4 array with TMS is more than
76%.

3.2.3 Paper C

Massive MIMO Array Design with High Isolation by Using Decoupling
Cavity.

Shengyuan Luo, Gert Frglund Pedersen, and Shuai Zhang

Published at the Published in:

IEEE Transactions on Circuits and Systems I1: Express Briefs.

Paper content

19



The pure superstrate is a promising means for reducing the coupling of
massive MIMO arrays. This paper proposes a decoupling cavity (DC) with a
period of an inner-element distance of arrays. The DC includes two-layer pure
substrates with different thicknesses. Two cavities with different sizes are
engraved on the two-layer substrate so that the DC will not affect the normal
spread of the space wave in the normal direction. While the ramparts of DC
unit cells with different sizes will introduce a low transmission in the parallel
direction of the arrays. An actual 4 x 4 array with DCs is designed. To enforce
the decoupling performance, three-layer stacked DCs are loaded above the 4
x 4 array. Finally, the corresponding prototype is fabricated, and measured.

Main results

It is found that the coupling of the proposed array was decreased lower than -
24 dB within the bandwidth of 4.21-4.79 GHz. Moreover, the radiation
characteristics of the arrays with and without DC are almost unchanged.
Owing to the inhibit for the spread of the space wave coupling component in
the parallel direction, the realized gain and total efficiency of the prototype
have significant increments. Comparing the E-field of the array with and
without DCs, it ullustrates that the E-field in the ramparts of DCs is extremely
weaker than that without DCs.

3.2.4 Paper D

Decoupling for Millimeter-Wave Array Antennas Using Near-Field
Shrinking Dielectric Superstrate

Shengyuan Luo, Yiming Zhang, Peng Mei, Gert Frglund Pedersen, and Shuai
Zhang

Submitted at IEEE Open Journal of Antennas and Propagation.

Paper content

This paper introduces a decoupling concept of near-field shrinking dielectric
superstrate (NFSDS) for wideband, dual-polarized, and massive MIMO mm-
wave arrays. When an NFSDS is seamlessly mounted above the array, the
near-field electric field can be significantly shrunk, thereby reducing space
wave coupling, while the surface wave coupling has a slight increment. By
optimizing the permittivity and thickness of NFSDS, a trade-off scheme for
the NFSDS is obtained by using a dual-element verification array. To verify
the decoupling concept for the actual mm-arrays, an 8 x 8 mm-wave array
with NFSDS is simulated, fabricated, and measured.
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Main results

The E-fields of the actual array with different permittivities show that when
the permittivity is selected as 1.6, it has a significant reduction for space wave
coupling and a slight increment for surface wave coupling that can be
neglected. By optimizing the thickness and permittivity the largest coupling
reduction is carried, and the optimized thickness and permittivity of the
NFSDS is 4 mm and 1.6, respectively. By loading the NFSDS, the total
coupling of the 8 x 8 mm-wave array could have a decrement of 6.2 dB (from
-17 dB to -23.2 dB) from 24 — 29.5 GHz and 7 dB (from -17 dB to -24dB)
from 26.8 — 29.5 GHz. Additionally, the realized gain and total efficiency of
the array elements are effectively improved by loading the NFSDS above the
original array. Furthermore, It can be found that the 3dB gain drop beam
scanning capability of the original array in the x-direction and y-direction is -
47°—47° and -33°-33°, respectively, while the decoupled array has a 3dB gain
drop beam scanning capability of -56°-57° and -38°-38° in x-direction and
y-direction, respectively.

4.Conclusion

The basic array element used in my thesis is the dual-layer stacked microstrip
antenna that performs wideband and dual-polarization features. These are fed
by coaxial cables, and the distance between array elements is half-wavelength
so that the dominant coupling type is space wave coupling. To decrease the
coupling of the wideband and dual-polarization massive MIMO array four
decoupling methods are proposed in my thesis, compasses single-layer non-
resonant metasurface (NRMS), triple-layer metasurface (TMS), decoupling
cavity (DC), near-field shrinking dielectric superstrate (NFSDS).

Because of the engraved square air cavity, the NRMS performs a negative
dielectric and positive permittivity so that the propagation of the space wave
coupling component in tangential will be suppressed, while the space wave
can normally propagate in the normal direction. Because of the feature of non-
resonant, the proposed metasurface unit cell has a stable permittivity and
permeability over a wide working band, which can satisfy the fundamental
requirement of a massive MIMO array. By loading the proposed NRMS, the
couplings between neighbor and non-neighbor array elements in orthogonal
and diagonal directions can be reduced to lower than -24 dB simultaneously.
While the radiation patterns of the array element almost have no change.
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Different from the first decoupling method of NRMS, the second decoupling
method of triple-layer metasurface (TMS) divides the space wave coupling of
a massive MIMO array into two parts. The triple-layer metasurface introduce
two paths of reflection wave, respectively. The reflection wave from the
bottom layer metasurface and top two-layer metasurface has the approaching
same amplitudes and opposite phases so that the two reflected space wave
coupling components will be cancelled with each other. By adjusting the
distance and the sizes of the metasurface unit cell, a phase difference of 180°
between two reflected space wave coupling components will be obtained. By
loading the TMS above the massive MIMO array, the coupling of array can
be reduced to less than -24 dB within 4.23-4.82 GHz, and the radiation
patterns of array elements is almost not affected.

The decoupling cavity (DC) is a promising candidate for isolation
enhancement for massive MIMO arrays because of its unique features of
cheaply can easily be fabricated. The high insertion loss is generated by the
ramparts of DC. However, the spread of space waves in the normal direction
is not affected because it has an air cavity above every array element. To
enforce the decoupling effect, the three layers of DCs are seamlessly mounted
above the massive MIMO array, high isolation of 24 dB of the array can be
achieved. Additionally, the array has a wide working band of 4.21-4.79 GHz.

The mm-wave massive MIMO array is an important research area for 5G and
6G. Different from the array with a working band of sub-6 GHz, the actual
space between mm-wave array elements is extremely small. Therefore, the
previously mentioned decoupling methods are not suitable for the mm-wave
application. Inspired by the third decoupling method of DC, a decupling
method of near-field shrinking dielectric superstrate (NFSDS) is proposed. By
optimizing the thickness and permittivity of the NFSDS, a trade-off solution
between space wave coupling reduction and surface wave coupling increment
can be obtained, thereby the largest reduction for total coupling can be
obtained. The proposed NFSDS with low permittivity of 1.6 can be got by
drilling air holes on pure polypropylene (PP). After loading the NFSD, the
coupling of the mm-wave array has a decrement of 6.2 dB (from -17 dB to -
23.2 dB) from 24 — 29.5 GHz and 7 dB (from -17 dB to -24dB) from 26.8 —
29.5 GHz. At the same time, the decoupled array has a 3dB gain drop beam
scanning capability of -56°-57° and -38°-38° in the X-direction and y-
direction, respectively. Compared to other existing decoupling methods, the
proposed technique of NFSDS overcomes the defects of difficulty fabrication
and sensitivity to the distance between a massive MIMO array and its
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metasurface. Therefore, less fabrication tolerance will be introduced in my
designed massive MIMO mm-wave array.
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Abstract

Non-resonant metasurface (NRMS) concept is reported in this paper to
improve the isolation of dual-polarized and wideband large-scale antenna
arrays. By properly designing the NRMS, it can perform stable negative
permeability and positive permittivity along the tangential direction of the
NRMS within a wide band, which can be fully employed to suppress the
mutual couplings of large-scale antenna arrays. At the same time, the
proposed NRMS can also result in positive permittivity and permeability
along the normal direction of the NRMS, which guarantees the free
propagation of electromagnetic waves from antenna arrays along the
normal direction. For demonstration, a 4x4 dual-polarized antenna array
loading with the proposed NRMS is designed to improve the isolations of the
antenna array. The simulations demonstrate that the isolations among all
ports are over 24 dB from 4.36 to 4.94 GHz, which are experimentally
verified by the measured results. Moreover, the radiation patterns of
antenna elements are still maintained after leveraging the proposed NRMS.
Due to the simple structure of the proposed NRMS, it is very promising to
be widely employed for massive MIMO antenna arrays.

1 Introduction

Large-scale antenna arrays, consisting of humerous antenna elements, are
promising candidates for the 5G and future 6G applications [1-8]. To maintain
the performance of large-scale antenna arrays, mutual couplings among
antenna elements should be much considered, as poor couplings will seriously
deteriorate the antenna performance, such as power amplifier efficiency,
active VSWR, channel capacity, radiation efficiency, impedance match, and
signal-to-noise ratio [9-15].

In the past few decades, researchers have made much effort to reduce the
interferences between array elements, and different methods have been
proposed [16-21]. The first method is directly suppressing the propagation of
surface wave coupling and space wave coupling, such as electromagnetic
bandgap (EBG) structures [16], defected ground (DGS) [17], and resonators
[18]. These methods can effectively reduce the coupling of the array based on
the frequency responses of these decoupling structures, yet these decoupling
structures usually work in a narrow band. These decoupling structures are also
complicated and bulky to achieve the desired frequency responses for mutual
coupling reductions and must be inserted between array elements, which need
relatively large space. On the other hand, due to the frequency responses of
the decoupling structures being polarization-dependent, they are not feasible
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for application in dual-polarized antenna arrays. As a result, the decoupling
methods mentioned above are difficult for extension to massive MIMO arrays.
The second solution is to introduce an extra coupling path to cancel the
original coupling, such as neutralization lines [19] and parasitic element
structure [20,21], which suffer from a strict requirement for the volume to
achieve integration with antenna arrays. Therefore, it is hard to be used in
large-scale arrays as well. At the same time, most of these decoupling
structures are applied in single-polarized antenna arrays. Some of the literature
on the decoupling of dual-polarized and large-scale antenna arrays has been
reported [22-26]. The decoupling network [22-24] is an effective method.
The decoupling network in [24] can reduce the coupling of the array from —15
dB to —28 dB. Notably, the decoupling network has a completely different
working principle from the neutralization line, which introduces transmission
lines and parallel reactance to enable the transmission admittance to be zero,
thus achieving the purpose of decoupling. However, the decoupling network
commonly needs a matching network to make the antenna achieve good
impedance matching. It cannot be used in wideband arrays owing to the
feature of resonant-based frequency responses of the decoupling network. A
decoupling surface (ADS) is proposed in [25,26], which consists of a group
of primary and accessorial reflectors to create partial reflective waves to
cancel the unwanted coupling waves between array elements. however,
constructing proper metal patterns of the ADS to cancel the reflecting waves
has a complicated design process. In [26], a 4 x 4 staggered array with
diversified phase laggings and coupling level lower than —25 dB is designed
by loading the ADS. In [27], the decoupling dielectric stubs (DDS) are
proposed to reduce the mutual couplings of a 4 x 4 antenna array below —25
dB from 4.4 to 4.8 GHz. However, it requires a relatively high profile (half
wavelength). In [28], a decoupling ground (DG) method is presented. An
improvement of about 7 dB isolation has been obtained with the inner-element
distance around 0.62A. Nevertheless, it needs a large inter-element distance to
enable the space wave coupling and surface wave coupling with the same
amplitude and opposite phase to perfectly cancel each other.

Metasurface has been proposed very recently as a promising solution to
reduce the mutual coupling of antenna arrays. In [29,30], a metasurface has
been introduced to create a region with negative permeability and positive
permittivity to suppress the coupling waves of two-element antenna arrays. A
permittivity—negative metasurface superstrate was studied to reduce the
mutual couplings of large antenna arrays [31]. However, the metasurface is
based on resonant structures that cannot be extended for wideband
applications. In addition, it is not feasible to be applied to dual-polarized
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arrays due to the asymmetric geometry along vertical and horizontal directions
simultaneously.

This paper proposes a non-resonant metasurface (NRMS) and places it
above a 4 x 4 dual-polarized and large-scale antenna array for isolation
enhancements. The NRMS can be equivalent to a medium with a negative
permeability and a positive permittivity to suppress the coupling along the
tangential direction of arrays. The isolation can be improved from 15 dB to 24
dB within 4.36-4.94 GHz after loading the proposed NRMS. Unlike the
previous metasurface decoupling methods, the equivalent permeability and
permittivity of the NRMS are extracted from the non-resonant working band.
Thus, the NRMS element has an ultra-wide operating band with negative
permeability for decoupling. The extracted parameters of the proposed NRMS
are almost unchanged with different incident angles. Unlike the traditional
metasurface [29-31], the proposed NRMS units in this paper are symmetric
in two dimensions besides their wideband and wide angle decoupling
performance. Therefore, the proposed decoupling method can be utilized for
large planar dual-polarized phased arrays with complex electromagnetic
coupling paths. Due to its low profile, low complexity, and wide bandwidth,
the proposed NRMS is a good candidate for reducing mutual couplings of
dual-polarized and large scale antenna arrays.

This paper is organized as follows. In Section 2, the operating mechanism
of the NRMS is explained. Then, a procedure of a dual-element dual-polarized
antenna array with NRMS is elaborated on to verify the effectivity of the
proposed decoupling method. To verify the feasibility of the proposed
decoupling method for large-scale antenna arrays, a 4 x 4 dual-polarized
antenna array with NRMS is designed, and its corresponding performance,
parametric study, and the comparison between our work and the techniques
employed in the latest literature are presented in Section 3 as well. Section 4
provides the conclusions.

