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ABSTRACT A novel methodology based on the sectorization of multiple-port cavities with azimuthal
symmetry into sector unit cells is presented to design 5G multiple-input multiple-output (MIMO) sub-6 GHz
antennas. The methodology divides an N-port cavity antenna into N unit cells and predicts the performance of
the N-port design with the analysis of two adjacent cells. This approximation reduces the time and complexity
of the simulation of cavity antennas with a high number of ports. For the theoretical justification, cavity
mode analysis of a closed cavity and characteristic modes analysis of open and sector cavities is addressed.
With the use of the proposed methodology, five different cavity designs with circular, square, hexagonal,
octagonal, and saw-tooth geometries are presented in this article. In addition, the fabrication of the 4-port
circular shape design and its MIMO performance is also studied. Results show an impedance bandwidth of
130% (1.27-6 GHz), and an envelope correlation coefficient (ECC) lower than 0.1.

INDEX TERMS 5G antenna, MIMO antenna, sub 6-GHz, wide-band antenna, 5G MIMO access point.

I. INTRODUCTION

The 5th generation wireless system (5G) was developed to
satisfy the new requirements in terms of data rate, latency,
efficiency, and reliability [1], [2] due to the enormous growth
of data traffic in the current all-connected era. The 5G
NR frequency bands are composed of the frequency range
one (FR1) working at the so-called sub-6 GHz bands and
the frequency range two (FR2), which cover the millimeter
wave bands. The early deployment of the 5G is currently
supported by the sub-6 GHz bands (FR1) due to the com-
patibility with the 2G/3G/4G infrastructure. The frequency
bands which have received the most attention worldwide are
the n77 (3.3-4.2 GHz), the n78 (3.3-3.8 GHz), and the n79
(4.4-5 GHz) bands.

This new scenario has raised the interest in multiple anten-
nas solutions for 5G sub-6 GHz applications. One of the
most relevant features for providing high data rates is the
multiple-input multiple-output (MIMO) technology. In recent
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publications, there has been an enormous growth on the inter-
est about MIMO compatible designs in size-limited devices
for smartphones applications [3], [4], [5], [6], [7], medi-
cal applications [8] and for access point applications [9].
The coexistence of several antennas in size-limited scenarios
produce highly coupled radiating elements, degrading their
performance. Isolation techniques are widely used to cope
with coupling issues, such as in [10] where a slotted stub is
used to increase to 20 dB the isolation of two ultra wide-band
stepped-shaped antennas ranging from 2 to 13.8 GHz. In [11]
a transmission-line-based decoupling method is presented to
increase 16-20 dB the isolation between co-polarized ele-
ments for a MIMO antenna array working at 2.4 GHz. In addi-
tion, an isolation structure is presented in [12] increasing
10-15.1 dB the isolation between elements providing connec-
tion to the n78 band for smartphone applications.

The 5G infrastructure will include indoor access
points [13] to guarantee the 5G connection standards at
indoor environments with poor signal levels. Most of the
solutions are based on dual-polarized antennas due to its
orthogonal and low correlated radiation patterns which is
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the key parameter for the correct performance of MIMO
antennas. A recent multi-band design [14] proposes a triple
band with a dual-polarized antenna working at 5G n78 band
and also providing 2G/3G/4G connection at 0.7-0.96 GHz
and 1.7-3 GHz. Two dual-band dual-polarized solutions are
detailed in [15] and [16] with the use of an AMC reflector [15]
operating at n78/n79 bands with an isolation of 20 dB and
a second solution with the use of crossed monopoles [16]
operating at n78 and 1.55-2.75 GHz bands. In addition,
a dual-band antenna is presented in [17] based on a slotted
microstrip patch and two monopoles working at 0.8-9.6 GHz
and 1.7-2.7 GHz obtaining an isolation of 18 dB. Lastly a
3-D printed crossed dipoles are presented in [18] providing
service to n77/n78/n79 bands with 18 dB isolation.

When a higher number of ports is required, differ-
ent arrangement of radiators are proposed for obtaining
polarization diversity. Regarding 3-port wide-band solutions,
a tripolarized antenna composed by a monopole-equivalent
structure and two crossed stepped dipoles is presented in [19]
operating at n77/n78 bands obtaining 30 dB isolation and
85% total efficiency. In addition, a 3-port equilateral trian-
gular patch antenna working at 3.3-4.2 GHz band is ana-
lyzed in [20] with 82% total efficiency and 15 dB isolation.
Concerning to 4-port solutions, two antennas are proposed
in [21] and [22], with a single-patch based on quasi TM 2,1/2
mode ranging at 3.3-4.5 GHz band (15 dB isolation and 80%
total efficiency) and with an annular-ring patch [22] with an
impedance bandwidth ranging at 3.3-5 GHz (16.5 dB isola-
tion and 84% total efficiency). A 6-port wide-band solution
is presented in [23] with six uncorrelated waves using a
circular patch antenna with 6 feedings and ranging from 3.1 to
7.2 GHz with 20 dB isolation and 85% of total efficiency.

