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Abstract — Three types of quad-band millimetric-wave
two-port MIMO antenna systems are proposed for the
forthcoming generations of mobile handsets. A novel
printed antenna is introduced to be the single element
of the proposed MIMO antennas. It is shown that the
proposed MIMO antennas are capable of producing
both spatial and polarization diversities that enhance
the performance of mobile communications. Two con-
figurations of co-polarized two-port MIMO antennas
are proposed to provide spatial diversity, whereas a
cross-polarized two-port MIMO antenna is proposed
to produce polarization diversity. It is shown that all
the proposed MIMO antennas can operate efficiently
over the four frequency bands centered at 28, 43, 52,
and 57 GHz. Prototypes are fabricated for the pro-
posed MIMO antennas for the sake of experimental eval-
uation. The measurements agree with the simulation
results showing high performance of the proposed types
of MIMO antennas including the impedance match-
ing, radiation patterns, envelop correlation coefficient,
and diversity gain. Both the experimental and simula-
tion results show that the achieved bandwidths, at the
four operational frequency bands, are 0.6, 0.6, 1.8, and
1.5 GHz, respectively. Also, the radiation efficiencies
calculated at the four operational frequencies are 86.5%,
87.5%, 89.2%, and 90.0%, respectively. The dimensions
and the results concerning the performance of the pro-
posed MIMO antennas are compared to other designs
for MIMO antennas available in some recently published
work.

Index Terms — 5G, MIMO antennas, quad-band.

L. INTRODUCTION

One of the essential demands for future generations
of mobile communications is the capability of mobile
handsets to transfer data at very high speeds. A mobile
handset antenna should have a compact profile and sim-
ple structure [1, 2]. To meet the standards of long-term-
evolution (LTE) and fifth-generation (5G) mobile com-
munications [3] the handheld device’s antenna should
provide broadband operation, high data rate, and low

Submitted On: March 25, 2022
Accepted On: September 20, 2022

power consumption. This recommends that a mobile
handset antenna should be able to operate in the range
of mm-wave of the electromagnetic spectrum to support
the required data rates for future applications. Moreover,
due to size limitations, it is recommended that a mobile
handset antenna is able to operate efficiently at multi-
ple frequency bands in the mm-wave spectrum to sup-
port the applications of the forthcoming mobile genera-
tions [4, 5]. In various situations, the antenna structure
may be complicated as those having a three-dimensional
shape to operate efficiently in a single frequency band
and to perform some function in special applications
[6, 7] and may include layers with high electromag-
netic absorbance [8] to produce radiation patterns of the
desired shape. However, for mobile handsets, due to size
and weight limitations, it is preferable to have a planar
antenna of simple-structure, multi-band operation, and
omnidirectional radiation patterns.

The design of MIMO antenna systems for oper-
ation in mobile handsets for the next generations of
mobile communications faces many challenges. First of
all, the MIMO antenna on a handset should be minia-
turized due to space limitations. The second challenge is
to achieve high isolation between the antenna elements
in spite of the small area available for the antenna on the
mobile handset. The third challenge is to have the MIMO
antenna operational at multiple frequencies with enough
wideband at each frequency (multiple-band operation).
The fourth challenge is to produce the required shape
of the radiation patterns over the operational frequency
bands. Also, it may be required from a MIMO antenna
to provide many types of diversity such as spatial, polar-
ization, and pattern diversities.

Various types of MIMO antenna systems for 5G
mobile handsets, recently, have been designed in a lot
of research articles. For example, in [9], a compact
microstrip line fed dual-band printed two-port and four-
port MIMO antennas are proposed for wireless commu-
nications. In [10], a seven-port MIMO antenna system
is proposed as a candidate for future mobile communi-
cations to operate at 37.5 GHz. A cross-polarized four-
port dual-band MIMO antenna array is proposed in [11]
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to operate at 28 and 37.5 GHz for 5G communications.
The work of [12] proposes a dual-band two-port MIMO
antenna to operate at 28 and 38 GHz for 5G mobile
applications. In [13], a planar dual-band (27/39 GHz)
millimeter-wave two-port MIMO antenna is suggested
for 5G mobile communications. The work of [14] intro-
duces a compact four-port MIMO antenna with high iso-
lation and a single wideband for mm-Wave Applications.
In [15] and [16], quad-band (28/45/51/56 GHz) two-
port and four-port MIMO antenna systems are proposed
for 5G mobile communications. The work of [17] pro-
poses a dual-band (28/38 GHz) four-port MIMO antenna
system for 5SG mobile communications for efficient Esti-
mation of the directional of arrival in noisy communica-
tion channels. In [18] and [19], dual-Band (28/38 GHz)
cross-polarized four-port MIMO antenna systems com-
posed of high-gain Yagi-Uda antenna with corrugated
radiators and enhanced reflectors are proposed to pro-
vide spatial, polarization, and pattern diversities for 5G
mobile communications.