2 Non-Resonant Metasurface for Decoupling

The free-space wave coupling mainly causes the mutual coupling
between massive antenna array elements with a half-wavelength distance.
Therefore, the metasurface employed above the array is mainly used to reduce
the free-space coupling path. This section will investigate the scheme of the
proposed isolation improvement method in detail. The decoupling principle
will be analyzed based on a massive MIMO antenna array sketch with NRMS.
The NRMS unit cell is studied under TE and TM modes when the incidece
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waves propagate in various directions to analyze the effects on the extracted
permittivity and permeability to investigate the design procedure of NRMS.
Then, the decoupling principle is studied in detail with an example of dual-
element dual-polarized antenna array.

2.1  Decoupling Scheme of the NRMS

The sketch of the isolation enhancement principle with NRMS is shown in
Figure 1la. The space waves radiated from the element P3 can be broadly
represented with al and a2, where al and a2 are responsible for the mutual
coupling between adjacent and non-adjacent antenna elements, respectively.
When the NRMS is placed above the array with a distance of h, the NRMS
can be equivalent to a negative permeability and positive permittivity medium
along the tangential (or x-axis) direction of the NRMS when the unit cell of
the NRMS is properly designed, where the propagation constant is purely
imaginary. As a result, the propagation of the al and a2 at the tangential
direction of the array will be prohibited. Unlike the resonant-based MS that
only works in a narrow band, this paper proposes a nhon-resonant and
symmetric MS for wideband and dual-polarized large-scale antenna arrays.

The geometry of the proposed NRMS unit cell is shown in Figure 1b,
developed from the periodic cross-shaped ring, and an air cavity is engraved
on the center of the NRMS. The metal strips with a 0.5 mm width are printed
on the RO 4350B substrate with a permittivity of 3.66, a loss tangent of 0.002,
and a thickness of 1.524 mm.

metal patch cavity

" cavity NRMS element




Figure 1. (a) the decoupling principle of the NRMS for the large-scale antenna array, (b) the
detailed structure and dimensions of the unit cell to implement the NRMS.

2.2  Study for the NRMS Unit Cell

Figure 2a shows the simulation model of the unit cell of the NRMS when
the incidence waves impinge on it normally, where the E-field of the incidence
waves in the tangential direction of the NRMS and the H-field of the incident
waves in the vertical direction of the propagation direction of the incident
waves. Wave ports are embedded on the top and bottom surfaces of the unit
cell without any air gaps. The simulated S—parameters under TE and TM
modes at different incident angles of 0 offset the normal direction are provided
in Figure 2b. The S11 is less than —2.5 dB for TE mode, while it is lower than
—6 dB for TM mode within 60° from 3 to 5 GHz. The extracted permittivity
and permeability under TE and TM modes with different 0 are given in Figure
2¢,d, respectively. Both the extracted permittivity and permeability of the unit
cell under TE and TM incidence waves at different angles of 6 are positive,
which means that the space waves along the normal direction of the NRMS
can propagate through the unit cell freely.
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Figure 2. NRMS unit cell with incident angle along the normal direction of the surface: (a) the
simulation model, (b) the S-parameters under TE and TM incidence waves at different incident
angles, (c) the real part of the permittivity under TE and TM incidence waves at different
incident angles, and (d) the real part of the permeability under TE and TM incidence waves at
different incident angles.

Figure 3aillustrates the simulation model of the unit cell when the incidence
waves propagate along the tangential direction of the unit cell, where the H-
field of the incidence waves are in the vertical direction of the unit cell, and
the E-field is perpen-dicular to the direction of the incidence waves. The wave
ports are also embedded on the left and right sides of the unit cell. Figure 3b
shows the simulated S-parameters under TM mode incidence wave at different
incident angles of ¢, where it shows the S21 is less than —9 dB. The extracted
permittivity and permeability under TM incidence wave at different incidence
angles can be found in Figure 3c,d. The NRMS unit cell exhibits a negative
permeability from 3.0 to 5.1 GHz, while the extracted permittivity is positive
within the same band. The S-parameters and the corresponding extracted

39



equivalent parameters demonstrate that the space waves coupling under TM
incidence wave cannot propagate along the tangential direction of the unit cell.
It is also found that the extracted permittivity and permeability of the NRMS
under TE mode are all positive, indicating that the NRMS cannot suppress the
mutual couplings generated by TE modes. This specifies a design idea that an
anisotropic NRMS can be properly con-figured to offer negative permeability
and positive permittivity for both TE and TM modes to further reduce the
mutual couplings among antenna elements, which is our future work. Owing
to the features of wideband and geometry symmetric along the orthogonal
directions, the proposed NRMS unit cell is promising to reduce the mutual
couplings of wideband and dual-polarized large-scale antenna arrays.
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Figure 3. NRMS unit cell with incident angle along the tangent direction of the surface: (a) the
simulation model, (b) the S-parameters, (c) the real part of the permittivity in different incident
angles, and (d) the real part of the permeability in different incident angles.
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2.3 Decoupling of A Two-Element Antenna Array with the NRMS

In this section, an example of a dual-element antenna array with a NRMS is
given to verify the decoupling performance of the proposed NRMS. The
design procedure of the isolation improvement for a dual-element dual-
polarized antenna array with NRMS and the configuration of the reference
array in the design procedure is given in Figure 4a,b, respectively. This array
implements stacked microstrip antenna elements to obtain a broad operating
bandwidth. The square metal patch is printed on the top surface of the RO
4350B substrate with a permittivity of 3.66 and a loss tangent of 0.002. The
center-to-center distance between the array elements is 16.5 mm (0.5X at the
center frequency). Four orthogonal slots are etched on the bottom square patch
to reduce the cross-polarized mutual coupling between two ports of the
antenna array element itself. A PP (polypropylene) board with a permittivity
of 2.2 is placed above the lower layer substrate to support the upper layer patch
antenna. Then two cavities on the corre-sponding position of the antenna array
elements are engraved to provide a space for the PCB board solder. Portl and
Port2 work in x-polarization, while Port3 and Port4 work in y-polarization.
Here, the PP board does not have any other impact on the an-tenna
performance besides supporting the two-layer substrates. The reference
antenna array shown in Figure 4a is labeled as Array 1. In the next step, Array
2 is shown, where the NRMS is employed above Array 1. Here, the period of
T and the size of x1 of the metal ring is 8 mm and 2.75 mm, respectively. The
thickness of the substrate is 1.524 mm. The specific geometry and dimensions
of the reference array in the design pro-cedure are depicted in Figure 4b,
including the overall structure of the reference array from the front side view
and the structure of each layer from the top side view.

Array 1
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Figure 4. (a) Design procedure of the isolation improvement for dual-element dual-polarized
an-tenna array with NRMS. Array 1 is the reference antenna array. In the next step, Array 2 is
de-picted, where a metasurface consisting of periodic cross metal rings with a period T is
employed above Array 1, where the air cavities with a period 2 x T are engraved on the
metasurface. (b) The configuration of the reference array in the design procedure. (Unit: mm).

The S parameters of Array 1 and Array 2 are given in Figure 5. Port 1 and
Port 2 work in y- and x-polarization, respectively. All S13 and S42 of the
arrays with the pro-posed NRMS show low mutual coupling between the ports
with the same polarization. Furthermore, Array 2 can provide a wider
decoupling bandwidth. S14 and S23 of the array with NRMS present the
mutual coupling between the ports with the cross-polarization. The simulated
S-parameters also verify the theoretical analysis for the decoupling with the
NRMS mentioned in the previous section. The optimized di-mensions of the
NRMS and the high h are listed in Table 1.
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Figure 5. The S parameters of arrayl and the one after adding MS and NRMS for array2 and
ar-ray3, (a) the S11 and S31, (b) S22 and S42, and (c) S14 and S23.

From the decoupling study of the two-element antenna array with the
proposed NRMS, it can be concluded that the proposed NRMS can be
equivalent to a negative permeability and positive medium along the
tangential direction of the antenna arrays. Therefore, the NRMS will suppress
the propagation of the free-space coupling component along the tangential
direction. The best decoupling level can be achieved by carefully designing

the sizes of the NRMS element and the height of the NRMS above the antenna
array.

Table 1. parameters of the NRMS.
parameters x1 X2 x3 g T h

Value(mm) 2.75 1.5 6.6 0.5 8 15

111 design Example of 4 x 4 Array with NRMS
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3.1  Antenna Configuration

Sometimes, the decoupling method that is effective to the two-element
antenna array does not necessarily work for large-scale antenna arrays (e.g., 4
x 4 antenna array, even larger), where much more complicated coupling paths
exist in large-scale antenna array. As a result, the proposed NRMS is also
utilized to check its feasibility to improve the isolation of a wideband and
large-scale antenna array. For brevity, a wideband and dual-polarized 4 x 4
antenna array is investigated here.

The antenna element and element dimension used in the stacked micro-strip
antenna array in Section 2 are also applied to the 4 x 4 arrays in this section.
The proposed large-scale antenna array that consists of 16 elements with an
inter-element distance d of 33 mm covers the bandwidth from 4.29 to 5.13
GHz. The micro coaxial cables are adopted to excite the antenna elements of
the antenna array. Different from the dual-element antenna array in Figure 4,
the mutual couplings of the 4 x 4 phased arrays exist between the adjacent and
non-adjacent elements in both co-polarization and cross-polarization. The
mutual coupling between the array elements in the diagonal direction cannot
be neglected either. The proposed NRMS, loaded above the antenna arrays
with a height h of 15 mm, is expected to simultaneously reduce the mutual
coupling of all the paths in a wideband. A design procedure of the NRMS is
shown in Figure 6. Here, the original antenna array is labeled as Array A. The
original array with the proposed NRMS is marked as Array B, where some
non-metalized holes are drilled in both substrates, and a foam board is made
with a thickness of 15 mm to support the NRMS. The simulated model of the
4 x 4 antenna array with NRMS is depicted in Figure 6a, where the NRMS is
placed above the original antenna array with a distance. The detailed structure
of the original antenna array and the NRMS is depicted as well. The prototype
is depicted in Figure 6b, where all foam boards and substrates are compressed
into one piece and fixed by screws and bolts passing through the non-
metalized holes.
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Figure 6. (a) the configuration of the original 4 x 4 phased array with NRMS (Array B), (Unit:
mm). (b) the fabricated prototype of the Array B with feeding cables.

3.2  Parametric Study

The height of the NRMS is an important parameter to determine the
decoupling level of the array. Therefore, a parametric study for the height h is
essential to obtain the optimal decoupling level for the 4 x 4 large-scale
antenna array. Figure 7 gives the S-parameters of the antenna array when h
varies from 9 to 21 mm with a step of 3 mm. Here, the couplings between
element A6 and the neighboring and non-neighboring elements are selected.
It shows that, when h is 15 mm, the lowest couplings between antenna
elements can be obtained, and the mutual couplings of the antenna array are
lower than —24 dB. As h is set as other values, the mutual couplings of the
antenna ar-ray are higher than 24 dB.

The size x1 of the metasurface cell (see Figure 1b) also plays an essential
role in determining the decoupling level because the cross-shaped pattern of
the NRMS unit cell fully determines the S-parameters and the corresponding
extracted permittivity and permeability. Theoretically, the x1 and x3
determine bandwidth that we can extract negative permeability and positive
permittivity. Thus, the parametric study for the size x1 and x3 for the
decoupling level of the 4 x 4 large-scale antenna array is provided. Figure 8
gives the S-parameters when size x1 varies from 1.25 to 2.75 mm with a step
of 0.5 mm. It depicts that, for the increment of x1, the mutual coupling of the
4 x 4 large-scale antenna array decreases. When x1 is 2.75 mm, the mutual
coupling of the 4 x 4 large-scale antenna array reaches the lowest level, where
the mutual coupling is lower than 24 dB. When x1 increases further, the more
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reflected waves from the proposed NRMS will be generated, which might
enhance the space wave coupling of the array. Besides, the impedance
between the proposed NRMS and antenna array will be deteriorated as well.
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Figure 7. S-parameter of the antenna array loading with the proposed NRMS with different h,
@ h=9mm, (b) h=12 mm, (c) h =15 mm, and (d) h = 18 mm.

Figure 9 shows the S-parameters when size x3 varies from 0.6 to 6.6 mm
with a step of 2 mm. It clearly demonstrates that, with the increment of x3, the
mutual cou-pling of the 4 x 4 large-scale antenna array reduces slightly. When
the air cavity size x3 of the NRMS unit cell is 6.6 mm, the lowest mutual
coupling level of the antenna array can be achieved. When x3 increases further,
the air cavity will destroy the structure of cross-shaped NRMS units. Thus, the
S-parameters of the 4 x 4 large-scale antenna array with larger air cavity size
x3 (larger than 6.6 mm) are not given. Finally, the optimized x1 and x3is 2.75
mm and 6.6 mm, respectively. Comparing the parametric study of x1 and x3
on the decoupling level of the 4 x 4 large-scale antenna array, it could
conclude that the size of the cross-shaped structure plays a determining role,
and the size of the air cavity plays a fine-tuning function.
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Figure 9. S-parameter of the antenna array loading with the proposed NRMS with different
x3, (a) x3=0.6 mm, (b) x3 =2.6 mm, (c) X3 =4.6 mm, (d) x3 =6.6 mm.