The tendency of increasing the number of ports has led
to complex designs with time and memory-consuming sim-
ulations. In array applications, Floquet theory proposes a
methodology that studies the behavior of a periodic structure
with a Cartesian coordinates system-based symmetry, analyz-
ing only a unit cell simplifying the simulation process. Recent
articles apply Floquet theory for the design of arrays [24],
reflect-arrays [25], [26] and meta-surfaces [27]. In this paper,
we propose a novel methodology based on polar coordinate
system symmetry and benefits from the azimuth periodicity
of the field distributions. Cavity modes and characteristic
modes are used for the analysis of a closed and open circu-
lar coaxial cavity and different angle sectors. Characteristic
modes analysis is introduced for the study of open cavities,
which can not be analyzed by the classical theory of cavity
modes.

In a previous article [28], the authors proposed a method-
ology based on characteristic modes to decouple with an
x-shape block a 4-port cavity antenna with isolation issues.
In this article, a different methodology is proposed for the
design of similar N-port cavity antennas with a sector unit cell
approximation. The proposed methodology guarantees that
the analysis of two adjacent cells is enough for predicting the
performance of an N-cell antenna, simplifying the designing
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process and reducing the time of simulations. For designs
with a higher number of ports, the decrease factor is consider-
able, converting the proposed methodology in a proper candi-
date for the simplification of the design of MIMO antennas.
The novelty of this article leans on the proposed methodology,
which has been successfully applied for the design of a 4-port
circular open-cavity, a 4-port square open cavity, a 6-port
hexagonal open cavity, an 8-port octagonal open cavity, and
an 8-port teeth-saw open cavity. For the octagonal design, the
use of the proposed methodology reduces their simulation
time by a factor of 26. The 4-port circular open-cavity has
been fabricated to demonstrate the viability of the methodol-
ogy, and a MIMO compatibility study has also been provided
with the calculation of the channel capacity and the envelope
correlation coefficient (ECC).

The paper is organized as follows: In Section II, the study
of the first cavity modes of a closed coaxial cavity and the
characteristic modes analysis of an open coaxial cavity and its
sectorization is addressed. The study focuses on the effect of
reducing an open cavity into different angle sectors providing
information about the modes which are present and the modes
which are filtered. In Section III, the sector-unit cell method-
ology is presented, and a coaxial four-port design is analyzed
for demonstration. Simulated and fabricated results are pre-
sented, including a MIMO system performance evaluation.
In addition, three more designs are detailed with a system-
atic design strategy with regular polygon geometry cavities
(square, hexagonal and octagonal) with the use of the sector
unit cell methodology. In Section IV, an 8-port saw-tooth
design with the use of the sector unit cell methodology with
x-axis replication is analyzed. Finally, Section V exposes the
conclusion of the paper.

Il. COAXIAL CAVITIES ANALYSIS

In this section, the analysis of a closed coaxial cavity, an open
cavity, and 1/2, 1/4, 1/6, and 1/8 open cavity sectors is
addressed. Fig. 1(a) shows the coaxial closed cavity, that from
now on will be denominated as the coaxial cavity. Fig. 2(a)
presents the open coaxial cavity and its sectors. For the sake
of comparison, they all have dimensions of r1=108.5 mm,
r2=43.8 mm, and h1=34.2 mm, and the only difference is
that the closed cavity has a top cover enclosing the structure
and the open cavity has not.

Closed cavities are described in the electromagnetic lit-
erature through the use of cavity modes, and the electric
and magnetic fields have been derived for canonical geome-
tries [29] including the coaxial cavity, which is analytically
described in [30]. On the contrary, open cavities are not
analytically described, so we propose the use of characteristic
mode analysis to analyze open cavities and sectors. In the
following subsections, both analyses are addressed.

A. CAVITY MODES ANALYSIS OF A CLOSED COAXIAL
CAVITY

In this subsection, the first five modes of a coaxial cavity
(Fig. 1(a)) are analyzed. In cavity resonators, a three-symbol
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subscript is required (mnp) to describe both transverse (mn)
and longitudinal (p) variations. In this case, the z-axis defines
the longitudinal variation and has been settled as the direction
of propagation.

The aim of the analysis is to check the azimuthal peri-
odicity and symmetry of the first modes in order to divide
the whole cavity into several sectors. The sector subdivision
would simplify the analysis and simulation of a multiple-fed
cavity-based design and would provide valuable information
about the number of independent ports and the required type
of excitation.

Fig. 1 depicts the analyzed coaxial cavity with
r1=108.5 mm, r2=43.8 mm and h1=34.2 mm and the
electric field distribution of the first resonant modes of the
cavity: Modes TMp19, TM110, TM219, TM319 and TMa1g.
The azimuth variation of the electric fields, except of
TMpi0 (which has no variation), has a sinusoidal behaviour
defined by sin(¢)-TMjjg, sin(2¢)-TMz19, sin(3¢)-TM3jq
and sin(4¢)-TMa419. The radial variation is equivalent in all
of them.