In this work, compact-size quad-band two-port
MIMO antenna systems are proposed to operate in the
millimetric-wave bands (28/43/52/57 GHz) for the forth-
coming generations of mobile communications. The pro-
posed MIMO antennas provide various types of diver-
sity to enhance the performance of mobile communica-
tion systems. Two types of co-polarized two-port MIMO
antenna systems with high isolation among the antenna
elements are proposed to provide spatial polarization.
Also, a cross-polarized two-port MIMO antenna is pro-
posed to provide polarization diversity.

I1. DESIGN OF THE QUAD-BAND
SINGLE-ELEMENT ANTENNA

The geometry of the patch antenna proposed to con-
struct the MIMO antenna systems is demonstrated in
Fig. 1. It is designed to be printed on Rogers RO3003
substrate with W x L = 8 x 18 mm?> and 0.25 mm
thickness, dielectric constant & = 3, and loss tangent
tantan d = 0.001. The substrate has a solid ground
plane to reduce the back radiation from the antenna. The
printed antenna is fed through a 50Q microstrip line of
length Ly = 10 mm. The width of the microstrip line is set
to Wy = 0.63 mm to achieve its characteristic impedance
equal to 50€Q. An inset feed is used to match the antenna
impedance to 50€2. The inset length is L; = 1.23 mm and
the width of each slot made on the sides of the feeding
line for the inset feed is W; = 0.3 mm. The remaining
dimensions are listed in Table 1.

In the electromagnetic simulations, for a substrate
of size § mmx18 mm and height 0.25 mm, the sim-
ulation (execution) time for each of the studied cases
to reach the final design is approximately 10 min-
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Fig. 1. The quad-band millimetric-wave antenna pro-
posed for MIMO antenna systems. (a) Geometry of
the printed antenna. (b) Fabricated antenna prototype
is connected to end launcher and coaxial cable for
measurements.

Table 1: Dimensions of the quad-band printed antenna
proposed for the MIMO antenna system

Dimension L1 Lz L3Wi W1 Wp d1 g1 WP WC
Value 1.7 1.2 1 0.3 0.450.850.7 0.383.4 3.0
(mm)

utes with accuracy —40 dB using the time domain
solver on a core 17-3.6 GHz processor, 16G RAM, and
64-bit operating system. Hexahedral meshing is used
to model the design with 15 cells/wavelength for all
simulations.

The millimetric-wave antenna with the geometry
shown in Fig. 1 and the dimensional parameters listed
in Table 1 is used to construct various configurations
of two-port MIMO antenna systems with various types
of diversity proposed for the handsets of the forthcom-
ing generations of mobile communications. Accordingly,
it is important to investigate the characteristics of this
antenna through electromagnetic simulation and labora-
tory measurements. Figure 2 presents the dependence
of the scattering parameter |Sj;| at the antenna port
as obtained by both simulation and experimental mea-
surements. It is shown that the antenna has four oper-
ational millimetric-wave frequency bands at which the
antenna is matched to 50Q2 feeder and, hence, the return
loss is very low. The operational frequency bands are
28, 43, 52, and 57 GHz. Fortunately the four frequen-
cies are distributed over very important range of the
millimetric-wave which makes this antenna a promising
candidate for future mobile applications. Both the simu-
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Fig. 2. Dependence of |S;| on the frequency for the pro-
posed quad-band patch antenna.

lation results and the measurements come in good agree-
ment with each other.

The elevation radiation patterns in the planes ¢ =0
and ¢ = 90  at the four frequencies 28, 43, 52, and
57 GHz are presented in Figs. 3, 4, 5, and 6, respectively.
The experimental measurements show good agreement
with the simulation results at all the operational frequen-
cies of the proposed antenna.
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Fig. 3. Radiation patterns of the proposed quad-band
patch antenna at 28 GHz in the planes (a) ¢ =0  and
b)¢=90.
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Fig. 4. Radiation patterns of the proposed quad-band
patch antenna at 43 GHz in planes (a) ¢ = 0" and (b)
¢ =90".
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Fig. 5. Radiation patterns of the proposed quad-band
patch antenna at 53 GHz in planes (a) ¢ = 0" and (b)
¢ =90".
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Fig. 6. Radiation patterns of the proposed quad-band
patch antenna at 56.5 GHz in planes (a) ¢ =0 and (b)
¢ =90".