3.3 Antenna Array Performance

The 4 x 4 arrays in Figure 6 have the mutual coupling between adjacent and
non-adjacent array elements in the X, y, and diagonal directions. Moreover,
the arrays are symmetric along the x, y, and diagonal directions. Due to the
highly geometry symmetric of the NRMS and dual-polarized antenna array,
the mutual coupling be-tween the array element A6 (see Figure 6a) and other
elements can represent all cou-pling types. Here, the S-parameters of A6 are
selected and shown. S11,12 represents the mutual coupling level between
portll and portl2 of the array element A6. It should be noticed that S2,12
refers to the mutual coupling between neighboring array elements in the
diagonal direction. S4,12 and S10,12 represent the mutual couplings between
adjacent elements in the y-direction and x-direction, respectively. In addition,
$16,12 and S28,12 refer to the mutual coupling between non-neighboring
array elements. The S-parameters of port11, similar to that of port12, can also
represent the mutual coupling of the proposed 4 x 4 large-scale antenna array.

Figurel0 gives the simulated and measured S-parameters of the 4 x 4
antenna array with and without the proposed NRMS. In Figure 10a, the
reference array covers from 4.05 to 4.91 GHz with an isolation of 16.5 dB.
Figure 10b shows that the array with the proposed NRMS covers 4.36 to 4.94
GHz with an isolation of 24 dB. The measured S-parameters of the antenna
array with the proposed NRMS in Figure 10c align well with the simulated
one in Figure 10b. Therefore, all simulated and measured S-parameters
demonstrate that the isolations of the wideband and dual-polarized large-scale
antenna array can be improved effectively to over 24 dB by employing the
proposed NRMS within 4.36 to 4.94 GHz.
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The simulated and measured radiation patterns of the array before and after
loading the proposed NRMS at 4.5 GHz, 4.7 GHz, and 4.9 GHz are shown in
Figure 11 to check the impacts of the proposed NRMS on the radiation
performance of the an-tenna element. The measurements are implemented in
the anechoic chamber to avoid electromagnetic interference from the
environment. As seen in Figure 11, the radiation patterns of the antenna arrays
with and without the proposed NRMS are almost un-changed except for some
slight ripples. Moreover, the cross-shaped metal rings convert partial space
wave energy from one polarization into orthogonal polarization, which causes
the deterioration of the cross-polarization level of the antenna elements. Addi-
tionally, the radiation patterns are asymmetric due to the propagation blockage
of the space waves radiated from the active antenna by its adjacent antennas.
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Figure 12. The total efficiency and the realized gain of the proposed antenna array.

Finally, the realized gains and total efficiencies of the antenna array with
and without the proposed NRMS are presented in Figure 12. The simulated
results illustrate that the proposed NRMS can improve the realized gain and
total efficiency of the an-tenna array within a wide bandwidth, which are
attributed to the suppressed propa-gation of the space waves coupling along
the tangential direction. Moreover, the measured realized gain and total
efficiency of the array with the proposed NRMS are lower than the simulated
results caused by the measurement error. The losses in coaxial cables also
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cause the discrepancies between the simulation and the measurement of the
antenna arrays. Here, the measured realized gain and total efficiency are more
than 6 dBi and 74% from 4.36 to 4.94 GHz, respectively.

3.4  Antenna Performance Comparison

Table 2. Performance comparison of the proposed antenna arrays with other state-of-the-art

similar works.
Decoupli . Total Antenna Fefzsrlb.
Pol. And Freq. Worst Gain .. Distance . Comp
Ref.. 9 " Scale (GHz) Iso. (dB) (dBi) TC!€ and Height Massive ™
Method ' ncy (h0) MIMO '
Arrays
Decoupli Dual-pol. ‘:8955: 0.500
[24] ng : 25 53 >70% 0'274kl) Yes  High
network 4 x4 (2.0%)
Dual-pol. 3.3-3.8
[26] ADS %5 60 - Odejﬁ' Yes  High
4x4 (14.1%) :
Dual-pol. 4.9-5.2
[28] DG 25 73 >000 282%, Yes  High
0.25\0
4x4  (6.1%) :
Single- 5.49-
Metasurf  pol. 6.0 o 0.259)0,
[29] ace 27 50 >63% 0.180%¢ No Low
2x1 (8.64%)
Single- 5.67-
Metasurf  pol. 5.97 o 0.43\0,
[311 " 19 50 >70% o Yes  Low
4x4 (5.17%)
Dual-
. 4.36-
This \ems POl 404 24 60 >T4%  OOM ves  Low
work 0.38M0

axq (125%)

Ref.: reference; Pol.: polarized; Freq.: frequency; Iso.: isolation; Feasib.: feasibility; Compl.:
com-plexity.

The performance of the proposed 4 x 4 large-scale antenna array with the
pro-posed NRMS is compared with the literature reported recently, as listed
in Table 2. The decoupling proposed in [24] is an effective method, but it has
a fatal defect of a narrow bandwidth caused by the resonant-response property
of the decoupling network. Typically, it needs to be deployed on the backside
of the antenna array, where the an-tenna array with the decoupling network
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has multiple substrates, which means they are bulky and complicated.
Moreover, the decoupling network usually lowers gain and total efficiency of
antenna array. The ADS in [26] is a novel decoupling concept, but it has a
complicated design process for the pattern of the primary reflectors and
second-ary reflectors. Additionally, it needs a relatively larger space to
accommodate the re-flectors to reflect enough space waves so that the
unwanted coupling waves can be largely eliminated, which is not conducive
to antenna miniaturization. Though the gain and total efficiency of the array
in [28] are higher than that of our work, it has a larger inter-element distance
and a bulky structure. The metasurfaces proposed in [29,31] have a relatively
small inter-element distance, but they can only be used in single-polarized
arrays because of the magnetic resonant response and the asymmetry along
the cross direction. Moreover, the bandwidth, gain, and total efficiency of the
arrays in [29,31] are worse than our work. Additionally, the worst isolation of
the array in [31] is higher than our work, but it cannot be expanded to a
massive MIMO array application owing to the limitation of asymmetrical
structure along the orthogonal directions. Compared with the structure in the
current literature, on the premise of guaranteeing a wider working bandwidth,
higher worst isolation, gain, and efficiency, our work has a simple design and
installation process of the decoupling scheme.

IV Conclusion

A novel decoupling concept of NRMS for wideband and dual-polarized
large-scale antenna arrays is proposed. The decoupling mechanism of the
NRMS has been analyzed. To justify the feasibility of the proposed NRMS
for decoupling of large-scale antenna arrays, a 4 x 4 antenna array loading
with the proposed NRMS has been simulated, fabricated, and measured. The
simulated and measured results demonstrate that the isolations of the antenna
array can be enhanced from 16.5 dB to over 24 dB within the band from 4.36
to 4.94 GHz, almost without introducing any other adverse effect on the
performance of the overall antenna array. The comparison between the
proposed NRMS and other techniques reported in the latest literature shows a
great potential of the proposed NRMS to be applied to massive MIMO antenna
arrays with low mutual couplings in the sub-6 GHz band.
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Abstract

Abstract—The high isolation massive antenna arrays are the key devices in
the base station of the future wireless communication systems. The
challenge for the array application is how to reduce the coupling among the
array elements. This paper introduces a new decoupling method for massive
MIMO arrays with an inner-element distance of around half wavelength by
using a triple-layer metasurface (TMS). The TMS comprises three identical
surfaces. The waves reflected from the bottom metasurface (MS) and top
two-layer MS have the same amplitudes and the opposite phases, which are
canceled with each other. An example of 4x4 dual-polarized wideband
microstrip array with a TMS is proposed to verify the decoupling method.
The simulation and measurement show that the TMS can help reduce the
coupling among the array elements to less than -24 dB in both the co-
polarization and cross-polarization directions within 4.23-4.82 GHz. In the
meanwhile, the radiation characteristics of the arrays with and without TMS
are almost unchanged.

| Introduction

The future wireless communication technology boosts the development
of wireless communication [1]. The multiple-input multiple-output (MIMO)
has attracted much attention in recent years because it can significantly
improve the data throughput and transmission distance without increasing its
bandwidth or the total transmit power [2-3]. The massive MIMO system,
scales up from the MIMO system, has a higher transmission ratio, spectrum
efficiency, and channel capacity [4-5]. When a massive MIMO array with an
inner-element distance around half wavelength is implemented, the mutual
coupling is inevitable[6]. Recently, researchers found that the coupling of the
arrays, basically consists of space wave coupling component, seriously
deteriorate the antenna performance [7-17]. Thus, low coupling of the massive
MIMO array has become a crucial indicator during the implement.

Numerous decoupling techniques for MIMO arrays have been observed:
mutual decoupling network [18], defected ground structure [19],
electromagnetic bandgap [20], metamaterial [21], and parasitic decoupling
technique [22]. In addition, the metasurface (MS) as an effective decoupling
technology for arrays has been studied and reported in [23-24]. In [23], a
suspended MS is placed above the array, where the surface is equivalent to a
negative permeability medium to reject the propagation of the waves.
However, it cannot be applied in dual-polarized antenna arrays because of its
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asymmetry. In [24], a novel MS employs a near-field resonator (NFR) above
each antenna element. However, it is not available to be scaled up to dual-
polarized arrays because it will increase the coupling in the orthogonal modes.

Many decoupling methods for the massive MIMO arrays have been
reported [25-30]. A non-resonant metasurface (NMS) with a was proposed in
[25] to suppress the propagation of the space waves. Here, a negative
permeability and positive permittivity along the tangential direction of the
array can be abstracted. A transmission-line-based decoupling method was
proposed in [26], which enables well-cancels coupling for the adjacent
elements but slightly drops the total efficiencies. Moreover, its relative
working band is pretty narrow. [27] introduced a decoupling ground (DG),
which changes the ground current path to enable well-cancel with the space
wave coupling. Yet, it needs a relatively sizeable inner-element distance to
adjust the shape of the ground plane. A concept of array-antenna decoupling
surface (ADS) for massive MIMO arrays was proposed [28]. But the arrays
with ADS elements have complicated design procedure and relatively larger
size. Additionally, a decoupling method of phase compensation based on the
concept of ADS for large-scale staggered dual-polarized dipole arrays is
further investigated to simultaneously reduce the couplings between adjacent
co-polarized array elements with diversified phase laggings [29]. Yet, it has
the same problem with the method mentioned in [28]. A new method of
decoupling dielectric stubs (DDS) is proposed as perturbations to constrain
the electromagnetic fields of the array element [30]. However, dielectric stubs
with low permittivity are needed to reduce transmission loss.

In this paper, a triple-layer metasurface (TMS) concept is proposed and
experimentally demonstrated. The TMS is composed of three identical MSs
and placed above the arrays. Here, the waves reflected from the bottom layer
MS and the top two-layer MS have same amplitudes and opposite phases to
enable perfect cancellation. Consequently, the coupling of the arrays can be
significantly reduced by utilizing the proposed TMS. A factual example of a
4x4 massive array is studied to verify the proposed decoupling method. The
proposed TMS for massive MIMO arrays has some novelties as:

1. The coupling of the massive MIMO arrays with the inner-element
distance of around half wavelength mainly results from the space waves
coupling component. For this, the method TMS develops two paths for the
space waves coupling component, which has a phase difference of 180° and
an amplitude difference of 0 to obtain well cancellation.

2. The proposed TMS features symmetry in orthogonal directions that can
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be utilized in dual-polarized arrays. At the same time, it has a stable radiation
performance over the wide working band of the arrays.

3. The arrays with the TMS have a low loss. Moreover, it can be
implemented easily by adjusting the radius of the TMS element and the
thickness of the air gaps between TMS.

This paper is organized as follows: in Section Il, the concept of the TMS
method is carefully described, and then a TMS unit is designed and analyzed.
The decoupling method TMS for massive MIMO array is applied in section
I11. First, a dual-polarized and wideband microstrip array is proposed. Then,
the TMS is placed above the reference array. Finally, the simulated and
measured results are presented to verify the proposed decoupling method.
Section IV concludes the paper.

Il Proposed Decoupling Technique
A. Concept of the proposed TMS mutual decoupling method

- —
J—»Tup two-layer MS E/ z
—

V' Plane C e XB,6c1/\ Xc,0c
_ Planc B X', 0,
l Plane A )

I
Bottom layer MS "

Al A2 A3 A4

Fig. 1. The decoupling schematics of the TMS.

Fig. 1 gives the theoretical analysis of the decoupling mechanism of the
TMS for the massive MIMO arrays. When the TMS is suspended above the
array, the waves reflected from the bottom layer MS and the top two-layer MS
have the same amplitudes and opposite phase, which can be cancelled by
appropriately adjusting the size of the TMS. Therefore, a suppression for the
space coupling can be obtained. As shown in Fig. 1, the bottom surface and
the top surface of the bottom layer MS are defined as Plane A and Plane B,
respectively. The phase of the space coupling component a on plane A is
marked asg, . In the meanwhile, the phase of the reflection component al on

plane A can be expressed as:
On =0, +Href1 (1)
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where the g_ is the phase of the reflection coefficient of the bottom layer MS.

