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Wideband Diversity MIMO Antenna Design with Hexagonal Slots
for 5G Smart Mobile Terminals
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Abstract—In this paper, we propose a wideband polarization diversity multiple-input multiple-output
(MIMO) antenna array for 5G smart mobile devices. The proposed MIMO antenna array consists of
8-ports dual-polarized L-shaped lines that highly excite radiating slots, where the elements are placed
at four-corners of a compact mobile unit of size 75 x 150 mm?. The uniqueness of the proposed MIMO
antenna structure comes from the deployment of octagon-shaped resonant slots within the metallic
ground plane, i.e., the octagonal-slots are etched from the bottom (ground) layer of the main mobile
board. Due to the unique slots in the ground plane, wideband impedance has been achieved (3.38-
3.8 GHz at —6-dB threshold). The proposed smart phone 8 x 8 diversity MIMO antenna is designed
to support the spectrum of commercial sub-6 GHz 5G communications and cover the frequency range
of around 3.5 GHz band with high decoupling between antenna ports. The proposed array is designed,
numerically simulated, fabricated, and tested. Good agreement between simulated and measured results
was achieved. The MIMO antenna has a satisfactory far-field performance along with very low envelope
correlation coefficient (ECC) < 0.055, high diversity of more than 9.95, and very low specific absorption
rate (< 1 W/kg for a 10-g human tissue).

1. INTRODUCTION

Multiple-input multiple-output (MIMO) technology is considered as a critical part for efficient wireless
connectivity in the fifth-generation (5G) mobile communications, which relies on the reliable design of
massive-MIMO antenna system with wide coverage in both sub-6 GHz and mm-wave bands as well as
integration of smart beamforming techniques. Over the past ten years, there has been renewed research
interest from both academia and industry in the design and deployment of MIMO antenna systems
for 4G, 5G, and future generation of mobile communications, due to its great impact on reliability,
higher transmission rate, and wireless link capacity [1,2]. Due to the deployment of multi-antenna
elements within MIMO technology, one can expect an enhancement to the wireless system reliability,
quality of service, and capacity using the multi-path data transmission and reception with a number of
available diversity mechanisms. The design of MIMO antenna has been extensively studied and already
been implemented in 4G base station and user equipment alike. However, more excitement has been
witnessed in the deployment of MIMO technology in 5G smart mobile units [1,3-9]. In principle, MIMO
physical package consists of two or four antenna elements that are distributed according to the aimed
diversity mechanism, while a massive MIMO system has a large number of antenna elements that could
go over 100 antenna elements [10]. MIMO antenna technology is expected to provide high gain, low
bit error rates, and high data capacity as compared against single-input single-output (SISO) antenna
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system. Moreover, as the number of antenna elements is increased, the MIMO antenna system has a
great capability to enhance transmission path, resist electromagnetic interference, and scan blindness
problems, especially when antenna elements are highly decoupled [1,11-14].

Due to the expected increase in user equipment within the next couple of years, there has always
been a great demand to include large number of antenna elements that need to keep both productivity
and entertainment of users to the best experience in terms of quality of service, wireless connectivity,
needed bandwidth, and reliability. The design challenges that researchers are facing are: 1) the
deployment of a large number of multi-antennas within a small footprint area in a mobile handset,
2) ensure minimal electromagnetic interference (mutual coupling) between the antenna elements in
such a compact design, and 3) robustness of the MIMO antenna system in terms of near- and far-field
and MIMO metrics when it is placed in close-proximity to human tissues.

Various MIMO antenna designs for 4G long-term evolution (LTE) smart mobile applications have
already been proposed in the literature [15-19]. The basic deployment of a MIMO antenna system is
of course the use of 2 x 2 multi-antenna elements. More design challenges are expected as the number
of antenna elements is increased due to the aforementioned design requirements. Currently, there are
different MIMO antenna structures targeting the 5G systems [20-27]. Some of them have focused on
the design of multi-antennas for operation within the LTE band 42 (3400-3600 MHz) or LTE band
43 (3600-3800 MHz) [21], and some have targeted the mm-wave bands (28 GHz/38 GHz) [28], while
others have proposed designs of multi-antenna elements to cover both bands simultaneously [29-31].
Among the main design issues in some of the earlier proposed prototypes are their narrow operational
bandwidth, insufficient decoupling between antenna elements, and relatively large space area used within
the user equipment main board. As for 5G mobile users in next and future mobile handset generations,
there should be an adequate wide operating bandwidth, compactness in the design, and of course high
isolation among MIMO multi-antenna elements.