III. TWO-PORT MIMO ANTENNAS FOR
QUAD-BAND OPERATION

Printed MIMO antennas are recommended for
future generations of mobile handsets to enhance the per-
formance of the mobile communication systems by pro-
viding various types of antenna diversity such as spa-
tial, polarization, and pattern diversity. Due to space and
power limitations in a mobile handset, two-port MIMO
antennas are appropriate and may be the most suitable
solution among the other MIMO antenna systems to pro-
vide the required types of diversity. The present section
provides various designs of two-element MIMO anten-
nas. The proposed MIMO antennas are fabricated and
subjected to experimental evaluation. The simulation and
experimental results are compared to each other for the
confirmation of the obtained results.

A. Co-polarized two-port MIMO antennas for spatial
diversity

Keeping large enough distance between two anten-
nas of the same polarization on the mobile handset pro-
vides spatial diversity that can mitigate fading problems
due to multipath propagation in wireless communication
channels.



In the present section, three types of co-polarized
two-port MIMO antennas using the single-element
antenna shown in Fig. 1 are investigated theoretically
and experimentally. Each of the three types of the pro-
posed two-port MIMO antenna is described and its per-
formance is investigated in the following subsections. In
spite of being of almost equal performance, the three
types have different dimensions and are proposed to
provide a variety of solutions that can fit the avail-
able space on the electronic board of a specific mobile
handset.

A.1. Design and fabrication of co-polarized two-port
MIMO antennas

The patches of the first type of the proposed
two-port MIMO antennas were arranged as shown in
Fig. 7 (a). To reduce the mutual coupling, the two patch
antennas were horizontally shifted from each other such
that the space between their axes was 5 mm. How-
ever, the vertical separation between the two antennas
was only 2 mm. For a more compact MIMO antenna,
the patches of the second MIMO configuration were
arranged face-to-face as shown in Fig. 7 (b). The patches
of the third MIMO system were arranged side-by-side
as shown in Fig. 8 (a). A prototype was fabricated for
each type of the MIMO antenna systems as shown in
Figs. 7 (c) and 8 (b), respectively, and connected to a
coaxial feeder using coaxial end launchers for experi-
mental assessment. It should be noted that the patch of
all the proposed types of MIMO antennas were well-
matched to the 5002 feeder and, on the other hand, the
feeding microstrip line was well-designed to have its
characteristic impedance equal to 50€2. Consequently,

2mm
(=2
3
3

(b) ()

Fig. 7. Two types of two-port MIMO antenna system
constructed as two elements of the quad-band patch ele-
ment. (a) Model with shifted antennas. (b) Model with
face-to-face arrangement. (c) Fabricated prototype con-
nected to end launchers and coaxial cables for measure-
ments.
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the length of the feeding microstrip lines could be vari-
able without affecting antenna performance. For this rea-
son, the length of the feeding line was not considered as a
part of the antenna structure and, hence, the lengths of all
the feeding lines are excluded from the antenna dimen-
sions.

A.2. Mutual coupling between the antenna elements
and the diversity gain

The self and mutual S-parameters of the co-
polarized two-port MIMO antenna systems whose
designs are presented in Figs. 7 and 8 have their fre-
quency dependencies as shown in Figs. 9 (a) and 9 (b),
respectively. The results were obtained by electromag-
netic simulation using the commercially available CST®
simulator. When comparing the frequency dependencies
of the self S-parameters of the two-port MIMO anten-
nas to those presented in Fig. 2, for the single-element
antenna, it is clear that the locations of the resonant
frequencies (anti-peaks of |Sy{| and |S»z| with the fre-
quency) for the two configurations of MIMO anten-
nas were almost identical to those of the single-element
antenna. This indicates that the mutual coupling between
the two antennas is very weak for the face-to-face as well
as the side-by-side MIMO configurations. This is empha-
sized by the low magnitude of the mutual S-parameter,
S>1 over the entire frequency range (20-60 GHz) as
shown in Fig. 9 for both two-port MIMO configurations.
Microwave measurements are used to confirm the low
mutual coupling between the antenna ports. The VNA of
Rhode and Schwartz model ZVA67 is used to evaluate
the reflection coefficients, S1; and S»;, and the mutual S-
parameters, S»1 and Sy, for the fabricated prototypes of
the proposed MIMO antennas. The dependence of |Sy |
on the frequency over the range (20-60 GHz) obtained
by the CST® simulator is compared to that obtained by
experimental measurements as shown in Fig. 9. Both