With an inspection of the field distributions, it can be
observed a division into N sectors depending on the azimuth
variations of the electric field. For Mode TM g two sectors
are obtained, for mode TM» ¢ four sectors, for mode TM3
six sectors and for TMyjo eight sectors. The coaxial cavity
could be segmented into N sectors, cutting the cavity through
the maximums of electric field (colored in red) and applying
a condition of open-circuit. All the fields distribution of the
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modes are present if one of the N sectors is analyzed inde-
pendently. This strategy would simplify the design process
for multiple-port open cavities, whose simulation is time-
demanding, especially when N is high. Since open-cavities
cannot be described by cavity modes, in the following section,
we turn to a characteristic modes analysis.

where J,, is the ny, real eigenvector (characteristic current)
and A, is the ny, eigenvalue. [X] and [R] are the imaginary
and real part of the generalized impedance matrix of the
structure [Z].

B. CHARACTERISTIC MODES ANALYSIS (CMA) OF AN
OPEN CAVITY AND ITS SECTOR SUBDIVISION

Open cavities have different boundary conditions than closed
cavities, and the information regarding modes is not detailed
in the available literature. We propose the use of characteris-
tic modes analysis which is a proper approach for the analysis
of an open coaxial cavity.

The Theory of Characteristic Modes (TCM) [31], [32]
provides a basis set of currents on a structure with an arbitrary
geometry, which exhibits orthogonal radiation properties.
It provides a physical interpretation of the radiating mecha-
nisms of the structure and helps to determine the optimum
feeding configuration. Characteristic modes are calculated
from the generalized impedance matrix of a structure [Z]
(calculated using the Method of Moments (MoM)) and the
resolution of the following eigenvalue problem:

(X1 = An[RV, (1)

Eigenvalues (A,) are frequency-dependent and provide
radiation information about the associated current mode. The
mode stores electric energy (capacitive mode) when A, is
negative and magnetic energy (inductive mode) when A, is
positive. When A, = 0, the mode is at resonance. Differ-
ent modal attributes for the physical interpretation of the
eigenvalues have been proposed [33], [34]. In this paper, the
characteristic angle («;,) has been selected for the analysis,
and it is derived as follows:

o, = 180° — tan"' (X,) )

‘When the mode is at resonance A,, = 0, o;, = 180°.

In this subsection, the characteristic modes analysis of an
open coaxial cavity and its 1/2, 1/4, 1/6 and 1/8 sectors is
addressed. Open coaxial cavity and sectors have equivalent
rl, r2 and h1 (as depicted in Fig. 2(a)). The open coaxial cav-
ity has equivalent dimensions as the closed cavity analyzed in
the previous subsection but without the top cover enclosing
the cavity. The decision of analyzing sectors with different
sizes responds to the fact that the open cavity will be fed by N
excitations and will be divided into N identical subdivisions
or unit cells. The cavity then can be reinterpreted as a unit
cell which is replicated N times with azimuthal periodicity.
Commercial electromagnetic simulators are able to analyze
unit cells with periodic boundaries when Cartesian axes of
symmetry are used, but not when boundary conditions with
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FIGURE 2. Open cavity and its 1/2, 1/4, 1/6 and 1/8 sectors: a) View,
b) Characteristic angles from mode J, to mode J, and c) Characteristic
angles of mode J; and J,;.

azimuthal periodicity are needed. Since the desired periodic-
ity conditions cannot be simulated, open boundary conditions
are set along the symmetry planes, which cut the open cavity
into sectors. The goal of this subsection is to analyze which
modes are still present and which are filtered when the open
cavity is reduced to different angle sectors.

Fig. 2(b) and Fig. 2(c) represent the characteristic angle
of the five first resonant modes between 0.5-4.5 GHz of the
open coaxial cavity and the equivalent modes after sector-
ization. The open coaxial cavity modes are denoted by J,,
the 1/2 sector modes by Jh,, the 1/4 sector modes by Jq,,
the 1/6 sector modes by Js, and the 1/8 sector modes by
Jo,. For their easier inspection, modes from Jy to J, are
represented in Fig. 2(b) and from J3 to J4 in Fig. 2(c). A shift
on the characteristic angle of the sectors modes is observed
due to the inductive effect produced by the currents flowing
around their perimeter, and also, some modes vanish due to
the modification of the structure. In general, the behaviour of
the sectors conserved modes is similar to the original modes
of the cavity.
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FIGURE 3. Modal field distribution at z=h plane of the open cavity and its
1/2,1/4, 1/6 and 1/8 sectors from mode J, to mode J,.

TABLE 1. Resonance frequency of the Modes.

