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ABSTRACT This paper presents the design of 8 x 8 multiple-input multiple-output (MIMO) antennas for
future 5G devices, such as smart watches and dongles. Each antenna of the MIMO configuration occupies
3 x 4 mm? and is printed on the top layer of the substrate in the form of a rotated H-shaped patch. The
substrate used for the design is a 31.2 x 31.2 x 1.57 mm?, Rogers RT-5880 board, with a dielectric constant
of 2.2. The top layer of the substrate has eight MIMO antennas, whereas the bottom layer is composed of
ground plane. The ground plane is an electromagnetic bandgap-based structure designed for the enhancement
of gain and efficiency. Each antenna is fed from the bottom layer of the substrate through vias to avoid any
spurious radiation. The MIMO antennas resonate at 25.2 GHz with a 6-dB percentage bandwidth of 15.6%.
The gain attained by the antennas in the entire bandwidth is above 7.2 dB with a maximum value of 8.732 dB
at the resonant frequency. Likewise, the value of efficiency attained by the antennas in the entire bandwidth
is above 65% with a maximum value of 92.7% at the resonant frequency. The simulation and measurement
results have substantiated a good performance of the MIMO antennas, thus making them suitable for compact

5G devices.

INDEX TERMS 5G, EBG, high gain, MIMO, smart watch.

I. INTRODUCTION

With an increase in the number of users the frequency allo-
cation is getting deficient due to limited channel bandwidth.
Within in the same frequency bandwidth the number of users
cannot exceed a specified limit. Also, the co-channel inter-
ference increases with an increase in number of users. After
the evolution of high definition (HD) and quadruple high
definition (QHD) video resolutions, it becomes quite difficult
for the handheld devices to send or receive large volume
videos on the 3G and 4G frequency channels. It thus becomes
anecessity to have a wider bandwidth and a faster data rate for
rapid transmission and reception of high quality multimedia
wirelessly from one terminal to the other. To cater for this
problem, 5G frequencies are under research due to their wider
bandwidth. 5G offers greater bandwidth with more number of
frequency channels as compared to 3G and 4G thus making it
suitable for increased number of users who demand fast data
rate on the go [1]. Besides its impressive features, 5G frequen-
cies face a potential problem related to the low penetration
power due to which the signal fades and gets weaker while
reaching from transmitter to receiver using one antenna at
each end. In order to enhance the range of the transmitted

signal, Multiple Input Multiple Output (MIMO) and/or array
antennas can be a better solution especially when dealing with
compact battery powered devices [2], [3]. Few designs of
compact 5G antennas have been presented in [4]-[22]. It has
been observed from the review that the antennas presented
are mostly single antennas and few array antennas as it is
very difficult to achieve high gain using a single antenna. The
array antennas, however, being fed through single port have
the same capacity performance as that of single antennas.
Due to this reason, the frequency channel is busy most of
the time thus reducing data transfer rate. Also, the proposed
antennas possess poor bandwidth thus limiting the number
of frequency channels. Another issue associated with the
5G designs, presented in the literature, is that the antennas
are mostly not in MIMO configuration which makes them un-
suitable for devices demanding a high data rate and through-
put performance. An H-shaped antenna is presented by Kuo
and Wong [23] for WLAN frequencies. The design covers
dual band. However, it is not MIMO antenna, thus not suitable
for high date rate smart devices. It is therefore a strong need
to develop the MIMO antennas for 5G devices so that a higher
data rate and a wider bandwidth can be made possible.
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In this paper we present a printed MIMO antenna system
for future smart 5G devices such as smart watches and don-
gles etc. The design presents eight similar antennas etched on
the front of a Rogers RT-5880 substrate board. Each antenna
of the MIMO system is a rotated H-shaped patch and covers a
wide bandwidth for future 5G communication. The geometry
of the proposed SG MIMO antennas and their simulation
and measurement results will be discussed in the upcoming
sections.

Il. ANTENNA DESIGN

The MIMO antennas are modelled and simulated in CST
Microwave Studio™ [24], as presented in figure 1, whereas,
the fabricated prototype is presented in figure 2.
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FIGURE 1. Simulated model of the 5G MIMO Antennas. (Front View: Top
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FIGURE 2. Fabricated prototype of the 5G MIMO antennas.