15 mm

(@) (b)

Fig. 8. Two-port MIMO antenna system constructed as
two elements of the quad-band patch arranged side-by-
side. (a) Antenna model for simulation. (b) Fabricated
prototype connected to end launchers and coaxial cables
for measurements.
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come in good agreement and confirm low mutual cou-
pling between the antenna ports.
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Fig. 9. Frequency dependence of the self and mutual S-
parameters of the co-polarized two-port MIMO antenna
systems. (b) Face-to-face configuration shown in Fig. 7.
(a) Side-by-side configuration shown in Fig. 8.

A.3. Envelope correlation coefficient and diversity
gain of the co-polarized two-port MIMO antenna

As a consequence of low mutual coupling and
the distance between the two-ports of the co-polarized
MIMO antennas, the ECC is very low over the entire
frequency range (20-60 GHz) and is almost zero over
the operational frequency bands (28, 43, 52, 57 GHz) as
shown in Fig. 10 (a). The corresponding DG is almost 10
as shown in Fig. 10 (b).

A.4. Radiation patterns of co-polarized two-port
MIMO antenna system

The radiation patterns of the co-polarized two-port
MIMO antenna in the elevation planes ¢ = 0° and
¢ = 90° at the operational frequencies (28, 43, 52,
57 GHz) are presented in Figs. 11, 12, 13, and 14, respec-
tively, for face-to-face configuration, and Figs. 15, 16,
17, and 18, respectively, for the side-by-side configura-
tion, as obtained by simulation when the MIMO antenna
is fed through each port alone. The corresponding val-
ues of the maximum gain are 7.1, 8.1, 7.7, and 8.6 dBi,
respectively, for the face-to-face configuration, and 6.89,
7.9, 7.6, and 8.3 dBi, respectively, for the side-by-side
configuration. The radiation patterns and the achieved
gain values at the four operational frequencies seem to
be appropriate for various wireless communications and
mobile applications.

B. Two-port MIMO antennas for polarization diver-
sity

The simplest form of cross-polarized MIMO
antenna can be realized by combining pairs of antennas
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Fig. 10. Frequency dependence of the ECC and DG of
the co-polarized two-port MIMO antenna systems with
the two arrangements presented in Figs. 7 and 8.
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Fig. 11. Radiation patterns in the elevation planes for
the co-polarized face-to-face two-port MIMO antenna
system at 28 GHz when excited at (a) port 1, (b)
port 2.

with orthogonal polarizations (i.e. horizontal/vertical,
=+ slant 45°, left-hand/Right-hand circular polarization,
etc.). Such cross-polarized MIMO antenna systems are-
able to provide polarization diversity that enhances
mobile communication performance.
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Fig. 12. Radiation patterns in the elevation planes for
the co-polarized face-to-face two-port MIMO antenna
system at 43 GHz when excited at (a) port 1, (b)
port 2.

Fig. 13. Radiation patterns in the elevation planes for
the co-polarized face-to-face two-port MIMO antenna
system at 52 GHz when excited at (a) port 1, (b)
port 2.

Fig. 14. Radiation patterns in the elevation planes for
the co-polarized face-to-face two-port MIMO antenna
system at 57 GHz when excited at (a) port 1, (b)
port 2.

B.1. Design and fabrication of cross-polarized two-
port MIMO antenna

A cross-polarized two-port MIMO antenna that pro-
duces two orthogonal polarizations when fed at port 1
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Fig. 15. Radiation patterns in the elevation planes for
the co-polarized side-by-side two-port MIMO antenna
system at 28 GHz when excited at (a) port, (b)
port 2.

180
@)
Fig. 16. Radiation patterns in the elevation planes for
the co-polarized side-by-side two-port MIMO antenna

system at 43 GHz when excited at (a) port, (b)
port 2.