Cav. 1.2GHz | 1.52 GHz | 2.05 GHz | 2.55 GHz | 3.25 GHz
1/2 Sec. | 1.05 GHz | 0.65 GHz | 1.48 GHz | 2.05 GHz | 2.5 GHz
1/4 Sec. | 1GHz X 1.2 GHz X 2.3 GHz
1/6 Sec. | 0.9 GHz X X 1.6 GHz X
1/8 Sec. | 0.88 GHz X X X 2.15 GHz

In Fig. 3 the modal electric field distribution at the corre-
sponding resonance of the five first resonant modes of the
open coaxial cavity and the equivalent modes of the 1/2, 1/4,
1/6, and 1/8 sectors is represented in z=h1=34.2 mm plane.
Two types of modes are observed in Fig. 3, mode Jj presents
an electric field distribution with only radial variation. The
rest of modes have both radial and azimuth variation in their
associated radiated field. Since the electric field distribution
of radial modes, like Jg, is constant in azimuth variation, these
modes are always present in the cavity and in all the ana-
lyzed sectors. Modes with azimuth variation (J1-J4) exhibit
sinusoidal field distribution along the perimeter of the cavity.
They are at risk of vanishing if specific boundary conditions
are not satisfied when the open cavity is reduced to a sector.
Since an open circuit boundary condition is set through the
lines of symmetry when sectors are created, modes must
exhibit maximum field distribution where the cavity is cut.
Lines of symmetry that satisfy the previously specified con-
ditions are depicted in black dashed lines in Fig. 3. Definitely,
if the cavity is split through the dashed lines, the mode will
still be present in the created sector.
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length d1, b) Modal field distribution at z=h plane of the first two
resonant modes of the analyzed sectors, and c) Characteristic angle of
analyzed sectors.

According to this analysis, it can be stated that modes
with only radial variation will always be present when sec-
torization is applied. On the contrary, azimuthal variation
modes are filtered depending on the size of the sector. For
the 1/2 sector, all the modes are present except for the
degenerated modes. For the 1/4 sector, modes with sin(2n¢)
variation (n=1,2,3...) are present. 1/6 sector conserves
sin(3n¢)variation modes and 1/8 sector presents sin(4n¢)
variation modes. In conclusion, azimuthal variation modes
will be present when sectorization of 1/N sector is applied
if an electric field distribution of sin(%mp) for n=0,1,2...1s
satisfied in the cavity.

C. CMA OF SECTORS WITH EQUIVALENT ARC LENGTH

In the previous analysis, the open cavity has been reduced to
different angle sectors with constant r1 and r2 dimensions.
The analysis proposed in this subsection studies the 1/2, 1/4,
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1/6, and 1/8 sectors with equivalent arc length (d1) and heigth
(h1) of open cavities with different dimensions (different rl
and r2).

The motivation of the analysis responds to the fact of
the future inclusion of feeding in the centre of the arc (d1)
of each sector (sector unit cell), creating an N-port design
if the sector unit cell is replicated N times. Distance dl
should guarantee a minimum distance between ports to avoid
coupling (A/2 at f,,;, approximately) and also defines the
resonance frequency of the azimuthal modes. If distance d1
between ports is respected, the size of the perimeter of the
cavity will be defined by Nxd1. The higher N is, the higher
the cavity size is and, the first modes will resonate at lower
frequencies. The operating bandwidth will not be defined by
the first resonating modes of the cavity but by the bandwidth
of the excitation. The excited modes of high N cavities will
be higher-order modes of the cavity because the first modes
are far from the frequency which the feeding is operative.

In this study 1/2 (N=2), 1/4(N=4), 1/6(N=6) and
1/8(N=28) sectors of Fig. 4(a) with equivalent d1 are analyzed.
The first two azimuthal resonating modes of the sectors are
studied by representing the field distribution at resonance
(Fig. 4(b)) and the characteristic angles (Fig. 4(c)). It can
be observed that modes are resonant at approximately the
same frequency (because d1 is equivalent), but modes come
from different order modes of the complete cavity. It is then
confirmed that if the cavity is scaled up with Nxdl, there
is always a mode that will be excited that comes from a
different order mode of the complete cavity depending on N.
The cavity size will not matter because d1 is respected and
first modes (for high values of N) resonate at a frequency out
of the bandwidth which the feeding is operative. The study
confirms the conservation of the modes if d1 is respected.

Ill. SECTOR UNIT CELL METHODOLOGY

In this section, the information obtained from the previous
analysis is used to present a sector unit cell methodology. This
methodology predicts the performance of an N-port cavity-
backed antenna by the analysis of only two of the N unit cells
in which the antenna is divided.

In Section II, the modes of the coaxial open cavity and
different angle sectors have been obtained. It has been demon-
strated that radial modes are always present in both designs,
but azimuth modes are filtered if certain boundary conditions
are not satisfied when sectorization is applied.

Taking advantage of the obtained information regarding
the conservation of the modes, we propose to feed an open
cavity by N excitations arranged in a symmetric fashion and
divide the whole design into N sectors unit cells. The new
subdivision is called the sector unit cell and is composed of
a sector of the cavity fed in the centre of the arc length by a
T-shaped monopole.

The goal of the methodology is to simplify the analysis
of the N-port design to the study of only a sector unit cell
for impedance matching information and the study of two
adjacent unit cells for the study of isolation. In previous
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antenna: a) Overall view and b) S-parameters.