When the waves propagate through the bottom MS, it will introduce a

transmitted phase delay g, . The phase of the transmitted wave b on Plane B

can be calculated as:

0,=0,+6,, 2

When the transmitted component b propagates to plane C, it will have a
phase delay that can be expressed as:

Opy = (Z12)x360° 3)

The phase ¢., of the waves on plane C can be calculated as:

0(21 = HA + leai + Hdelay (4)
The phase of the reflected waves on plane C can be calculated as:
Oy =0c1 + 0y (5)

‘delay +9ref2 (6)

Here, the 0., represents the phase of the simulated Si: of the top two-layer

MS. When the waves reflect from Plane C propagate to the bottom layer MS,

there will be a phase delay ., to0. Therefore, the phase of the reflected waves
on plane B can be expressed as:

Ony = Ocy + Opey (7)

Ocs = Op +Opny +Osgy X2+ 0y (8)

Furthermore, the phase of the waves on plane A reflected from plane C
can be calculated as:

9()2 = eA +9{ral +6

QAZ = aA + Hﬁral x 2 + edelay x 2 + grefz (9)

Since the waves reflected from plane A and plane C have the same
amplitudes and the opposite phase. Therefore the ¢,, can also be expressed as:

0., = 0y, +180 (10)
180" =0,y X2+ 0y, X2+ 0, (12)
Opy = (180" =0,y X206, )/ 2 (12)
The thickness of the air gap Z between the MSs can be calculated as:
z- (((180“ —O,, %2~ em)/z)/%o)x 2 (13)
The phase difference g,, between ¢,, and g,, can be expressed as:
Osit = Oy X 24 Oy X2+ Oy — Oy ( ]_4)

Regarding for the amplitudes, the amplitudes of the reflection coefficient
and the transmission coefficient of the bottom layer MS can be defined as: R:
and Ty, respectively. Meanwhile, the amplitude of the reflection coefficient of
the top two-layer MS can be marked as: R.. When the amplitude of the
coupling component is Xa, the amplitude of the waves reflected from the
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bottom layer MS is X.., and the amplitude of the transmitted waves from the
bottom layer MS is Xs. And then, the amplitude of the waves reflected from
the top two-layer MS on plane C is X, while the amplitude of the waves
reflected from the top two-layer MS on Plane A is X,,.

Xp=Xa R (15)
Xg=X,-T, (16)
Xc=Xg R, (17)
Xe =X, T,-R, (18)
X=X T, (19)
Xpz = Xu 'le ‘R, (20)

The Amplitude difference between the waves reflected from the bottom
layer MS and the one reflected from the top two-layer MS on plane A can be
calculated as:

Kt = X =X (21)

Xgr = Xa (R-T?"R,) (22)

According to the analysis for the decoupling mechanism of TMS, the
amplitude calculated difference equal to 0 from the formula (22).

Top laver MS
1 /
Planc C < Xc ;
Plane B ¢~ Az
Plane|A — Xp/\{m Yao
Bottom layer MS

Fig. 2. The phase distribution of the space waves on two-layer MS.

In addition, it is needed to analyze why the two-layer MS cannot be used
to reduce the coupling of the arrays, where the two MSs has same dimensions.
Resemble to Fig.1, a two-layer MS placed above the reference array with
corresponding phase distribution is shown in Fig.2. The amplitude of waves
reflected from the top layer MS on plane C can be presented as:

Xe=Xa TR (23)

Furthermore, the wave reflected from the top layer MS on plane A can
be expressed as:

Xp = X5 TR, (24)

Therefore, the amplitude of the two kinds reflected waves can be
calculated as:

Xar = Xa (R _T12 ‘R;) (25)

The calculated results repeals that the amplitude difference does not
equal to 0, which demonstrate that the two-layer MS cannot be used to
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suppress the coupling of the arrays. Therefore, A TMS is adopted to reduce
the mutual coupling of the massive MIMO antenna arrays.

B. Design of the TMS

The periodic unit with a feature of symmetry along x-axis and y-axis is
designed to meet the requirement for the decoupling of the wideband and dual-
polarization massive MIMO arrays. A circular and cross-shaped patches are
integrated into the same MS unit with four splits in the x-direction and the y-
direction. The metal patch of the MS element is printed on a Rogers RO4350B
substrate with a thickness of 1.52mm, a relative permittivity of 3.66 and a loss
tangent of 0.0037. The bottom layer MS element is depicted in Fig. 3 (a) from
the top view, front view, and perspective view, respectively. Here, T=8 mm,
C=0.2 mm, g=0.2 mm, R=2 mm. A comprise scheme of a triple-layer
metasurface (TMS) is adopted to avoid the problem of high profile of the
array. For the factual massive MIMO arrays, the space coupling component is
radiated to the MS with an incident angle 8 along the normal direction of the
arrays. Therefore, the transmission coefficient and the phase of the S-
parameters with various incident angles of 0 are studied and shown in Fig. 3.
Fig. 3 (b) and Fig. 3 (c) show that when the 0 varies from 0° to 60° with a step
of 20°, the transmission loss of the bottom layer MS increases, yet still show
a high transmission performance over the operating band. Fig. 3 (d) and Fig.
3 (e) depict that the phase of the S11 and S21 slightly increases as the 0 varies
from 0° to 60°. Moreover, when the 0 is 0°, the phase of the S11 and S21 is -
115° and -30°, respectively. Fig. 3 also repeals that the bottom layer MS
exhibits a stable transmission and reflection characteristic within a wide
working band.

T 3D view

Top view Side view
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Fig. 4. Detail structure of the top two-layer MS, the amplitudes, and the phases of the S-
Parameters of the top two-layer MS with different incident angle : (a) the top two-layer MS,
(b) the amplitude of the Si1, () the phase of the Sus.

Fig. 4 shows the two-layer MS structure from front, top, the perspective
views, and the corresponding S-parameters. The top two-layer MS has the
same sizes as the bottom layer MS. Fig. 4 (a) shows the detailed structure of
the two-layer MS. Fig. 4 (b) depicts that with the increase of the 6, the
reflection increases too, but the transmission decreases. Fig. 4 (c)
demonstrates that the phase of the S-parameters of the two-layer MS almost
has no change with different 6.

Based on the theoretical analysis of the decoupling mechanism of TMS for
the massive MIMO arrays (see in Fig.1), the amplitude difference and the
phase difference between the waves reflected from the bottom layer MS and
top two-layer MS are calculated and given in Fig. 5 by varying the incident
angle of 6 from 0° to 60° with the step of 20°. The calculated results
demonstrate that the amplitude and phase differences between the waves
reflected from the bottom layer MS and top two-layer MS basically equal to 0
and 180°, respectively. The calculated results justify that these two kinds of
waves can be canceled with each other.

0.2

—e— =0°
0.1 f—e— 6=20° .
a— 0=40°

0.0 —v— 6=60°, vy 7T
0.1 pEEEEEEEE ;

v

Amplitude dif.

_02 1 1 Il 1 00 1 1 Il 1
40 42 44 46 48 50 40 42 44 46 48 50
Frequency (GHz) Frequency (GHz)

(@) (b)

Fig. 5. The calculated amplitude difference Adir. and phase difference ¢, between the waves

reflected from the bottom-layer MS the top two-layer MS when the incident angle of 6 varies
from 0° to 60° with the step of 20°: (a) amplitude difference, (b) phase difference.

According to the simulated results and the analysis of the decoupling
method of the TMS, the waves reflected from the bottom two-layer MS and
the top layer MS are out of phase and can be canceled with each other too.
The redundant description will not be done due to the limitation of the page.

C. Simulations for the Verification of the Proposed Decoupling Method

In this subsection, we take a dual-polarization two-element array shown
in Fig. 6 as an example to study the decoupling mechanism of the TMS. The
detailed dimensions of the array are shown in the figures as well. The
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wideband dual-polarization array is composed of two layers of patch antennas.
The top antenna is placed above the bottom one and supported by a PP
(polypropylene) board with a dielectric constant of 2.2. The two patch antenna
elements are printed on a Rogers RO4350B substrate with a relative
permittivity of 3.66 and a loss tangent of 0.0037. The bottom patch antenna
consists of two substrates with the same thickness of 0.762 mm, and the
thickness of the substrate of the top antenna is 1.524 mm. The array is fed with
coaxial cables. The feed points of the array element are set in the x-axis and
y-axis directions to achieve dual-polarization. The metal stubs are embedded
between two bottom substrates and connected with the inner connector of the
coaxial cables to obtain an excellent impedance matching among antennas and
feed ports. Two cavities are engraved on the PP board directly above the
bottom antenna to provide a space for PCB solder. The inner-element distance
of the array is half wavelength. TABLE 1 gives the detailed dimensions of the
antenna array with and without TMS.

Fig. 7 (a) and (b) show the S-parameters of the arrays in the x-
polarization and y-polarization. It demonstrates that by using the TMS, the
couplings of the array in x-polarization and y-polarization are reduced to -25
dB and -26.4 dB over the working band. The operating band of the decoupled
array in dual-polarization is 4.2-4.75 GHz. Moreover, the operating band of
the array shifts to a higher band slightly. Initially, the distance hc between the
array and TMS determines the decoupling level. The S-parameters of the
decoupled array with different hc are presented in Fig. 7 (c) and Fig. 7 (d). It
demonstrates that when the hc is 10 mm, the envelope of the Ss; and Ss in
dual-polarization is the lowest. This example perfectly verifies the proposed
decoupling method TMS for the MIMO arrays.
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4.0 42

TABLE |
PARAMETERS OF THE TMS
parameters L X X1 rr L1 Ls L2

Value(mm) 2.75 33 6.2 13 16 31 16.8

parameters hl hp h2 hc z T g
Value(mm) | 0.762 3 1.524 10 5 8 0.2
parameters C R e

Value(mm) 0.2 2 2.3

I11. Design example

For the dual-polarized massive MIMO arrays, the paths of the space waves
coupling in dual-polarization and diagonal directions are complicated. Thus,
the coupling between the adjacent and nonadjacent array elements is hardly
reduced to the lowest level simultaneously. Therefore, the envelope of the S-
parameters of all the paths should be lower than -24 dB.

A. Concept of the proposed TMS mutual decoupling method

A 4 x 4 dual-polarization massive MIMO array with TMS is carried out to
verify the proposed decoupling method TMS. Fig. 8 illustrates the
configurations of the array with the specific dimensions and the corresponding
prototype. The 4x4 array adopts the same antenna element mentioned in
previous mentioned one. The TMS is mounted above the array, and a
prototype has been fabricated and installed. The antennas and TMS are fixed

70



together with nylon screws. The substrates have non-metalized holes at the
corners to provide space for nylon screws to pass through. A foam board is
placed directly above the array to support the TMS. The 4 x 4 array with TMS
and the corresponding fabricated prototype are shown in Fig. 8 (a) and (b),
respectively.
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\
(b)
Fig. 8. The structure of the 4 x 4 array with and without TMS: (a) the detailed structure of the
array with TMS from top and side views, (b) the fabricated prototype of the array with TMS
from top, side and perspective view.

B. Antenna performance

The S-parameters of the 4 x 4 arrays with and without TMS are simulated.
And then, those of the array with TMS are measured. The results are shown
in Fig. 9. Since the antenna array is symmetrical along x-direction and y-
direction, the S-parameters of port 12 in the second quadrant are chosen and
displayed. The couplings mainly exist among neighboring and non-
neighboring elements in the x-direction, y-direction, and diagonal directions
of the massive MIMO array. The S2,12 refers to the coupling between the
adjacent elements in the diagonal direction of the array. The S4,12, S10,12,
S16,12 and S28,12 represent the couplings between the neighboring and non-
neighboring elements in y-polarization and x-polarization, respectively. The
simulation results show that the proposed array with TMS works from 4.217-
4.763 GHz, and all the port-to-port isolation can be improved from 17 dB to
over 24 dB within the whole operating band. The impedance matching
bandwidth of the array has a slight shift to the higher band. The measured
results show that the operating band of the array is 4.23-4.82 GHz. The
difference between the simulated and measured working band of the array is
caused by the fabrication mistake. Due to the page length limitation, the rest
S-parameters are not shown.
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Fig. 9. The simulated and measured S parameters of the 4 x 4 array with/without TMS: (a)

S12,12, (b) S11,12, (€) S2,12, (d) Sa,12, (€) S10.12, (f) S16,12 and (g) Sus,12.

The element A12 have all types of coupling paths because of the features
of symmetry, and it has similar radiation patterns with rest elements. The
radiation patterns of antenna Al2 at 4.5, 4.6, 4.7, and 4.8 GHz are selected.
When we measure the radiation patterns of the array, the P12 (see Fig. 7(a))
is feed, and the other ports connect with 50-ohm loads. The microwave
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chamber can provide an interference-free environment for the radiation
patterns measurement. The radiation patterns of the array without and without
the TMS are shown in Fig. 10. Compared with the simulated radiation patterns
of the array without TMS, the simulated and measured radiation patterns of
the arrays with TMS in the E-plane have some tiny ripples that result from the
slight reflection of the TMS, the fabrication, and measurement tolerance. But
the contours of the patterns are almost same. The measured patterns of the
decoupled array in the H-plane match well with the simulated results before
adding TMS. The results show that the radiation patterns of the array with and
without loading TMS almost keep consistent. The radiation patterns of other
array elements are measured and have similar results with the A12, which are
not shown due to the page limitation. It aligned well with the theoretical
analysis.

Fig. 7 (a) and (b) show the S-parameters of the arrays in the x-polarization and y-
polarization. It demonstrates that by using the TMS, the couplings of the array in x-
polarization and y-polarization are reduced to -25 dB and -26.4 dB over the working
band. The operating band of the decoupled array in dual-polarization is 4.2-4.75 GHz.
Moreover, the operating band of the array shifts to a higher band slightly. Initially, the
distance hc between the array and TMS determines the decoupling level. The S-
parameters of the decoupled array with different hc are presented in Fig. 7 (c) and Fig.
7 (d). It demonstrates that when the hc is 10 mm, the envelope of the Ss; and Ss; in
dual-polarization is the lowest. This example perfectly verifies the proposed
decoupling method TMS for the MIMO arrays.
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Fig. 10. The radiation patterns of the array with and without TMS, (a) E-plane of port 12 at
4.5GHz, (b) H-plane of port 12 at 4.5GHz, (c) E-plane of port 12 at 4.6GHz, (d) H-plane of port
12 at 4.6GHz, (e) E-plane of port 12 at 4.7GHz, (f) H-plane of port 12 at 4.7GHz, (g) E-plane
of port 12 at 4.8GHz, (h) H-plane of port 12 at 4.9GHz.