Fig. 17. Radiation patterns in the elevation planes for the
co-polarized side-by-side two-port MIMO antenna sys-
tem at 52 GHz when excited at (a) port, (b) port 2.

and port 2 can be constructed as shown in Fig. 19. (a)
using the single-Element antenna introduced in Section
II. When this MIMO antenna is excited at port 1, the
electric field in the far zone is x-oriented whereas the
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Fig. 18. Radiation patterns in the elevation planes for the
co-polarized side-by-side two-port MIMO antenna sys-
tem at 57 GHz when excited at (a) port, (b) port 2.

excitation at port 2 produces y-oriented electric field in
the far zone.

B.2. Mutual coupling between the antenna elements
The self and mutual S-parameters of the cross-
polarized two-port MIMO antenna system (presented
in Fig. 19. (a)) have their frequency dependencies as
shown in Fig. 19. (b). As obtained by simulation, the fre-
quency dependence of |Sy;| of the cross-polarized two-
port MIMO antenna is identical to that of [Sp|. It is
clear that the minima of |Sy;| and |Sy;| with the fre-
quency occur at almost the same resonant frequencies of
the single-element antenna (See Fig. 5). This indicates
that the mutual coupling between the two elements of

»

}‘Smm

©

Fig. 19. (a). Cross-polarized two-port MIMO antenna
system constructed as two orthogonally oriented ele-
ments of the quad-band patch. (a) Antenna model for
simulation. (b) Fabricated prototype connected to end
launchers and coaxial cables for measurements.
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Fig. 19. (b). Frequency dependence of the self and
mutual scattering parameters of the cross-polarized two-
port MIMO antenna system presented in Fig. 15 (a).

the cross-polarized MIMO antenna is very weak. Also,
the magnitude of the mutual scattering coefficient Sy; is
very low over the entire frequency range (20 - 60 GHz)
as shown in Fig. 19. (a). The simulation results for the
dependence of |S;| on the frequency over the range (20
- 60 GHz) are compared to those obtained by experimen-
tal measurements and showing good agreement, which
emphasizes the low mutual coupling.

B.3. Envelope correlation coefficient and diversity
gain of the cross-polarized two-port MIMO antenna

The dependencies of the ECC and the DG of the
cross-polarized two-port MIMO antenna over the fre-
quency range (20-60 GHz) are shown in Fig. 19. (b).
Due to the orthogonal polarizations produced by the two
antennas in addition to the separation between them, the
ECC and, hence, the DG of the cross-polarized two-port
MIMO antenna is better than those presented in Fig. 10
for the co-polarized two-port MIMO antennas of the two
configurations described in Figs. 7 and 8.

B.4. Radiation patterns of cross-polarized two-port
MIMO antenna system

The radiation patterns of the total radiated field at
the frequencies 28, 43, 52, and 57 GHz are presented
in Figs. 20, 21, 22, and 23, respectively in the orthogo-
nal planes ¢ = 0" and ¢ =90  when the cross-polarized
two-port MIMO antenna is excited at each port individ-
ually. From the radiation patterns in the two orthogo-
nal planes, it can be shown that the cross-polarized two-
port MIMO antenna has omnidirectional radiation in the
azimuth plane. This makes the antenna a promising can-
didate for mobile handset applications intended for the
forthcoming generation of mobile communications.

For quantitative demonstration of the polarization
diversity that can be provided by the cross-polarized two-
port MIMO antenna proposed in the present work, the
radiation patterns for the x-oriented and y-oriented com-
ponents of the far electric field Ey and Ey, respectively, at
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Fig. 20. Frequency dependence of the ECC and DG of
the cross-polarized two-port MIMO antenna system pre-
sented in Fig. 19. (a).

Fig. 22. Radiation patterns in the elevation planes for
the cross-polarized two-port MIMO antenna system at
43 GHz when excited at (a) port 1 and (b) port 2.

(b)

Fig. 23. Radiation patterns in the elevation planes for
the cross-polarized two-port MIMO antenna system at
52 GHz when excited at (a) port and (b) port 2.

28 GHz are plotted as shown in Fig. 24 when the MIMO
antenna is excited at each port alone. It is shown that
the electric field in the far zone is dominated by vertical
(y-oriented) component when MIMO antenna is excited
at port 1 and is dominated by horizontal (x-oriented)
component when the MIMO antenna is excited at port
2. Thus, the proposed cross-polarized two-port MIMO
antenna provides the polarization diversity required for
enhancing the communication system performance.

Fig. 21. Radiation patterns in the elevation planes for
the cross-polarized two-port MIMO antenna system at
28GHz when excited at (a) port and (b) port 2.