TABLE 2. Dimensions of the circular 4P cavity design (unit: mm).

rl 2 13 4 hl wl w2 w3
107.5 44 | 57 2 33 11.2 23.1 2.9

papers, coaxial cavities have been used due to their capacity
to isolate faced ports exhibiting their minimum isolation level
between contiguous ports. This feature allows to guarantee
that all ports of the design are isolated if two contiguous ports
are decoupled. Sector unit cell methodology benefits from
this feature and guarantees a good isolation performance only
by analyzing two contiguous unit cells.

The methodology leans on the fact that a minimum distance
d1 (arc length of the unit cell) should be close to A/2 at f,;,;, to
guarantee minimum isolation between adjacent ports. Since
the perimeter of the cavity is obtained with Nxdl, modes
of the cavity from different order but with the same field
variation at the unit cell are excited. The excitation consist
of a wideband T-shaped monopole whose f;, is set by the
A/4 path between short (coaxial feeding point) and the open
circuit (top edge of the monopole). The height of the cavity
will be optimized due to its effect on the input impedance
of the monopoles. Its value will be always constrained by
a minimum of A/4 and a maximum of A/2 at the central
frequency of the operating bandwidth.

In this section, two different cavity geometries are studied
with the use of the sector unit cell methodology, a first subsec-
tion for the design of circular cavities and a second subsection
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FIGURE 6. a) Front view of the Fabricated Antenna b) Dissembled
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for the design of regular polygon geometry cavities. For
demonstration, a wideband 4-port circular coaxial cavity, a
4-port square coaxial cavity, a 6-port hexagonal coaxial cav-
ity, and an 8-port octagonal coaxial cavity have been designed
with the use of the proposed methodology. This designing
method decreases the time and complexity of the design and
simulation of multiple-fed open cavity solutions, especially
when the number of ports is high.

A. DESIGN OF A CIRCULAR 4-PORT CAVITY WITH THE
SECTOR UNIT CELL METHODOLOGY

In this subsection, the sector unit cell methodology is used
for the design of a 4-port circular open cavity. The four
excitations are placed in a symmetric and orthogonal fashion
around the cavity. The number of unit cells is N=4, and
they are composed of a quarter of the cavity and a T-shaped
monopole.
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The methodology is summarized at Fig. 5(a). The first
stage of the methodology is based on the optimization of
the dimensions of the unit cell in terms of matching. At the
second stage, two unit cells are analyzed, and the dimensions
are slightly modified, if needed, to guarantee a minimum
isolation level of 15 dB. Finally, at the third stage, the whole
design with all unit cells together is simulated to guarantee
the correct performance of the antenna. The optimized dimen-
sions of the design are detailed in table 2, resulting in a cavity
with a height h = A/7 for f,,;, and a distance between ports
higher than d1 = A/2 to guarantee 15 dB of isolation level.

InFig. 5(b), the S-parameters computed for the three stages
are depicted, including the reflection coefficient (S11(dB))
and the coupling between contiguous unit cells (Sy1(dB)).
Solid lines represent the results of the coaxial open cavity
design, densely dashed curves of the Unit Cell, and dashed
curves the two adjacent cells. The reflection coefficient is
slightly shifted to lower frequencies for the two unit cells
and coaxial open cavity design due to the wider area where
the currents can flow. Isolation is not in a good agreement
between 1-1.5 GHz, but in this band, the coupling level is
not critical. The S-parameters represented in Fig. 5(b) show
highly correlated results of matching and isolation between
the unit cells and the complete design confirming the relia-
bility of the methodology of designing N-port antennas with
the analysis of sector unit cells.

The fabrication and the MIMO performance of the 4-port
coaxial antenna are presented next in order to prove the
accuracy of the methodology.

1) RESULTS AND FABRICATION
The 4-port coaxial circular cavity antenna has been fabri-
cated using a Rogers R04003C PCB (¢, = 3.55, tan§ =
0.0027 and thickness ¢+ = 0.6 mm) for supporting the four
T-shaped monopoles (Fig. 6(a)) on the aperture of cavity.
The cavity has been milled from a solid aluminum cylinder.
Four coaxial ports have been screwed and welded to the
four monopoles. Fig. 6(b) depicts the disassembled design
for its correct inspection. The simulated (solid curves) and
the measured (dashed curves) of the S-Parameters are rep-
resented in Fig.6(c) with an impedance bandwidth ranging
from 1.25 GHz to 6 GHz. The isolation is higher than 15 dB
in all the band (S;1(dB)= S41(dB) and S3 in Fig.6(c)). Both
are obtained with the use of the Rogers PCB represented
Fig. 6(c). The S-parameters slightly differ from the results of
Fig. 6(b) due to the inclusion of the Rogers PCB. In addition,
the total simulated and measured total efficiency and gain
are represented in Fig. 6(c) with a good agreement between
simulated and measured results. Results show a measured
efficiency higher than 82% and an average gain of 8 dBi.
Regarding the radiation patterns, Fig. 7 depicts measured
and simulated patterns in XZ plane (¢ = 0°) and YZ plane
(¢ = 90°) at 1.5 GHz (Fig. 7(a)), 3 GHz (Fig. 7(b)), 4.5 GHz
(Fig. 7(c)) and 6 GHz (Fig. 7(d)). When the frequency is
low, the radiation pattern is composed of a single lobe.
When the frequency increases, the radiation pattern is slightly
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FIGURE 7. Simulated (solid) and Measured (dashed) radiation pattern of
P1. Plane ¢ = 0° (blue) and ¢ = 90° (red) at: a) f=1.5 GHz, b) 3 GHz,
) 4.5 GHz and d) 6 GHz.