It can be seen from figure 1 that the design is comprised of
eight H-shaped MIMO antennas printed on the top layer of
Rogers RT-5880 board whereas, the bottom layer is composed
of an EBG based ground plane which consists of slots each
having a width of 0.2 mm. Each antenna has a microstrip feed
line that is fed from the back through via hole to minimize
spurious radiations. The RF coaxial connectors used in the
fabricated prototype are 2.92 mm type female connectors.
The simulations have been carried out at the Research Insti-
tute for Microwave and Millimeter-Wave Studies (RIMMS),
National University of Science and Technology (NUST),
Pakistan, whereas, the testing of the antennas is performed
in the antenna laboratory at Beijing University of Posts and
Telecommunications (BUPT), China. The proposed design
is composed of four antennas at the corner and four at the
center. The results of one of the corner antennas and one of
the center antennas are presented for the ease of analysis. The
results of only antenna # 1 and antenna # 5 are presented as
the other antennas are similar to these. It can be anticipated
that few discrepancies may incur between the simulation and
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measurement results mainly due to soldering of RF connec-
tors which extend outside ground boundary.
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FIGURE 3. Detailed dimensions of the proposed MIMO antennas for
smart 5G devices.

The detailed dimensions of the antennas and the ground
plane are shown in figure 3. It can be seen that the size of the
substrate used for the design is 31.2 x 31.2 x 1.57 mm?> which
fits well within the housing of smart device as smart watch
or internet dongle. The geometry of each antenna resembles
a rotated H-shaped patch, which along with its feed line
occupies a space of 3 x 4 mm? which makes it suitable small
handheld future 5G devices. The via-holes drilled for the
purpose of feeding have a diameter of 0.5 mm. The horizontal
edge-to-edge spacing between the antennas is 11.1 mm which
is approximately 0.93A1 at 25 GHz. Likewise, the vertical
edge-to-edge spacing is 10.1 mm which is approximately
0.84A at 25 GHz. The dimensions of the antennas and the
ground plane are optimized to achieve better s-parameter and
radiation performances. The simulations have shown that the
H-shaped patch gives a wider 6 dB bandwidth as compared
to a rectangular patch.

The dimensions the proposed H-shaped patch antenna are
smaller than most of the designs from the literature. Also,
the dimensions of the proposed MIMO configuration are
smaller than other 8-element MIMO antennas. The MIMO
antennas presented in this work are confined to a small area,
whereas, most of the 5G MIMO designs are not confined to a
small area thus making them not suitable to be implemented
in current devices. The proposed design, with few modifi-
cations, can thus be etched within 3G/4G devices where we
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have relatively large spacing (approaching half wavelength)
between MIMO antennas.

IIl. RESULTS AND DISCUSSIONS
This section will present and compare the simulation and
measurement results of the 5G MIMO antennas.
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FIGURE 4. Simulated and measured Sxy of the proposed 5G MIMO
antennas.

A. S-PARAMETERS (Sxx & Sxy)

The S-parameters of the 5G MIMO antennas are presented
in figure 4, wherein, the parameter Sxx represents the reflec-
tion loss of the antennas. The Sxx curves are shown for only
antenna # 1 and antenna # 5, as all the other antennas are
identical to these and are symmetrically placed. It can be
seen that the antenna # 1 and antenna # 5 possess almost
identical reflection coefficients in simulations due to which
measurement result for only antenna # 1 is shown. For practi-
cal antennas with a compact profile, the bandwidth is usually
defined with reference to Sxx value of —6 dB whereas, for
normal antennas it is usually defined with respect to —10 dB.
The antennas presented in this paper are compact and cover
a very small geometry due to which the bandwidths are
defined at —6 dB mark. It can be seen that the antennas
are resonating at approximately 25.2 GHz with a simulated
bandwidth of 4.1 GHz (23.1 — 27.2 GHz) whereas, in the
measurements, the antennas are resonating at 25.4 GHz with
a bandwidth of 5.68 GHz. The antennas are thus covering 5G
frequency band which ranges from 24.25 — 27.5 GHz [25].
A minor discrepancy has been observed between the simula-
tion and measurement results which occurred mainly due to
the substrate tolerances and fabrication imperfections.

The Sxy curves of the MIMO antennas are shown in
figure 5. The Sxy parameter represents the isolation between
individual elements. It was observed while simulations and
measurements that the antennas possess an isolation perfor-
mance better than 15 dB over the entire frequency bandwidth.
The simulated minimum value of Sxy is 16.21 dB, whereas,
the measured minimum is 16.19 dB.

B. CURRENT DISTRIBUTION

The simulated current distributions of the MIMO antennas
are shown in figure 6. The current distribution element 5 is
different from that of element 1 due to their different positions
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FIGURE 5. Syy of the proposed 5G MIMO antennas. (a): Simulation
results. (b): Measurement results.
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FIGURE 6. Surface current distributions of the 5G MIMO antennas.

on the substrate board. The antenna # 1 lies on the corner
whereas, antenna # 5 lies between the other two antennas
thus resulting in both elements having different radiation
patterns.