The realized gain and the total efficiency of the element P12 at different
frequencies before and after applying TMS are depicted in Fig. 11 (a) and (b),
respectively. The results in Fig. 11 (a) show that the TMS improves the
realized gain of the array. Meanwhile, Fig. 11 (b) exhibits the array efficiency
is more than 76%. Due to the fabrication accuracy error and the power loss in
coaxial cables, the measured real gain and total efficiency drop slightly.
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Fig. 11. The Realized gain and efficiency of the array with TMS: (a) realized gain, (b) total

efficiency.
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IV. Performance comparison

An overall comparison between the proposed array with TMS and the other
relevant techniques reported in recent literature is presented in Table Il. The
decoupling performance for the massive MIMO array in this work is
comparable with the one in the recent work. But this work exhibits superiority
over the working band compared with the techniques in [27]. The array with
DG in [29] has a working band from 4.9-5.2 GHz (at the center frequency of
4.9 GHz), which is relatively narrow. Meanwhile, the inner-element distance
of the array is larger than 0.5Xk. The ADS proposed in [28-29] develops
complicated space waves paths to suppress the coupling of the array.
Therefore, it increases the design complexity of the ADS. The array with TMS
in this work has a lower profile than the array proposed in [30]. In addition, a
low dielectric constant of the DDS is needed because a higher dielectric
constant negatively deteriorates the impedance match of the antenna element.
In contrast, the TMS in our work has no specific requirements on the dielectric
constant of the dielectric substrate. It demonstrates that the decoupling method
TMS for massive MIMO array offers numerous merits over other mentioned
decoupling techniques.

TABLE Il
PARAMETERS COMPARISON
This
Ref. [26] [27] [28] [29] [30] work
Decou. | Transimis |~ ADS ADS DDS | TMS
method sion line
Antenna . Mic. Mic. Sta. Sta. Mic. Mic.
type Mic. Ant. Ant. Ant. Mon. Dip. Dip. Ant. Ant.
Polariza Dua.- Sin.- Dua.- Dua.- Dua.- Dua.- Dua.-
. Dua.-pol.
tion pol. pol. pol. pol. pol. pol. pol.
Array 4-4-4-
configur 2x2 4%x4 1x8 2x2 4 2-1-2 4x4 4x4
ation
Freq. 2.395- 2.4- 33- | 33- 4.23-
; 4.9-52 ' 3.3-38 ‘ ' 4.4-5.0 '
(GH2) 2.52 2.5 3.8 3.75 4.82
Height
(%) NA 0.250 0.32h0 | 0.33%0 0.4% | 0.39%0 | 0.466X0 | 0.45X0
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Antenna

S

0.5h0 0.62h0 0.450 | 0.71% | 0.5k 0.4h0 | 0.485)k0 0.5M0

distance

(ho)
'So'na“o 25 245 24 25 25 25 25 24
Compl.
of the
decoupl | complicat | complica . . . .
ing od ted complicated complicated simple | simple
structur

e
Subs.of Rogers Roger | Polylact | Rogers
decounl Rogers R0O4350 NA S ide RO435

p

ing RO3003 B NA (&= 2.6) Ro473 | (PLA) 0B
ruct : (&r= | 0JXR
structur (er= 3) (Sr: 3) (er= (er= (er=
€ 3.66) 298) | 2.65) 3.66)
Effec.
for
massive
MIMO yes yes yes yes yes yes yes yes
ant.
array

V. Conclusion

In this paper, a decoupling concept of the TMS was introduced. Then the
decoupling mechanism of the TMS has been thoroughly analyzed. A massive
MIMO array consists of 4x4 elements has been designed, simulated,
fabricated. The simulated and measured results show that the coupling of the
array has been reduced from -18 dB to -24 dB by using TMS. In contrast, the
radiation performance of the array keeps unchanged. The measurements of the
practical array by employing the TMS justify the feasibility of the proposed
decoupling technique. Since the proposed TMS has simple structure and
symmetry characteristics, it can be easily integrated with the massive MIMO
array. Finally, the worst isolation of the antenna array can be obtained.

References

77



[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

I. Akyildiz, A. Kak, and S. Nie, “6G and beyond: the future of
wireless communications systems,” IEEE Access, vol. 8, pp. 133995-
134030, 2020.

R. He, B. Ai, G. L. Stiiber, G. Wang, and Z. Zhong, “Geometrical
based modeling for millimeter wave MIMO mobile-to-mobile
channels,” IEEE Trans. Veh. Technol., vol. 67, no. 4, pp. 2828-2863,
Apr. 2018.

C.Li, H. Zhu, J. Cai, J. Hu, G. Li, and G. Li, “Capacity analysis of
terrestrial antenna array in distributed satellite MIMO communication
system,” IEEE Trans. Veh. Technol., vol. 70, no. 5, pp. 4435-4450,
May. 2018.

Y. Liu , C. Wang, J. Huang, J. Sun, and W. Zhang, “Novel 3-d
nonstationary mm wave massive MIMO channel models for 5g high-
speed train wireless communications,” IEEE Trans. Veh. Technol.,
vol. 68, no. 3, pp. 2077-2086, Mar. 2019.

H. Gao, Y. Su, S. Zhang, Y. Hou, and M. Jo, “Joint antenna selection
and power allocation for secure co-time co-frequency full-duplex
massive MIMO systems,” IEEE Trans. Veh. Technol., vol. 70, no. 1,
pp. 655665, Jun. 2021.

S. Chae, S. Oh, and S. Park, “Analysis of mutual coupling,
correlations, and TARC in WiBro MIMO array antenna,” IEEE
Antennas Wireless Propag. Lett., vol. 6, pp. 122-125, 2007.

D. M. Pozar, “A relation between the active input impedance and the
active element pattern of a phased array,” IEEE Trans. Antennas
Propag.,vol.51, no. 9, pp. 2486-2489, Sep. 2003.

Y. Wu, J. W. M. Bergmans, and S. Attallah, “Effects of antenna
correlation and mutual coupling on the carrier frequency offset
estimation in MIMO systems,” In Proc. Int. Conf. Wireless Commun.
Netw. Mobile Comput. (WiCOM), Chengdu, China, Sep. 2010, pp. 1-
4,

H. S. Lui and H. T. Hui, “Mutual coupling compensation for direction
of-arrival estimations using the receiving-mutual-impedance method,”
Int. J. Antennas Propag., vol. 2010, Jan. 2010, Art. no. 373061.

B. K. Lau, J. B. Andersen, G. Kristensson, and A. F. Molisch, “Impact
of matching network on bandwidth of compact antenna arrays,” |IEEE

78



[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

Trans. Antennas Propag., vol. 54, no. 11, pp.3225-3238, Nov. 2006.

Z. Ying and D. Zhang, “Study of the mutual coupling, correlations
and efficiency of two PIFA antennas on a small ground plane,” IEEE
Antennas Propagat. Soc. Int. Symp.,Washington, DC, Jul. 2005, pp.
305-308.

X. Chen, S. Zhang, and A. Zhang, “On MIMO-UFMC in the presence
of phase noise and antenna mutual coupling,” Radio Sci., vol. 52, no.
11, pp. 1386-1394, 2017.

K. H. Chen and J. F. Kiang, “Effect of mutual coupling on the channel
capacity of MIMO systems,” IEEE Trans. Veh. Technol., vol. 65, no.
1, pp. 398-403, Jan. 2016.

R. Janaswamy, “Effect of element mutual coupling on the capacity of
fixed length linear arrays,” IEEE Antennas Wireless Propag. Lett., vol.
1, pp. 157-160, 2002.

L. Savy and M. Lesturgie, “Coupling effects in MIMO phased array,”
IEEE Radar Conf. (RadarConf), Philadelphia, PA, USA, May 2016,

pp. 1-6.

M. Afaque Azam, A. Kumar Dutta, and A. Mukherjee, “Performance
analysis of dipole antenna based planar arrays with mutual coupling
and antenna position error in mm wave hybrid system,” IEEE Trans.
Veh. Technol., vol. 70, no. 10, pp. 10209-10221, Oct. 2021.

C. Fager, X. Bland, K. Hausmair, J. C. Cahuana, and T. Eriksson,
“Prediction of smart antenna transmitter characteristics using a new
behavioral mode ling approach,” IEEE MTT-SInt. Microw. Symp.
Dig., Tampa, FL, USA, Jun. 2014, pp. 1-4.

X. Zou, G. Wang, Y. Wang, and H. Li, “An efficient decoupling
network between feeding points for multiclement linear arrays,” IEEE
Trans. Antennas Propag.,vol.67, no. 5, pp. 3101-3108, May. 2019.

M. Li, Y. Zhang, D. Wu, K. L. Yeung, L. Jiang, and R.
Murch,“Decoupling and matching network for dual-band MIMO
antennas,” |EEE Trans. Antennas Propag., vol. 70, no. 3, pp. 1764-
1775, Mar. 2022

D. Gao, Z. Cao, S. Fu, X. Quan and P. Chen, “A novel slot-array
defected ground structure for decoupling microstrip antenna array,”
IEEE Trans. Antennas Propag.,vol.68, no. 10, pp. 7027-7038, Oct.

79



[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

2020.

X.Yang, Y. Liu, Y. Xu, and S. Gong, “Isolation enhancement in patch
antenna array with fractal UC-EBG structure and cross slot,” IEEE
Antennas Wireless Propag. Lett., vol. 16, pp. 2175-2178, Nov. 2017.

Z. Qamar, U. Naeem, S. A. Khan, M. Chongcheawchamnan, and M.
F. Shafique, “Mutual coupling reduction for high-performance
densely packed patch antenna arrays on finite substrate,” |[EEE Trans.
Antennas Propag., vol. 64, no. 5, pp. 1653-1660, May. 2016.

M. Li, and S. Cheung, “A novel calculation-based parasitic
decoupling technique for increasing isolation in multiple-element
MIMO antenna arrays,” IEEE Trans. Vehicular Tec., vol. 70, no. 1,
pp. 446-458, Jan. 2021.

W. Yang, L. Chen, S. Pan, W. Che, and Quan Xue, “Novel decoupling
method based on coupling energy cancellation and its application in
5G dual-polarized high-isolation antenna array,” IEEE Trans.
Antennas Propag., vol. 70, no. 4, pp. 2686-2697, Apr. 2022.

Z. Wang, L. Zhao, Y. Cai, S. Zheng and Y. Yin, “A meta-surface
antenna array decoupling (MAAD) method for mutual coupling
reduction in a MIMO antenna system,” Sci. Rep., vol. 8, Feb. 2018,
Art. no. 3152.

M. Li, B. Zhong and S. W. Cheung, “Isolation enhancement for
MIMO patch antennas using near-field resonators as coupling-mode
transducers,” IEEE Trans. Antennas Propag., vol. 67, no. 2, pp. 755-
764, Feb. 20109.

S. Luo, Y. Zhang, G. F. Pedersen, and S. Zhang, “Isolation
enhancement for large-scale phased arrays using non-resonant
metasurface,” IEEE Antennas Wireless Propag. Lett., submitted.

Y. Zhang, S. Zhang, J. Li, and G. F. Pedersen, “A transmission-line-
based decoupling method for MIMO antenna arrays,” IEEE Trans.
Antennas Propag., vol. 67, no. 5, pp. 3117-3131, May. 2019.

S. Zhang, X. Chen, and G. F. Pedersen, “Mutual coupling suppression
with decoupling ground for massive MIMO antenna arrays,” IEEE
Trans. Veh. Technol., vol. 68, no. 8, pp. 7273-7282, Aug. 2019.

K. Wu, C. Wei, X. Mei and Z. Zhang, “Array-antenna decoupling
surface,” IEEE Trans. Antennas Propag., vol. 65, no. 12, pp. 6728-

80



[31]

[32]

6738, Dec. 2017.

C. Wei, Z. Zhang, and K. Wu, “Phase compensation for decoupling
of large-scale staggered dual-polarized dipole array antennas,” IEEE
Trans. Antennas Propag., vol. 68, no. 4, pp. 2822-2831, Apr. 2020.

P. Mei, Y. Zhang, and S. Zhang, “Decoupling of a wideband dual-
polarized large-scale antenna array with dielectric stubs,” IEEE Trans.
Vehicular Tec., vol. 70, no. 8, pp. 7363-7374, Aug. 2021.

81



Paper C

Massive MIMO Array Design with High Isolation by Using
Decoupling Cavity

Shengyuan Luo, Gert Frglund Pedersen, Shuai Zhang

This paper has been published at the

IEEE Transactions on Circuits and Systems Il: Express Briefs, vol. 70, no. 3,
pp. 974-978, March 2023.