disturbed, and side lobes appear. The antenna keeps a unidi-
rectional radiation pattern in all the operating band.

2) MIMO SYSTEM PERFORMANCE
This subsection addresses the performance of the proposed
4-port coaxial circular cavity antenna (composed of 4 unit
cells) and a half of the design (antenna composed of two
contiguous cells) in a4 x 4 and 2 x 2 MIMO systems, respec-
tively, taking into consideration the propagation channel. For
the study, the channel capacity in the presence of mutual
coupling [35] and the envelope correlation coefficient (ECC)
in a scenario with isotropic scattering (described by a uniform
distribution) is calculated. The proposed antenna, due to its
wide-band behavior, obtains a minimum isolation level of
15 dB. In order to guarantee that the MIMO performance is
not compromised by this parameter, the ideal (no coupling)
channel capacity and the channel capacity obtained with the
use of the proposed antenna at the lowest isolation level
frequency (f=3.1 GHz) are compared.

The channel capacity [35] is calculated with the use of
4 uncorrelated antennas as transmitting antennas, and the
four receiving antennas are the four antennas of the proposed
design. It is assumed isotropic scattering environment and
perfect channel state information (CSI) for the receiver but
not for the transmitter. Hence, the ergodic capacity can be
derived as (3) [35] where I is the 4 x 4 identity matrix, ¥
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FIGURE 8. a) Channel Capacity and b) Envelope correlation coefficient
(ECC).

the SNR, R the correlation matrix of the receive antenna and
H,, the spatially white MIMO channel with independent and
identically distributed (i.i.d) complex Gaussian entries. Hg
denotes hermitian of H,,,.

C =E {log, [ det (1+ %RHWH’; )]} 3)

Fig. 8(a) represents the calculated channel capacity with
100000 simulated 4 x 4 MIMO channels using as receiving
antennas the proposed design (dashed blue curve), an ideal
design without coupling (blue curve). The same process is
repeated for a 2 x 2 MIMO system setting the two contiguous
cells as receiving antennas and two uncorrelated antennas as
the transmitting ones and calculating the capacity (dashed
green curve). For the sake of comparison, the capacity of a
2 x 2 ideal MIMO system (green curve) and an ideal 1 x 1
SISO system (red curve) are also depicted. Results show
similar capacities from the ideal case to the one using the
proposed antenna. With these results, the good performance
of the design is confirmed even in the frequency band with
higher coupling levels. It can also be observed the capacity
gain (x4) with the use of a 4 x 4 MIMO system and (x2) with
the 2 x 2 MIMO system instead of a 1 x 1 SISO system.

The correlation coefficient (ECC) correlates two radia-
tion patterns depending on the frequency and the propa-
gation conditions and it is defined by (4). In (4) g1(2)
and go(R2) details the two radiation patterns, Q2 = (0, ¢)
describes the solid angle of arrival and Pa(2) represents the
dyadic power of the angular spectrum of the incident field
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FIGURE 9. Unit cell equations and the obtained angles and dimensions
for a square(N=4), hexagonal (N=6) and octagonal (N=8) open cavity
designs unit cells.

TABLE 3. Dimensions of the initial design (unit: mm).

Lx X Hx | bx | r3x | rdx | wilx | w2x | w3x
Square 138 97.5 | 285 |36 | 5.8 2 13.7 | 26.6 | 0.9
Hex. 136.5 | 1365 | 384 | 40 | 5 1.6 1 9.6 | 198 | 25
Oct. 129.7 | 168.5 | 40 | 50 | 5.1 | 1.7 10 | 206 | 2.6

described by different angular distributions (Uniform, Gaus-
sian, Laplace) [36]. ECC values lower than 0.5 are expected
for uncorrelated radiation patterns [37]. In this article, the
ECC is calculated in an ideal scenario with isotropic scatter-
ing. Hence Pa(0,¢) is assumed to be described by a uniform
distribution (Pa(8,¢p)= 1), (4), as shown at the bottom of the
next page.

The ECC can also be calculated with an approximation
through the use of the S-parameters of the antenna (5) [38]
assuming a scenario with isotropic scattering.