VOLUME 6, 2018



N. Shoaib et al.: MIMO Antennas for Smart 5G Devices

IEEE Access

Simulated (dB Scale) Measured (dB Scale)

0 -10 -20 -30-40-30-20-10 O 0 -10 -20 -30-40-30-20-10 0

X-Z Plane

Y-Z Plane

X-Z Plane

Y-Z Plane

=== Theta Cut

(b)

FIGURE 7. Radiation patterns of the MIMO antennas for smart 5G devices.
(a): Polar patterns for antenna # 1 (b): Polar patterns for antenna # 5.

C. RADIATION PATTERN

The simulated and measured radiation patterns of the
5G MIMO antennas at 25 GHz are shown in figure 7. The
radiation patterns of only Antenna # 1 and Antenna # 5
are shown as other antennas are identical to these and
are symmetrically placed. It can be seen that the antennas
demonstrate an approximately directional radiation pattern.
A discrepancy has been observed between simulation and
measurement patterns which may have incurred due to sol-
dering of SMA connectors as the housing of the connec-
tors extends outside ground boundary. This might have been
avoided if pig-tail connectors were used.
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D. GAINS & EFFICIENCIES

The gains and efficiencies of the MIMO antennas at dif-
ferent frequencies are shown in table 1. Gain is computed
by the ‘Gain comparison method’ using standard gain Horn
antenna [26], whereas, for the measurement of efficiency
‘Wheeler Cap method’ is used [27]. Some discrepancies have
been observed between the simulated and the measured val-
ues which are mainly due to the imperfections in the fabri-
cation of the antenna especially the flange connectors which
extend outside ground boundary. The average difference
between the simulated and measured gain of Antenna # 1 is
1.41 dB whereas, that for efficiency is 14.2 %. Similarly,
the average difference between the simulated and measured
gain of Antenna # 5 is 1.05 dB whereas, that for efficiency
is 12.9 %.

TABLE 1. Gains and efficiencies of MIMO antennas for 5G devices.

Gain (dB) Efficiency (%)
Frequency  Simulated Measured Simulated Measured
Ant.1/Ant.5 Ant.l/Ant.5 Ant.l/Ant.5 Ant.1/Ant.5

23 GHz 721 645 585 545 654 746 513 613
24 GHz 786 744 641 624 789 851 658 723
25 GHz 873 743 717 641 927 899 783 771
26 GHz 822 6774 6.77 563 857 794 719 652
27 GHz 722 652 597 538 725 684 571 56.7

TABLE 2. A comparison with the literature designs.

Published Work No. of Bandwidth Average Gain
From Literature Ports (GHz) (dB)
Mahmoud et. al. [31] 04 0.53 8dB

Yevhen et. al [32] 01 0.60 6dB

Ming et. al. [33] 12 0.20 3.5dB

Wei et. al. [34] 01 2.20 2.2dB
Proposed Design 08 5.68 6.4 dB

E. PERFORMANCE COMPARISON

The gain and efficiency performance of the MIMO antennas
is better than most of the 8-Element MIMO antennas in the
literature [28]-[30]. Also, the design covers a smaller area
than most of the designs which makes it distinctive and more
suitable for small wearable and portable devices. Moreover,
the MIMO configuration with eight rotated H-shaped patch
antennas is rare and will give a better capacity and through-
put performance than the other 2-element and 4-element
MIMO antennas in the literature. A comparison with other
5G designs from the literature, [31]-[34], is illustrated in
table 2. It can be seen that the proposed antenna gives a good
value of gain over a wider bandwidth compared to the other
designs included in the comparison.

IV. MIMO PERFORMANCE ANALYSIS

The key parameters that have been studied for analyzing
the MIMO performance of the proposed antennas include
envelope correlation coefficient (ECC), mean effective
gain (MEG) and effective diversity gain (EDG). Each
parameter will be discussed in this section.
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A. ENVELOPE CORRELATION COEFFICIENT (ECC)

The ECC curves between different MIMO pairs are shown
in figure 8. The ECC values have been approximated using
the S-parameters method [35]. It can be seen from the curves
that in the bandwidth of 23 — 27 GHz, the relatively larger
values of correlation coefficients exist between antenna 1 &
antenna 5, antenna 1 & antenna 7 and antenna 6 & antenna 7.
The peak value of correlation coefficient is 0.03 which is
much smaller than the practically acceptable value. From
figure 5, it is obvious that the measured Sxy is better than
simulated Sxy which means that the measured correlation
coefficients will be better than the simulation ones.
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FIGURE 8. Envelope correlation coefficients of the proposed MIMO
antennas for smart 5G devices.

TABLE 3. Simulated mean effective gains (MEG) of the 5G antennas.

Freq. MEG (-dB) of Antenna Element No.