82



83



Abstract

This letter proposes an isolation enhancement method for massive multiple-
input multiple-output arrays using decoupling cavities (DC). The proposed
DC is made of a pure Polypropylene (PP) board, and an air cavity is engraved
on it. The DC has high transmission in the normal direction and a high
insertion loss in the tangential direction of the arrays, respectively. The DC
operates with a broadband response due to the low dielectric constant of the
substrate. An example of a 4x4 array with an inter-element distance around
half wavelength is designed to verify the proposed isolation enhancement
method. The triple-layers stacked DC are employed seamlessly above the
array. The isolation of the array was enhanced to 24 dB within the bandwidth
of 4.21-4.79 GHz. At the same time, the radiation characteristics of the arrays
before and after loading the DC basically keep consistent.

| Introduction

The massive multiple-input multiple-output (MIMO) systems have been
widely used in current and future wireless communications [1-3]. During the
implementation progress, the mutual coupling of the array seriously degrades
the antenna performance, such as signal-to-noise ratio, active voltage standing
wave ratio (VSWR), impedance match, and channel capacity [4-6]. Thus,
researchers have paid much effort to the isolation enhancement for massive
MIMO arrays.

The isolation enhancement in terms of the surface waves coupling
suppression includes electromagnetic bandgap structure (EBG), defected
ground structure, parasitic structures, metamaterial, and so on [7-11].
Typically, the mentioned technologies need a relatively larger space to employ
the decoupling structure between the array elements. Therefore, it is
inapplicable for massive MIMO arrays with a compact layout. Regarding
reducing the space waves coupling, a metasurface and a dielectric block for
two-element were proposed in [12] and [13], respectively. However, they face
some difficulties for massive MIMO arrays with more intricate coupling
paths.

For the massive MIMO arrays, a phase compensation method-based array
decoupling surface (ADS) was developed in [14] to simultaneously reduce the
couplings between adjacent co-polarized antenna elements with diversified
phase leggings, but the issue of high design complexity cannot be avoided.
Transmission-line-based decoupling technology was proposed in [15], yet it
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worked with a narrow bandwidth response. Reference [16] presented a
decoupling method of a near-field resonator for large-scale arrays, but it is
difficult to be extended to dual-polarized arrays due to the feature of
asymmetry. Reference [17] introduced a decoupling ground to make the
mutual coupling between the free space and the ground out of phase. However,
the distance between the array elements is around 0.62A. Reference [18]
proposed an embeddable structure for reducing mutual coupling ina 3 x 3
MIMO array, but the worst co-polarized mutual isolation is only 20 dB.
Reference [19] proposed a decoupling method of dielectric superstrate. But it
can only be used in dual-element and single polarized array.

This letter proposes a scheme for implementing a massive MIMO array
with high isolation by utilizing DC. The distance between the array elements
is around half wavelength. The proposed DC has high transmission in the
normal direction and high insertion loss in the tangential direction of the array.
So that the space waves can normally propagate in the normal direction, and
the propagation of the space waves along the parallel direction of the arrays
can be suppressed. Three-layer stacked DC are mounted seamlessly above the
reference array to enforce the decoupling effect. The proposed decoupling
mechanism, an example of a 4x4 array, and antenna performance is described.

Il The example of 4 x 4 array with DC
A. Decoupling scheme of the DC

The space wave coupling dominates for the array with an inter-element
distance of around half wavelength. For any array element of the massive
MIMO array, the space waves are radiated in all directions in space.
Therefore, the massive MIMO array has complicated coupling paths. But most
coupling energy is radiated to the adjacent and non-adjacent elements in linear
and diagonal directions, where the space coupling in E-Plane and H-plane play
a decisive role. Correspondingly, the total decoupling performance can be
carried out by reducing the space coupling in the E-plane or E-plane of the
array with an inter-element distance of half-wavelength. Fig. 1 presents the
decoupling schematic diagrams of the DC for massive MIMO arrays. Our goal
is to design a decoupling structure that can suppress the propagation of the
space waves along the tangential direction of arrays. In this paper, a DC is
designed and loaded on the top surface of the original array. Here, the DC
performs high transmission in the normal direction and high insertion loss in
the tangential direction of the array. Consequently, the space coupling
component attenuates when it propagates along the x-direction, which leads
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to strong energy insertion loss. Finally, the space waves coupling can be
suppressed. Meanwhile, the DC has a perfect impedance matching with the
arrays due to high transmission in the normal direction.

Space wayes— ~ Space waves
coupling —— - coupling
La77 LRk =

Pl 2

z P4
Decoupling
cavity,(DC) !

‘ ; X

Fig. 1. Decoupling schematic of the massive MIMO arrays with the DCs.

B. The of 4 x 4 array antenna design

Fig. 2 depicts the geometries and specific dimensions of the 4 x 4 dual-
polarized and wideband massive MIMO array with the proposed DC. Fig. 2
(a) and (b) present the decoupled 4 x 4 array and the detailed structure of the
DC, respectively. Fig. 2 (b) shows the reference array and the prototype.

Each DC unit consists of two layers of pure PP (polypropylene) boards,
where the permittivity of PP is around 2.2. Two air cavities are etched on the
PP boards to adjust the insertion loss. The first layer has a thickness of 3 mm
with a smaller square air cavity, while the second layer has a thickness of 6
mm with a larger square air cavity. Here, the period of the DC is set as the
inter-element distance between the array elements. The extra weight of the
adding material is 600 g in total. In the applications, it is also easy to find some
other light materials with the permittivity of around 2.2, so the weight can be
much further reduced.

Based on the decoupling concept of DC, an actual example of a 4 x 4 dual-
polarized and wideband massive MIMO array with the proposed DC is carried
out. The array element comprises two-layer stacked microstrip antennas to
broaden the bandwidth. The metal patches are printed on the RO 4350B
substrates with a permittivity of 3.66 and a loss tangent of 0.002. Four slots
are etched on the metal patches of the bottom and top microstrip antenna to
reduce the coupling level between two feed ports of the array elements
themselves. In addition, the slots on the bottom and top antennas have the
same size. The antennas are fed by the coaxial cables, where the inner
conductors and the outer conductors of the cables connect with metal patches
and the common ground of the bottom antennas, respectively. A PP board with
air cavities above the feed point is inserted between the bottom and top
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substrates. Then, the DC is mounted on the top surface of the array to reduce

the coupling. The optimized dimensions of the decoupled array are listed in
TABLE I.

b = T+
1th 2th 3th  4th 5th
laver  layer laver laver  layer

C
Ne.
N

L
N

e Ne
AN N

W
Wy

(©
Fig. 2. Geometry and specific dimensions of the array with the proposed DC and the prototype:

(a) the decoupled 4 x 4 array, (b) the detailed structure and specific dimensions of the DC, (c)
the reference array and the prototype.

TABLE I
DIMENSIONS OF THE DECOUPLED ARRAY
Parameters | 11 12 d e
Values(mm) 168 8 7 34 6.8
parameters rs al a2 h hp
Values(mm) 2 6 17 1.524 4
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parameters sl hl h2

sl
Values(mm) 5 2 6 3

C. The antenna performance

For the 4 x 4 arrays, the inner loop array elements have a more
comprehensive coupling type with the other array elements. Additionally,
since the symmetry feature of the arrays, element A6 has similar coupling
paths with the other inner loop elements. Therefore, the mutual coupling
between A6 and other elements can represent all the coupling types. The
mutual coupling in this paper refers to the port-to-port mutual coupling. Here,
we select the S-parameter of feed port P11 of the arrays before and after
employing the DC and give it in Fig. 3. Notably, the Si1,11 and Si211 represent
the reflection coefficient and the orthogonal polarized coupling level of the
array elements themselves. The Sii1, Ssi1, Si711, and Szia1 represent the
mutual coupling between the adjacent elements in the diagonal directions. The
Ss11, S1911, and Sz7.11 denote the mutual coupling between the adjacent and
non-adjacent elements in y-polarization, respectively. Meanwhile, the Sg11,
Siz11, and Sgs1a1 are the mutual couplings between the adjacent and non-
adjacent elements in x-polarization, respectively. The configures of Sii11,
Si211, and the rest S-parameters illustrate that the -24 dB decoupling
bandwidth of the arrays is 4.21-4.79 GHz.

—=—8,,, sim. (w/o DC)
1 [~ 83 sim. (w/o DC)
A [—2— 8y sim. (with DC)
v 85, sim. (with DC)
S, mea. (with DC)
—<— 5§, mea. (with DC)

S]l.H‘S]lH(dB)

a0 42 44 16 18 5.0
Frequency (GHz)

(a)
—=—§, ) sim. (w/o DC)
T T —e—8;,, sim. (w/o DC)
’ e 1 S, sim. (w/o DC)
‘4;?t Qi3f%1 —¥—8,,, sim. (w/o DC)
ol =y gt S 3.1, sim. (w/o DC)
- - - < S5, sim. (w/o DC)
\ i S7.11 sim. (w/o DC)
. . ® Sy, sim. (w/o DC)

46 48 5.0 :
TFrequency (Glz) % 8,y sim. (w/o DC)
®— 85, sim. (w/o DC)

(b)

S-Parameters (dB)

88



S-Parameters (dB)

-20 T T T T

—=—8§,,, sim. (with DC)

[ DR = = 111—044— - ’H

AT
o ”*‘\\_\k

® S5, sim. (with DC)
85, sim. (with DC)
—¥— 8, sim. (with DC)
1311 sim. (with DC)
8151y sim. (with DC)

<

\\ 8,74y sim. (with DC)
40 A o \ X —e— 8,4, sim. (with DC)
o ar hiq‘tlemy (iﬁz) 48 50, g, sim. (with DC)
—*—8,,,, sim. (with DC)

(©
—=—8§, ;; mea. (with DC)
-20 T T T —e— 8, ,, mea. (with DC)
%-24 P iy ,1;.,0_*\43ﬁw‘.\,& 0\,'\&«»”({& 2 S 1) mea. (with DC)
Z g Pkl At g |7 Sy mea (with DO)
‘Lé "3 S3) mea. (with DC)

g-32 A S :

] L) T3 < S5, mea, (with DC)
‘”—T’ -36 AT \F\\F’WVC}V b S ith DC
h ANREa AN \u V \,‘ W k\ 17,11 mea. (wit )
40 el Vo EMVR 7 e 8,,,; mea. (with DC)
4.0 . q‘tmy @ P 70 e sy mea with DO)
—*—8,,,, mea. (with DC)

(d)

Fig. 3. The simulates and the measured S-parameters of arrays with and without DC: (a) S11,11
and Si2.11, (b) Simulated S-parameters of the array without DC, (c) Simulated S-parameters of
the array with DC, (d) Measured S-parameters of the array with DC.

The simulated and measured radiation patterns of the array elements in the
E-plane and H-plane at 4.3 GHz, 4.5 GHz, and 4.7 GHz are selected and
shown in Fig. 4. Tt shows that the radiation patterns with decoupling in the E
plane have amelioration to a certain degree. But the slightly deterioration
occurs in the H plane at 60° and 315°. There is a trade-off between the patterns
in the E-plane and H-plane. Besides, the radiation patterns in the H plane are
also broader than those without decoupling, which will enhance the large
angle scanning property of the array. In addition, the cross-polarized level of
the array in the E-plane and H-plane is relatively high, which is caused by the
engraved slot along +45° on the patches, thereby a current distribution along
+45° is generated that contributes to the deterioration of the x-pol level. Due
to the radiation patterns cannot be cut with a plane in every direction. Thus,
the radiation patterns are usually cut in E-plane and H-plane for the
convenience of observation. Although the x-polarization level observed in E-
plane and H-plane is higher than -20 dB, the x-polarization level can reach an
ideal level in other cutting planes according to the energy conservation law.
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Fig. 5 presents the realized gain and the total efficiency of the arrays with
and without DC, respectively. When the DC is placed on the top surface of the
array, the effective radiation area of the microstrip antenna is enlarged to all
the cross-section of the DC unit. Therefore, the microstrip antenna with DC
has a larger radiation aperture. The antenna gain is improved by mounting the
DC. Consequently, both the realized gain and total efficiency have significant
increments by using DC. During the progress of designing a MIMO
transmission system, the mutual coupling effect must be alleviated to avoid
high active VSWR at transmitter ports. The ECC is another indicator to
measure the decoupling performance of the array as well. Here, the simulation
results of ECC with and without decoupling are lower than 0.003. Thus, the
ECC between the excitation ports is not the main issue, which is not shown in
this paper due to the length limitation.

111 Analysis of parameters study and decoupling
mechanism

A. Parametric study

The sizes al and a2 of the air cavity determine the decoupling performance
of the 4 x 4 arrays. Parametric studies for the overall array with DC have been
carried out to illustrate the effect of the al and a2 on the decoupling level. Fig.
6 (a) and Fig. 6 (b) give the S-parameters with different al and a2, respectively.
The same S-parameters are selected as the above-mentioned ones in the last
section. It can be found that when al is 6 mm and a2 is 17 mm, the lowest
coupling is obtained within the working band (lower than -24 dB), which
means the highest insertion loss is got in the tangential direction of the DC.
But when al and a2 are set as other values, the S-parameters is higher than -
24 dB. The simulated results also illustrate that al and a2 play the fine-tuning
and decisive roles during the progress of decoupling for the 4 x 4 arrays,
respectively.
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Fig.7 The E-fields of the 4 x 4 arrays with and without DC.