N IS}, S12 + 83,52/
(1= (St 2+ 1S20 20 = (15222 + [S12/%))

Fig. 8(a) depicts both the calculated ECC with mea-
sured radiation patterns(dashed curves) and also with the
S-parameters approximation (solid curves). Results confirm
ECC values are always lower than 0.1 for the calculation
between P1-P2 and P1-P3. Due to the symmetry of the design,
only these two calculations are required.

After the analysis of the channel capacity and the ECC
results, it can be stated that the proposed antenna is compati-
ble and a good candidate for MIMO applications.

0 5)

B. DESIGN OF REGULAR POLYGONS CAVITIES WITH THE
USE OF THE SECTOR UNIT CELL METHODOLOGY

In this section, the Unit Cell Methodology is applied for
the design of coaxial cavities with regular polygon geome-
try. In the centre of each face of the polygon, a feeding is
connected; hence, the number of ports N of the designs is
equal to the number of faces of the polygon. A design with
four ports has then a square shape, six ports hexagonal, eight
ports octagonal, and so on. The distance d1, which describes
the arc sector of the unit cell of the circular design and the
distance between ports, in these designs, it is described more
intuitively by the side length (Lx) of the regular polygon
shape.
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FIGURE 10. Scheme of the sector unit cell methodology for: a) square open cavity design, c) hexagonal open cavity design and e) octagonal
open cavity design. S-parameters of the unit cell, two contiguous cells and complete design of b) square open cavity design, d) hexagonal open

cavity design and f) octagonal open cavity design.

A systematic design process is presented for the optimiza-
tion of the unit cell of an N port design with regular polygon
geometry. The equations detailed in Fig. 9 are meant to be
used with unit cells of any regular polygon geometry. The
distance between ports must be close to A/2 at f,,;,, to guaran-
tee a minimum isolation level of 15 dB, hence L, & A/2. The

angles 8, of the base of the unit cell increases with N, and it
is defined by 8, = w(N-2)/(2N). The top angle «, decreases
with N, and it is defined by oy = 27/N. In Fig. 9 the unit
cell of an N=4 (square cavity-red), N=6 (hexagonal cavity-
blue), and N=8 (octagonal-yellow) cavities are obtained with
the use of the proposed equations.

[] ¢ (QPa(2)g2(R) d Q2
4

“

10 =
[] g (QPa(Q)g1(R)d - [ g5 (Pa(Q)gr(R2) dQ
47 4
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FIGURE 11. a) Simulated total efficiency and simulated gain of the
square, hexagonal and octagonal designs.

With this information, it is simple and fast to optimize a
unit cell of an N-port regular polygon geometry, no matter the
number of N. This process limits the simulation and optimiza-
tion process of the whole design to the time of optimizing a
unit cell and checking the isolation with a contiguous cell.

In order to check the viability of the methodology, three
examples are presented in Fig. 10 with square (N=4), hexag-
onal (N=6), and octagonal (N=8) geometries. The three unit
cells have been optimized in terms of matching (S11(dB)) at
a first stage, including the monopole, and then, for isolation
purposes, two contiguous unit cells have been analyzed. After
these two studies, the whole design is simulated in order
to check the correlation between the unit cell approxima-
tion and the whole design performance. The S-parameters
of the three stages are represented for the three geometries,
and only S;;(dB) and S;;(dB) are represented due to the
symmetry of the design and also because contiguous ports
show the lowest isolation levels. Results present a 4-port
square open cavity, a 6-port hexagonal open cavity, and an
8-port octagonal open cavity with an impedance bandwidth
of 126% (1.4-6.2 GHz), 130% (1.33-6.33 GHz) and 128%
(1.36-6.2 GHz), respectively, with isolation always higher
than 15 dB. Highly correlated results between the unit cell
and the whole design confirm the viability of the method-
ology. Additionally, simulated total efficiency and gain are
represented in Fig. 11 obtaining results higher than 82% of
total efficiency.

IV. SECTOR UNIT CELL METHODOLOGY WITH X-AXIS
REPLICATION. 8-PORT SAW-TOOTH DESIGN

All the designs analyzed so far are based on the unit cell
methodology with the azimuth replication of a unit cell,
creating closed cavity designs with canonical shapes. In this
section, it is explored another way of designing cavity-
based structures with the replication of the unit cell through
the x-axis, obtaining a saw-tooth (linear array disposition)
antenna (Fig 12(a)).

In this case, the obtained design is not symmetric, and
it involves more complexity than the previous ones. The
methodology has been only used for the matching informa-
tion prediction (S11(dB) dotted curve of Fig 12(b)). The unit
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FIGURE 12. a) Scheme of the sector unit cell methodology for x-axis
replication for the saw-tooth design, b) S-parameters of the unit cell, two
contiguous cells and complete design and c) Port 1 simulated total
efficiency and gain of the complete design.

TABLE 4. Dimensions of the saw-tooth design (unit: mm).