In this work, we present an efficient design of a dual-polarized wideband MIMO antenna system
targeting 5G smart mobile handsets. We first present the design of a single (two elements) antenna
unit based on a newly developed octagon-shaped resonant slot. Further, we present the design and
layout of an 8 x 8 MIMO antenna array within a mobile handset. Numerical full-wave simulations are
carried out here using the time-domain solver of the computer simulation technology (CST) software.
Moreover, we present numerical results and validate with measured data. The results are discussed, and
MIMO performance metrics are assessed for the proposed wideband diversity MIMO antenna structure,
including radiation patterns, gain, efficiency, diversity gain, and envelope correlation coefficient.

2. THE PROPOSED DUAL-POLARIZED 5G MIMO ANTENNA SYSTEM

2.1. Two-Element with an Octagon Slot

The single (two) antenna structure has been designed and numerically simulated in order to function
well within the 5G wireless communications covering the 3.5 GHz band. In order to achieve diversity,
a dual-polarized antenna structure is considered in this work. The single antenna structure consists
of a resonant hexagonal (octagon) slot antenna that is excited using two orthogonal microstrip lines
with two identical ports having a 50-Q2 impedance. The antenna has a host dielectric substrate (Rogers
RO4003C laminate with a dielectric constant, €., of 3.38, tand = 0.0027, and thickness of 1.524 mm)
with dimensions of 24 x 24 mm?, as shown in Figs. 1(a)-(b), where both top and bottom views are
illustrated, respectively. Within the numerical simulations, a pair of 50-§2 discrete lumped ports were
used to excite the dual-polarized antenna structure. Moreover, metallic layers have been considered
as lossy copper with a thickness of 35 um. The single antenna structure has been optimized carefully
in order to operate within the 3.5 GHz-band. All dimensions of the proposed single antenna unit are
presented in Table 1.

The above configuration contains a pair of orthogonal L-shaped microstrip feed lines and an octagon
slot etched from the metallic ground layer with compact size, making it suitable for next-generation
smart phone handsets. The main advantages of this structure are compactness, light weight, and can
be integrated easily with radio frequency circuits.
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Figure 1. Views of the proposed single antenna element with Octagon slot. (a) Top view and (b)
bottom view. Note that yellow area represents metallization.

Table 1. Dimensions of the optimized hexagonal antenna structure.

Parameter (s) | Dimension (in mm)
X 75
Y 150
w1 5.5
W 2.3
L1 5
L2 10.2
L3 2.7
R 10
S1 7.5
S2 7.33
D 0.203

2.2. Proposed MIMO Antenna Design

In this part, we extend our study to an 8-port dual-polarized MIMO antenna array based on the
introduced single antenna unit (two-elements). The antenna array contains four elements, each fed
by dual-polarized two ports. Thus, we have an eight L-shaped microstrip lines orthogonally placed to
achieve diversity and four octagon resonant slots in the metallic ground plane. We have considered
realistic dimension of today’s 5G smart mobile phones, where a board size of 75 x 150 mm? was used.
The simulated design layout of the mobile-phone MIMO antenna array is shown in Figs. 2(a) and (b).
Note that the four L-shaped elements are placed at corners having octagon radiating slots on mobile
phone PCB. The proposed antenna structure is more compact and has enough space for other antennas
and packages, thus making it suitable for the next-generation smart mobile handsets. It has been
observed that this compact structure has wide bandwidth and better near-field performance in terms
of S-parameters at resonance frequency (both matching and decoupling mechanisms). The observed
mutual coupling is very low for the particular bandwidth of interest, where antenna operation within
the 5G bandwidth is directly affected by the L-shaped size.