150
180 180

(a) (b)

Fig. 24. Radiation patterns in the elevation planes for
the cross-polarized two-port MIMO antenna system at
57 GHz when excited at (a) port 1 and (b) port 2.
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Fig. 25. The radiation patterns of the horizontally polar-
ized (x-oriented) and vertically polarized (y-oriented)
electric field radiated from the cross-polarized two-port
MIMO antenna system at 28 GHz when the MIMO
antenna is excited at each port alone.

IV. SUMMARY OF THE PROPOSED MIMO
ANTENNA PERFORMANCE

A. Performance of the single-element antenna

A summary of some important performance mea-
sures of the proposed single-element antenna used to
construct the proposed MIMO antenna systems at the
four operational frequencies, is listed in Table 3.

B. Performance of the MIMO antennas

A comparative performance among some
millimetric-wave MIMO antennas designed for mobile
handsets that are available in some recent literature
and the MIMO antennas proposed in the present work
can be achieved by demonstrating the most important
performance as listed in Table 2.

Table 2: Achieved frequency bands (obtained experimen-
tally) by the proposed quad-band patch antenna and the
corresponding gain and radiation efficiency

Center |Start |End Bandwidth|Gain |Radiation
Fre- Fre- Fre- (GHz) (dBi) |Effi-
quency |quency |quency ciency
(GHz) |(GHz) |(GHz)

28 27.70 |28.30 |0.60 730 |86.5%
45 44.50 |46.50 |2.00 7.03 |87.5%
51 50.20 |52.00 |1.80 7.20  [89.2%
56 55.70 |57.00 |1.30 8.03  190.0%
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Table 3: Comparison among some millimetric-wave
MIMO antennas available in some recent literature and
the MIMO antennas proposed in the present work

Work: [AO1] [AO2]|[AO3] [A04] |[AO5] Present
Number of ports 7 4 2 2 4 4
Polarization |Co- v v v v v v
polarized
Cross- X i X i X i
polarized
Minimum  port —22 |-23 |-27 |-23 |—-45 |-20
isolation (dB)
Dimensions 60 x |44 x |55 x |75 x |47 x|20 X
(mm?) 25 |44 |110 |40 33 |20
Maximum ECC 0.01 [0.000[INA |0.0001 |0.001]0.01
Minimum DG 9.955|9.9999NA  19.9999 |9.995|9.95
Operational |Band 1 37.5 {28 |28 |28 38 |28
frequencies
(GHz)
Band 2 X 37.5 {38 |39 X 43
Band 3 X X X X X 52
Band 4 X X X X X 57
Bandwidth |Band 1 1.11 [1.2 |1.1 |3.5 3.2 ]0.60
(GHz) at
each fre-
quency

Band 2 X 2.0 (1.0 |4.0 X 0.60
Band 3 X X X X X 1.80
Band 4 X X X X X 1.50
Gain (dBi)|Band 1 7.7 (8.0 [7.0 |5.0 6.5 [7.30
at each

frequency
Band 2 X 13.6 [8.0 |5.7 X 7.03
Band 3 X X X X X 7.20
Band 4 X X X X X 8.03
Antenna Band 1 NA |97% |91.2%99.5% |80% |86.5%
efficiency
at each
frequency
Band 2 X 98% [89.6%98.6% |x 87.5%
Band 3 X X X X X 89.2%
Band 4 X X X X X 90.0%
V. CONCLUSION

Novel designs for compact-size quad-band two-port
MIMO antenna systems are introduced for the forth-
coming generations of handsets for mobile communi-
cations over four frequency bands centered at 28, 43,
52, and 57 GHz. It is shown that the proposed MIMO
antennas are well designed to produce appropriate radia-
tion patterns and good impedance matching in the four
frequency bands of operation. Some of the proposed
two-port MIMO antennas provide spatial diversity while
the other type is cross-polarized and provides polar-
ization diversity. The performance of both the quad-
band patch antenna and the MIMO antenna systems are
assessed including the return loss at each antenna port
and the coupling coefficients between the different ports.
It is shown that the simulation results agree with the
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experimental measurements and both show good perfor-
mance of all the proposed types of MIMO antennas. The
bandwidths achieved at approximately 28, 43, 52, and
57 GHz are 0.6, 0.6, 1.8, and 1.5 GHz, respectively. Also,
the radiation efficiencies calculated at the four opera-
tional frequencies are 86.5%, 87.5%, 89.2%, and 90.0%,
respectively. It is shown that the ECC and the DG are
perfect over the four operational frequency bands for all
the proposed types of two-port MIMO antenna systems.
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