To better understand the decoupling mechanism of the proposed DC, the E-
field distributions of the 4 x 4 arrays with and without DC in H-plane are
presented in Fig. 7. By comparing the E-fields of the array with and without
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DC, it shows that when there is no DC on the top surface of the array, the E-
filed in the region A is very strong, which means the strong space waves
coupling component propagates to the neighboring elements. While the DC is
loaded, the E-filed in the same position is extremely weak and constrained in
the DC, where fewer space waves coupling component can propagate through
the DC. The E-field in E-plane has a similar result with that in H-plane. All
the results provide a vision proof that the proposed DC can effectively
suppress the propagation of the main coupling component.

According to the parametric study and E-field of the array with and without
DC prementioned above, the design criterion of the DC can be concluded as
here. The DC unit consists of two layers of pure PP boards stacked together.
Two air cavities are etched on the pp boards to form a DC. First, the cavities
on the bottom and top layers of PP boards have the same dimensions. Then,
the envelope of the S-parameter, lower than -24 dB, can be carried by varying
the cavity sizes of the a2 and al in order. It should be noted that the air cavity
in the bottom substrate should have a larger size than the radiation patches so
that the propagation of the space waves coupling along the tangential direction
of the array can be effectively suppressed.

IV Comparison

A comprehensive comparison between the proposed decoupling technology
of DC and the current literature for massive MIMO arrays is made and listed
in TABLE II. It is observed that the inter-element distance of the arrays in [14]
and [17] are relatively large. Furthermore, the isolation of these arrays does
not have a prominent increment. In addition, though the decoupling structure
proposed in [14] and [18] has a rather wide bandwidth, they have high design
and fabrication complexity. The near-field resonator is a novel decoupling
concept, but it has a narrow working band, and its isolation can only be
enhanced to 20 dB. The antenna height is not the most important index in the
actual application. Therefore, although the array in our work has the highest
profile, its effect can be neglected. In addition, on the basis of ensuring the
requirements of the wideband operating band, the array in our work has
relatively high total efficiency. The gain of our work is comparable with that
in [14] and higher than in [16], [17], and [18]. The cross-polarization level in
our work is higher than the rest arrays, but it is caused by the inherent defects
of the antenna unit itself. An array with a low cross-polarization level and
wider bandwidth can be got by replacing the original array element with one
that has improved performance. The complexity and the cost of the fabrication
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for the industrial application is important. The DC proposed in this paper only
needs to be mounted on the top surface of the array without any air gap, which
almost does not introduce deformation. PP and other low-permittivity
materials are common in the market and easy to obtain. Obviously, the
proposed decoupling concept has the best fabrication tolerance, complexity,
and cost. In conclusion, the array with DC has an overall high performance
and industrial application value compared with the others in current literature.
Besides, it is worth noting that the proposed DC is mainly used to suppress
the space waves coupling component. This method is general and can be used
for the planar array antennas with other kinds of elements, such as monopole
and dipole antennas, making it as a promising candidate for the wireless
communication systems.

TABLE Il
PERFORMANCES COMPARISON
Ref. [14] [16] [17] [18] This work
Method ADS Near-field resonator DG Embed. DC
structure
Frequency 3.2-3.9 2.38-2.53 | 2.38-249 | 4952 3.3-45 4.21-4.79
GHz GHz

(GHz) (19.7%) (6.1%) (4.5%) (5.9%) (30.8%) (12.9%)
Height (A0) 0.4010 0.05A0 0.2500 0.31%0 0.45.0
Inter-

element 0.650, 0.4700 0.622.0 0.56)0 0.5)0
. 0.4010
distance (A0)

Total NG NG >00% | 80% >80%
efficiency

X-

o >10 >9 >10 >10 >7
polarization
Gain (dBi) 8.0 4.45 7.3 6.5 7.9
Isolation 25 20 24.5 20 24
Pot. for
wider-b. and no no no no yes
low x-pol.
Toler., cost, high high high high low
and
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complex. of
fab.

Embed.: Embeddable Pot.: Potential ~ x-pol.: x-polarization ~ Toler.: Tolerance
Complex.: Complexity fab.: fabrication

VV  Conclusion

This letter developed a concept of DC for massive MIMO arrays. The
decoupling mechanism was analyzed in detail. A DC element was proposed
with an air cavity engraved on it to raise the transmission in the normal
direction and the insertion loss characteristics in the tangential direction of the
DC. The 4 x 4 massive MIMO array was simulated, fabricated, and measured.
The results illustrate that the DC can effectively enhance the isolation of the
array to more than 24 dB within the bandwidth of 4.21-4.79 GHz. In addition,
the realized gain and the total efficiency of the array with DC have a
significant increment. The parametric study and E-field of the array before
and after decoupling are given to provide a basic design criterion. Furthermore,
the proposed decoupling method has the potential of being applied in other
array types, such as monopole and dipole arrays.
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Abstract

A decoupling concept of near-field shrinking dielectric superstrate (NFSDS)
is proposed for large-scale, wideband, and dual-polarized mm-wave arrays.
An NFSDS with a thickness of 4 mm (0.32 10 at 24 GHz) is mounted seamlessly
above the array, which shrinks the near field of the array elements to reduce
the space wave coupling while slightly increasing the surface wave coupling
of the arrays. By loading a superstrate with a certain thickness and low
permittivity, the total coupling of the mm-wave arrays is reduced significantly.
Periodic air holes are drilled through the superstrate to lower the NFSDS
permittivity. An 8 x 8 mm-wave array is simulated, fabricated, and measured
to verify the proposed decoupling concept. The simulated and measured
coupling of the mm-wave array is reduced from -17 dB to lower than -23.2 dB
from 24 — 29.5 GHz and lower than -25 dB in most of the band, respectively.
The radiation patterns of the array before and after decoupling almost keep
unchanged. Moreover, the NFSDS can efficiently improve the array beam
scanning capability. The measured results align well with the simulated.

| Introduction

The large-scale mm-wave arrays is an important research topic that has
attracted tremendous attention over the past few years [1]. Since the mutual
coupling between array elements seriously deteriorates the performance of the
arrays, such as active VSWR, bandwidth, active reflection coefficient,
efficiency, signal-to-interference noise ratio, and channel capacity [2]-[7],
therefore, it is demanding to suppress the coupling of large-scale arrays.

Recent years have witnessed the efforts devoted to reducing the coupling of
the arrays in the low-frequency bands, such as electromagnetic bandgap
(EBG) [8], defected ground (DGS) [9], resonator [10], neutralization line [11]
and parasitic element structure [12], which are commonly arranged between
array elements. Thus, the inner-element distance needs to be large enough to
accommodate the decoupling structure. The decoupling network is an
effective method for mutual coupling suppression [13], which commonly
operates within a narrow bandwidth. The metasurface is another effective
decoupling method, which is typically loaded above the arrays with a distance
[14]-[15]. However, the mm-wave arrays are very sensitive to the distance
between the metasurface and the array. Therefore, such a distance would
affect the decoupling performance. A decoupling method of orthogonal
feeding structure was proposed in [16]. However, it cannot be used in large-
scale phased arrays either. A sub-6 GHz massive MIMO array with high
isolation was proposed at the interface between medium and air in [17], yet
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the decoupling was led by the perturbation at the interface between medium
and air, which introduces an air gap between medium and destroy the integrity
of the medium. [18] proposed a method of dielectric loading and covering in
rectangular waveguide phased arrays. It investigated the effect of dielectric
geometry, constant, and sheath thickness on the wide scanning angle property
of a rectangular waveguide phase array. In [18], the decoupling performance
of the rectangular waveguide phase array was just simply studied and
compared for the cases with different loaded dielectric parameters. However,
the decoupling principle was not investigated in detail, especially the
feasibility of decoupling for dual-polarization millimeter-wave arrays.

This paper firstly presents a decoupling concept of near-field shrinking
dielectric superstrate (NFSDS) to reduce the coupling of large-scale,
wideband, and dual-polarized mm-wave arrays, where the space wave
coupling plays a decisive role. By employing the NFSDS, the space wave
coupling of the mm-wave coupling could be significantly suppressed while
the surface wave coupling slightly increases. But the total coupling of the
array could have a decrement of 6.2 dB (from -17 dB to -23.2 dB) from 24 —
29.5 GHz and 7 dB (from -17 dB to -24dB) from 26.8 — 29.5 GHz. Compared
to the currently existing literature, the novelty of the proposed decoupling
method of NFSDS is summarized as follows:

1. The decoupling concept of near field shrinking is first proposed. The
electromagnetic waves continuously propagate in NFSDS without
perturbation, while the near field distribution is just shrunk to reduce the total
coupling of the array.

2. Because the superstrate has a stable permittivity of 1.6 in a wide band,
which is an intrinsic property of the superstrate itself. Hence, it can shrink the
near field of the antenna itself without considering the coupling paths.
Therefore, it can generally be applied in other massive MIMO array types.

3. The NFSDS is easy to integrate with mm-wave arrays, where the NFSDS
has very simple structure and is mounted seamlessly above the mm-wave
arrays. No air gap is introduced in actual applications to avoid fabrication
errors.

This paper is organized as follows: Section Il describes the decoupling
principle in detail using a simple example of a dual-element array. The 8 x 8
decoupled mm-wave array was designed by applying the proposed decoupling
concept of NFSDS. Section Ill presents antenna performance, including S-
parameters, radiation patterns, beam scanning capability, realized gain, and
total efficiency. Section IV concludes the paper.
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Il Proposed decoupling concept of NFSDS
A. Decoupling scheme of the NFSDS

The sketch of the decoupling concept of NFSDS for mm-wave arrays is
presented in Fig.1. The coupling of array is composed of surface wave
coupling component x1 and space wave coupling component x2, where the
space wave coupling dominates with the inter-element distance close to half
wavelength. It clearly demonstrates that the near fields of the array elements
largely overlap with each other, which causes space wave coupling between
array elements. When an NFSDS is seamlessly mounted above the array, the
near-field electric field can be significantly shrunk, thereby reducing space
wave coupling. The decrement of the space wave coupling is much larger than
the increment of the surface wave coupling component x1'. Consequently, the
total coupling of the array is still reduced significantly.

Near-field

Al A2 xI A3 W2 A4

Fig. 1 The decoupling sketch of the NFSDS.

B. Verification of the proposed decoupling concept

15 mm

Fig. 2 The analysis for the verification of the proposed decoupling concept.
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An analysis of the proposed decoupling concept is depicted in Fig. 2. A
dual-element H-coupled patch antenna array working at 27 GHz is adopted as
a reference, named Array A. The metal patches are printed on the top surface
of the Rogers RO4350B substrate with a thickness of 1.52mm, a relative
permittivity of 3.66 and a loss tangent of 0.0037. The center-to-center distance
between array elements is around half-wavelength, and the patch size is 2.35
mm. Then, a pure superstrate with different permittivity and a thickness of 4
mm is mounted seamlessly above array A. The array with NFSDS is labeled
as Array B.

Fig.3 The E-field of the Array B with different er varying from 1.2 to 2.1 at a step of 0.3 at 27
GHz.

Intuitively, the permittivity and the thickness of the NFSDS affect the
amount of reduction in space wave coupling and increment in surface wave
coupling of the mm-wave arrays. To better understand the effect of the
permittivity & and the thickness hs of the NFSDS on the decoupling level, the
parametric study of the permittivity & and the thickness hs has been carried
out. As the permittivity & varies from 1.3 to 2.2 at a step of 0.3, the E-fields
of Array B at 27 GHz (mentioned in Fig. 2) are shown in Fig. 3, respectively.
For the E-field distribution of Array A, the stronger electric field is tangential
with a black rectangular line, which is an artificially marked E-field range.
However, in the same area of Array B, the edge of the stronger E-field is far
from the black rectangular line. It presents that the near field E-field in region
A of Array B is smaller than that of Array A in the same area, demonstrating
that the NFSDS can suppress the coupling of the array. The E-field
distributions of Array B with different permittivity also show that when the
permittivity e increases gradually, the near field E-field distribution in Region
A shrinks correspondingly, yet the surface wave coupling in region B
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increases. When a compromise value of the permittivity e is set as 1.6, the
difference between the decrement in space wave coupling and the increment
in surface coupling is the largest. Finally, the radiation distribution does not
have obvious deformation.

: -10 T
mm hs=4 mm —
‘_1‘\'\“‘ . /
-25 . L -50 -
25 26 27 28 29 25 26 27 28 29
Frequency (GHz) Frequency (GHz)
—=—8,, (g=1.3) ——§,, (g~1.6) —— 8, (=1.3) —=—8,, (§~1.6)
——5,,(e=1.9) Sy (e=2.2) 5 (6719 5y (572.2)
(b)
-5
-10
)
215
753
-20+
25 I I L .50 1 |
25 26 27 28 29 25 26 27 28 29
Frequency (GHz) Frequency (GHz)
—=—3§,, (hs=3 mm) —=—§,, (hs=4 mm) —=—38,, (hs=3 mm) ——8§,, (hs=4 mm)
—4— 3§, (hs=5 mm) S, (hs= 6mm) —+—8,, (hs=3mm) ~ §,; (hs=6 mm)
(c) (d)

Fig.4 The S-parameters of the Array B with different &r varying from 1.2 to 2.1 at a step of 0.3,
and hs varying from 3 mm to 6 mm at a step of 1 mm: (a) S11 of the Array B with different &r
when hs is 4 mm, (b) S21 of the Array B with different er when hs is 4 mm, (c) S11 of the Array
B with different hs when & is 1.6, (d) S21 of the Array B with different hs when ¢r is 1.6.