It Lt t Ht bt | 3t | rd4t | wit | w2t | w3t
555.5 | 138.8 | 180.45 | 359 | 50 | 5.1 | 1.7 | 95 | 223 | 1.5

cell has been obtained from the octagonal open coaxial design
and has been slightly modified due to isolation problems
in the saw-tooth design disposition. The separation between
contiguous has been increased because the coupling between
contiguous cells experienced higher coupling values when
they were replicated through the x-axis. Fig 12(b) show the
S-parameters of the saw-tooth design with an impedance
bandwidth of 129% (1.46-6.85 GHz) and isolation higher
than 15dB. Furthermore, simulated gain and total efficiency
are represented in Fig 12(c) with values of an average 8 dBi
gain and a total efficiency higher than 82%.
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TABLE 5. Comparison table.

Ref. BW (GHz) BW (%) Size (mm?) Isolation (dB) N-Ports T.Efficiency (%)
[14] 0.70-0.96 / 1.7-3 / 3.3-3.8 31/553/14 220x220x 100 19 2 NA
[15] 3.14-3.83/4.4-5.02 19.8/13.2 79.6x79.6x 10 20 2 NA
[16] 1.55-2.75/3.3-3.8 55.8/14 150x 150438 30 2 78
[17] 0.8-0.96/1.7-2.7 22/71.8 220x220x42 18 2 NA
[18] 3.5-5.1 37 27.2%x27.2x17 18 2 NA
[19] 1.68-4.15 84.73 159.5%159.5x2.7 30 3 85
[20] 3.3-42 24 T0x70x11.5 15 3 82
[21] 3.3-4.5 31 100x100% 10 15 4 80
[22] 3.3-5 41 133x133x10 16.5 4 84
[23] 3.1-7.2 80 195x195%x 14 20 6 85
Square 1.4-6.2 126 138x138x28.5 15 4 84
Hexagonal 1.33-6.33 130 219.5x219.5x38.4 15 6 82
Octagonal 1.36-6.2 128 284 x284x28.2 15 8 84
Saw-tooth 1.46-6.85 129 555.5%166.6x35.9 15.1 8 82
Circular 1.27-6 130 190.5x190.5%x33 15 4 82

It is demonstrated that further distribution with different
geometries can also be obtained with the replication of the
unit cell, but only matching can be predicted. Isolation must
be checked in the complete design due to the lack of symme-
try of the structure. This way of replication of the unit cells
offers a new disposition which increases the flexibility of the
use of this methodology.

V. CONCLUSION

In this paper, a novel methodology based on the subdivision of
an N-port cavity with radial symmetry into N sector unit cells
has been presented for N-port MIMO antenna designs for
5G/Wi-Fi indoor access point applications. The methodology
simplifies the design and simulation process thanks to the
approach based on with the analysis of two contiguous cells.
With the study of two contiguous cells, the performance of the
N-port antenna can be predicted. For the physical insight jus-
tification of the methodology, a complementary cavity mode
analysis of a close circular coaxial cavity and a characteristic
mode analysis of a coaxial circular open cavity and its unit
cell (1/4 of the open cavity) has been addressed. With the
analysis, it has been demonstrated which modes are filtered
due to the simplification of the cavity to the unit cell and
which others remain. Radial modes and feeding modes are
present, and modes with azimuth variation are filtered if a
certain symmetry condition is not fulfilled.

Five designs of N-port open cavities with circular (N=4),
square (N=4), hexagonal (N=6), octagonal (N=8), and
teeth-saw (N=8) shapes have been successfully designed
with the use of the proposed methodology. Matching and
isolation correlation between the unit cell approximation and
the complete design has been confirmed to be high, and the
slight differences are due to the filtered modes when the
reduction to a unit cell is applied.

The fabrication of the circular coaxial design with four
ports has also been presented. Measurements and simu-
lations exhibit good agreement with an impedance band-
width (Sy;(dB)< —10 dB) of 130% (1.27-6 GHz), isolation
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between ports higher than 15 dB. The channel capacity and
ECC<0.1 have also been calculated, providing compatibility
with a 4 x 4 MIMO system.

Simulated results of the square, hexagonal, octagonal and
saw-tooth designs show an impedance bandwidth (S11(dB)<
—10 dB) of 126% (1.4-6.2 GHz), 130% (1.33-6.33 GHz),
128% (1.36-6.2 GHz) and 129% (1.46-6.85 GHz) respec-
tively. Isolation between ports is always higher than 15 dB
because the minimum distance between ports of A/2 is
always respected. Additionally, Table 5 compares the features
of the most relevant recent publications of MIMO access
point antennas and the proposed designs, highlighting the
impedance bandwidth, the size, the isolation, the number of
independent ports and the total efficiency.

The proposed sector unit cell methodology introduces a
great simplification of the simulation and design process
and a systematic strategy for designing complex and time-
demanding cavity-based designs with a high number of ports.
As a reference, the simulation of the §-port octagonal design
takes 4h Om 14s, the simulation of two unit cells 8m 57s and
a unit cell 4m 6s in a computer with 16 GB of RAM and an
Intel Core i7-8700 CPU. It is then justified the benefits of
using the unit cell approximation methodology.
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