(GHz) #1 #2 #3 #4 #5 #6 #7 #8
23 4.85 4.78 475 481 428 429 428 428
24 4.04 412 417 419 371 376 373 3.74
25 3.34 3.37 336 339 347 342 341 339
26 3.68 3.73 3.67 368 4.01 397 403 4.02
27 441 446 444 442 465 464 463 4.62

B. MEAN EFFECTIVE GAIN (MEG)

The simulated and measured values of mean effective gain
of the proposed 5G MIMO antennas are calculated using the
efficiency method [36], and are shown in Table 3-4. It can
be seen that the antennas possess good values of MEG which
happened primarily due to a better isolation between MIMO
antennas. Also, the ratios of MEG of different elements are
approximately equal to 1 which validate a good diversity
performance of the MIMO antennas. The measured mean
effective gains are slightly smaller than the simulated ones.
This is primarily due to substrate tolerances, fabrication and
testing imperfections.

C. EFFECTIVE DIVERSITY GAIN (EDG)

The effective diversity gain of the proposed 5G MIMO anten-
nas is calculated using the method presented in [37] and [38].
The diversity gain thus calculated ranges from 13.05 dB to
18.54 dB with an average value of 15.8 dB. The 5G antennas
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TABLE 4. Measured mean effective gains (MEG) of the 5g antennas.

Freq. MEG (-dB) of Antenna Element No.

(GHz) #1 #2 #3 #4 #5 #6 #7 #8
23 591 5.86 593 581 513 507 510 5.03
24 4.83 479 486 474 442 436 425 439
25 4.07 400 413 399 441 438 429 440
26 4.44 436 449 435 486 479 472 480
27 5.44 5.31 551 536 547 533 541 539
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FIGURE 9. S-Parameter (Syy) of the different configurations of the
proposed 5G MIMO antennas.

present a good diversity performance however, at the cor-
ner frequencies, the diversity performance is relatively poor
which primarily happened due to lower efficiency values.
This can be improved by employing efficiency enhancement
techniques. For the calculation of the EDG, average value of
correlation coefficients from figure 8 are used to analyze an
average diversity performance.

V. PARAMETERIC ANALYSIS

A detailed parametric analysis was performed on different
parameters of the MIMO design. The analysis was performed
on antenna element 1 for the ease of understanding. The
effect of variation of each parameter will be discussed in this
section.

A. STEP-WISE DESIGN APPROACH

The design of the MIMO antennas proposed in this paper is
composed of eight similar H-shaped patch antennas printed
on the top layer of the substrate that comprises of an EBG
based ground plane. This type of ground plane in the design
improves its gain and reflection coefficient. The design can
thus be divided into different configurations to understand
the step-wise approach. Configuration 1 shows a single
antenna (at the corner) with simple ground plane, configura-
tion 2 shows single antenna (at the center) with simple ground
plane, configuration 3 shows 8 antennas with simple ground
plane, whereas, configuration 4 shows 8 antennas with EBG
ground plane. The S-parameters of each configuration are
shown in figure 9 whereas, the gain performance is shown
in figure 10.

It can be seen that the EBG ground plane provides much
better reflection performance as compared to a simple ground
plane. Also, the gain performance of the configuration 4 is
much better than the other configurations.
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FIGURE 11. Effect of parameterization of the length ‘L;" on the
S-Parameter (Syy) of the proposed 5G MIMO antennas.

B. LENGTH 'L,’

The length ‘L;’ in the design defines the resonant frequency
and bandwidth at which MIMO antennas are operating. The
value of parameter L is set at 3 mm. By increasing this
length, the resonant frequency shifts to a lower value and
vice versa, as can be seen from the Sxx curves in figure 11.
The length L; is optimized at 3 mm as at this value the
MIMO antennas resonate at 25 GHz with a wider frequency
bandwidth as compared to other values.

C. LENGTH 'Ly’

The parameter ‘L’ affects the resonant frequency and
impedance matching in the design. By decreasing the
length L, the resonant frequency shifts to a higher value
and vice versa. It can be seen from the efficiency curves
in figure 12 that at 25 GHz, the impedance matching is poor
forL, = 1 mmas well as for L, > 1.5 mm. The parameter L,
is thus optimized at 1.5 mm as it gives an excellent efficiency
and a better impedance matching at 25 GHz.

VI. CONCLUSION

A design of 8§ x 8 MIMO antennas was presented for
5G communication. The antennas demonstrated a compact
geometry and a wide bandwidth of 4 GHz ranging from
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FIGURE 12. Effect of parameterization of the length ‘L2’ on the total
efficiency of the proposed 5G MIMO antennas.

23.1 — 27.2 GHz. There has been observed a good agreement
between the simulation and the measurement results. The
design presented in this paper displayed good return loss and
radiation performances thus making it suitable for future 5G
devices such as smart watches and dongles etc. Reduction in
the size of the substrate, improvements in the fabrication of
the antennas and measurements with new dimensions, will be
a part of immediate future work.
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