The S-petameters of Array B with different permittivity ¢ are presented in
Fig. 4 (a) and Fig. 4 (b), which have the same step as that in the procedure of
the parametric study for E-fields. Fig. 4 (a) shows that the operating band of
Array B shifts to a lower band as the increment of &, which is caused by the
change of the quality factor (Q value). Fig. 4 (b) demonstrates that as the
permittivity & is 1.6, the coupling of the Array B reaches the lowest level and
less than -38.3 dB within the working band. The parametric study results
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provide direct evidence that as ¢ is 1.6, A compromise between the reduction
of space wave coupling and increment of surface wave coupling is taken.
Thereby, the lowest total coupling of the Array B can be obtained. Fig. 4(c)
and Fig. 4(d) give the S11 and S21 of the Array B with different thicknesses
of hs that vary from 3 mm to 6 at a step of 1mm, respectively. Fig. 4 (c) depicts
that the working band of array B shifts to a lower band when hs increases,
which also results from the quality factor (Q value) change. In addition, when
the thickness hs is set as 4 mm (around half wavelength in the dielectric
substrate), the coupling of the Array B is lower than 38.3 dB. Though the
coupling of Array B with a thickness of 5mm is lower than that with a
thickness of 4mm, its working band shifts toward a lower band than the
required band. In the end, the permittivity and thickness of the NFSDS are
optimized and set as 1.6 and 4 mm, respectively. Though the thickness of the
NFSDS is relatively large, it is acceptable in mm-wave band application.

111 Example of 8 x 8 mm-wave array with NFSDS
A. Decoupling scheme of the NFSDS

An 8 x 8 mm-wave array with NFSDS is designed to verify the decoupling
concept of NFSDS for large-scale, wideband, and dual-polarized mm-wave
arrays. Fig. 5 presents the explosion structure and dimensions of the 8 x 8 mm-
wave array element with NFSDS. The proposed array consists of dual layers
of circle patches to generate two closed resonant frequencies to broaden the
antenna working band. The array elements are fed by the differential feed
structure. In the end, a dual-polarized array element with high port-to-port
isolation can be obtained. Here, the inverting power divider of the differential
feed structure has two arms (arm1 and arm2) with a length difference of half-
wavelength at the center frequency to generate differential signals. In addition,
practical base stations require a beam scanning capability more than 50° in x-
direction, and a relatively small beam scanning capability more than 30°.
Therefore, the array element distance in x-direction and y-direction are set as
5.2 mm (0.448)0) and 6.8 mm (0.612 10), respectively.

The detailed explosion diagram of the 8 x 8 mm-wave array element with
NFSDS and the dimensions of the differential feed structures are depicted in
Fig. 5 (a). The NFSDS is made of pure polypropylene (PP) with a dielectric
constant of 2.2. Periodic air holes with a radius of rc, and a period of tp are
drilled on it to get a lower effective permittivity. The thickness of the
substrates, bonding files, and NFSDS are also given in Fig. 5 (a). The four
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metal probes pass through the circle slot on the ground and connect the
differential feed structures with the bottom patch. The pad of the metal probes
and the circle slot on the ground have a radius of rp and rs, respectively.
TABLE 1 gives the dimensions mentioned above. The specific geometry of
the array without NFSDS is shown in Fig. 5 (b) from top and bottom view.
The four fixing arms are connected to the corners of the substrate for
installation. Here, the metal vias are drilled on the fixing arms to avoid the
effect of fixing arms on antenna performance. Fig. 5 (c) shows the
arrangement of the mm-wave array and the feeding ports in -45° polarization.
Fig. 5 (d) gives the fabricated prototype of the array with NFSDS, where the
NFSDS and the original array are seamlessly pressed together by four screws.
The MMPX connectors feed the array. The common ground, bottom and top
circle patches are printed on the Rogers RO4350B substrate, which are
attached together by the bonding files to avoid air gaps. The bonding films
used here are Rogers 4450F with a dielectric constant of 3.52 and a loss
tangent of 0.004. Finally, the NFSDS covers the original array to shrink the
near fields of the array elements. Even though the NFSDS and original array
are not sticked together, there are no air gap between NFSDS and original
array because pp board and Ro4350 are not easily deformed when they are
screwed together. Additionally, the sizes of pp board and Ro4350 are very
small, when the four corners of pp board and Ro4350 are pressured, their
shape is basically kept unchanged. From Fig.5 (d), we can know that due to
the space limitation, only a row of MMPXs is connected to the array to activate
the array elements in one polarization. Then, the array elements of the other
rows are connected to the MMPX connector in turn so that the test can be
smoothly implemented.

Here, two reasons cause the size of NFSDS to be larger than the size of the
antenna:

1. The fixing arm is located outside the antenna array, and the hole, the
screw passes through, is far away from the antenna array. Therefore, NFSDS
should cover the fixing hole to facilitate installation and fixing.

2. To enable the NFSDS to cover the near field of the edge elements of the
antenna array, the size of the NFSDS should also be larger than the size of the
antenna array.
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Fig.5 Configuration of the example: (a) the explosion structure of the 8 x 8 mm-wave array
element with NFSDS and the detailed structure and dimensions of the array element, (b) the
specific geometry of the array without NFSDS from the top and bottom views, (c) the
arrangement of the mm-wave array and the feeding ports in -45° polarization, (d) the fabricated
prototype of the Array with NFSDS.
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PARAMETERS OF THE ARRAY WITH NFSDS

parameters dx dy hs hsl hs2 hs3 hbl
value(mm) 5.2 6.8 4 0.101 0.338 0.508 0.202
parameters hb2 | 11 12 13 14 I5
value(mm) 0.303 56.4 0.3 1.7 0.5 122 0.5
parameters 16 17 18 19 110 111 112
value(mm) 0.72 0.88 2.74 13 11 3.55 3.96
parameters rb rc rp rs rt sd tp
value(mm) 1.46 11 0.2 0.25 1.14 2 3
parameters w wl w2 X y

value(mm) 43.6 0.2 0.4 6.8 9.2

B. Antenna array performance

The S-parameters of the 8 x 8 mm-wave arrays before and after decoupling
are simulated, and measured. The reflection coefficient and the envelopes of
the couplings of the array elements are depicted in Fig. 6, where the envelope
of the coupling is extracted from the maximum values of all the coupling paths
varying different frequencies. Notably, the coupling paths of this array
includes coupling in x-direction, y-direction, diagonal direction between
neighbor, non-neighbor array elements, and cross polarization ports of array
element itself. The elements in the left part of the inner loop are selected
because of the symmetry along the y-axis, including Row 4 (A25, A26, A27,
A28). It demonstrates that the mm-wave array with NFSDS has a -23.2 dB
and -24 dB decoupling bandwidth of 24 — 29.5 GHz and 26.8 — 29.5 GHz,
respectively. The simulations and measurements illustrate that the NFSDS can
effectively reduce the total coupling of the mm-wave arrays.

The radiation patterns of the array element A27 at 25 GHz, 27 GHz, and
29 GHz are presented in Fig. 7. The measurement for the radiation patterns is
implemented in a chamber. It illustrates that the contour of the radiation
patterns of the mm-wave arrays before and after decoupling are unchanged
within around -60° to 60° besides some sharp distortions, so it largely does
not affect the antenna performance in the effective radiation direction.
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Fig.6 The reflection coefficient and transmission coefficient of the mm-waves array with and
without NFSDS.

Fig. 8 presents the realized gain and total efficiency of the selected element
A27 at different frequencies. Here, the proposed decoupling method is applied
for massive MIMO arrays, therefore the total efficiency of the array element
is given rather than the total efficiency of the array. Since the total coupling
has a significant reduction, it means the electromagnetic wave radiated to



other elements in the horizontal direction is reduced. Thus, the power radiated
to the space is promoted. Consequently, the realized gain and total efficiency
of the array elements are effectively improved by loading the NFSDS above
the original array. Notably, according to the radiation patterns in Fig. 7, though
the counter of the radiation patterns of the array with and without are basically
same, some sharp distortion occurred after loading the NFSDS, which
contributes to realized gain improvement. Here, the pink point of the realized
gain appears at the sharp distortion. As a result, even though the counter of the
radiation patterns before and after loading NFSDS are keep same, the peak
realized gain has an increment by loading NFSDS. The results in Fig. 8
conform to the theoretical analysis from Fig. 8.
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C. Beam scanning capability
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Fig.9 The beam scanning capability of the mm-wave array without and with NFSDS, (a) x-
direction, (b) y-direction.

The beam scanning capability is an important metric for large-scale phased
arrays. Fig. 9 presents the simulated beam scanning of the mm-wave array
with and without NFSDS in x-polarization and y-polarization, respectively. It
can be found that the 3dB gain drop beam scanning capability of the original
array in the x-direction and y-direction is -47°-47° and -33°-33°,
respectively, while the decoupled array has a 3dB gain drop beam scanning
capability of -56°-57° and -38°-38° in x-direction and y-direction,
respectively. It concludes that the NFSDS can facilitate the beam scanning
capability of the array. For the base stations, the beam scanning capability in
y-direction is normally required no less than £30°, while it requires a stronger
beam scanning capability in x-direction than that in y-direction. Therefore, the
proposed array in this paper can fully satisfy the industry requirement of the
base station design.

D. Antenna Performance Comparison

TABLE I

PERFORMANCE COMPARISON OF THE PROPOSED ANTENNA ARRAY WITH OTHER STATE-OF-
THE-ART SIMILAR WORK.
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Freq.

Decou Pol 23dB Beam Feasib. for
coup | (GHZ)and | g | Antennas | qoanning mm-wave
Ref. ling & BW 34B qai .
method Scale Imp. BW Distance ( gain massive
(%) (%) drop) MIMO arrays
Decoup | Dua- 485
[13] | ting | POk 2.04% | 0500 - no
0,
network | 4 4 (4.08%)
D“el‘" 3.2-39
[14] | ADs | Po: 14.29% | 0.65X0 - no
0,
axag | (1972%)
D“‘T' 4.21-4.82
[15] | T™s | POl 13.5% 0.5% - no
0,
axq | (1351%)
orth. | DU~ 5y 4
[16] | feed | PO - - - yes
0,
network | 5, 5 | (50%)
D“al‘" 4.25-5.25 0.485)0%
[171 | bps | Po: 10.5% - yes
axa | (@0%) 0.485 %o
-56° — 57°
Dua.
. ] 0.448)0% (x)
Th'f( NFsDs | “Pol. :g' ;790/5 20.37% yes
wor (20.37%) 0.61230 | -38°—38°
8x8
v)
Ref.: Reference Pol.: polarized Dua.: Dual Freq.: Frequency Iso.: Isolation

Feasib.: Feasibility

imp.: impedance

orth.: orthogonal

The performance of the proposed array with NFSDS is compared with the

structures in the current literature. The comparison is listed in TABLE Il. The
methods of decoupling network and Array decoupling surface (ADS) [13] [14]
are two effective decoupling approaches for massive MIMO arrays. However,
it cannot be applied to mm-wave antennas. The TMS in [15] divides the space
wave coupling into two parts with different propagation paths with the same
amplitudes and opposite phases to enable cancellation with each other. Yet,
owing to the decoupling performance of mm-wave arrays being sensitive to
the distance between the array and metasurface, it is difficult to be used in
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mm-waves applications. In addition, the working band of the arrays in [13],
[14], and [15] is narrower than the one in our work. The decoupling method
in [16] can be used in mm-wave antennas. Although the antenna in [16] has a
wider bandwidth than that in our work, its isolation improvement is caused by
the orthogonal feed mode, and the best isolation reaches 17.6 dB, which is far
lower than 23 dB. The orthogonal feed structure has an apparent superiority
for isolation enhancement, yet it cannot be scaled to the massive MIMO
arrays. Though the height of this work is around half wavelength, the real
thickness of the NFSDS is just 4 mm. In addition, the low permittivity
substrate is obtained by simply drilling the periodic air cavities on the pure PP
board, and loading above the array without an air gap. Therefore, the proposed
array with NFSDS performs a low design and fabrication complexity that
almost does not introduce fabrication tolerance. The array in [17] can also be
applied in massive MIMO mm-wave arrays, but it has a narrower 23 dB
isolation bandwidth than that of our work. For the fabrication of the work in
[17], it adopts 3D printing technology, but it might introduce air to the printing
material so that leads to fabrication tolerance. Especially for the mm-wave
array, the antenna performance and the decoupling are highly sensitive to the
stability of the adopted material. It is worth noting that the proposed decoupled
array has an excellent beam scanning capacity than other antennas in current
literature. In summary, the method proposed in this letter is a promising
candidate for mm-wave application.

IV  Conclusion

A novel decoupling concept of NFSDS for wideband and dual-polarized
large-scale antenna arrays is proposed. By comparing the E-field distributions
of the array covered by the pure substrate with different permittivity, the
decoupling principle is analyzed carefully. The optimized permittivity is 1.6
and the thickness of the NFSDS is 4 mm and then a significant space wave
coupling is suppressed. Based on the theoretical analysis, a real example of an
8 x 8 array with NFSDS is simulated, fabricated, and measured
correspondingly. The measurements keep consistent with the simulated results.
The array with NFSDS has a 23.2 dB and 24 dB decoupling bandwidth of 24
—29.5 GHz and 26.8 — 29.5GHz, respectively. Meanwhile, the array has an
excellent beam scanning capability of -56°—57° in the x-direction and -38°-38°
in the y-direction, respectively which makes the decoupling method of
NFSDS a promising solution for the isolation improvement of the dual-
polarization and wideband mm-wave arrays in 5G and beyond application.
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