Figure 2(a) depicts a top view of the antenna array with 8 L-shaped transmission lines. In the
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Figure 2. Views of the proposed MIMO antenna structure. (a) Top view and (b) bottom view. Note
that yellow area represents metallization.

bottom layer, four octagon-shaped slots are etched out from the metallic layer forming a ground plane
for the antenna (see Fig. 2(b)). Numerical simulation results will be presented next, where all materials
properties and a sufficiently large open space were ensured within the numerical models.

3. SIMULATION RESULTS

We first present the numerical simulation results from the two-antenna elements unit (dual-polarized),
then we show the results in details for the complete 8-port MIMO antenna structure.
3.1. Dual-Polarized Single Antenna Element

The near-field results for the dual-polarized single antenna unit are presented first. The simulated
reflection coefficient, Sq1, of the single antenna element is shown in Fig. 3. As shown from Fig. 3,
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Figure 3. Simulated reflection coefficient at ports 1 and 2 of the designed dual-polarized antenna
structure working at the 3.5 GHz band.
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wideband impedance matching is achieved from ports 1 and 2, simultaneously, covering the frequency
band of 3.5 GHz. Thus, it fits very well with the 5G smart mobile phone units communications. A
very sharp dip for Si; is observed at 3.5 GHz with around —43 dB, indicating a high resonance at the
frequency of interest.

Since two-ports are used for feeding the multi-antenna elements, it is important to investigate
both matching from both ports as well as the mutual coupling between the two ports, Se;. The
simulation results for both Sj; and Si; are shown in Fig. 4(a). Good matching for both ports was
achieved, over a wide impedance bandwidth from 3.3 GHz to 3.9 GHz (at —6dB level) covering the
5G-band (3.3-3.9 GHz), while at the same time maintaining a very low mutual coupling between the
two ports (|S21] < —15dB). Thus, this will insure low cross-correlation between the two ports, hence it
is expected to achieve a better envelope correlation. Fig. 4(b) depicts the surface electric field strength
distribution within the metallic (bottom) layer of the mobile board when port 1 was excited. As can be
seen, significant field is attained within the hexagonal defected resonator, while at the same time very
minimal coupling is seen between ports 1 and 2, due to the deployed polarization diversity.
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Figure 4. (a) Simulated S1; and So; for the proposed single antenna element, and (b) simulated surface
FE-field strength distribution at the bottom metallic layer of the mobile handset.
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Figure 5. Simulated 3D pattern of the proposed single dual-polarized antenna element at 3.5 GHz.

Figure 5 depicts the 3D radiation pattern of the single antenna unit where maximum radiation
in axial direction is maintained, while there was also a minimal radiation in the 8 = 180°, due to the
perforations from the octagon-shaped resonant slots. Nevertheless, the back-side radiation can also be
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alleviated with the use of a slightly larger metallic ground surface to reflect back all the transmitted
radiations. Further, a fairly full coverage within the azimuthal plane (6 = 180°) is preserved, which is
essential to maintaining reliable coverage for the mobile unit. A maximum gain was achieved around
3.52dB at the frequency of 3.5 GHz.

3.2. Proposed MIMO Antenna Array

As shown in Fig. 2(a), four dual-polarized identical antenna elements, identical to the designed two-
antenna element unit (shown in Fig. 1(a)), were placed at four corners of a modeled smart mobile phone,
thus comprising an 8-port MIMO antenna system. The proposed MIMO antenna array was numerically
simulated, where good performance from both reflection coefficient and mutual coupling was achieved
within the frequency band of interest. The simulated reflection coefficient from the first four ports
within one side of the modeled mobile device can be seen in Fig. 6. Good impedance matching was
achieved for all antenna ports, with a —10-dB matching from 3.48 GHz to 3.7 GHz, while its bandwidth
for the —6-dB (common practical threshold level) ranged from 3.38 GHz-3.8 GHz, which covers both
the LTE 42 and 43 bands. The effect of mutual coupling among the four ports was also investigated,
and simulation results are presented in Fig. 7. A relatively high decoupling between the MIMO antenna
ports was achieved, almost below —15dB over the 3.5 GHz band. This is also demonstrated in Fig. 4(b)
and Fig. 8 when port 1 is excited, where very minimal coupling takes place between port 1 and its
nearboring ports, i.e., nulls of F-field strength within the hexagonal slot.

3.1 3.4 3.7 4
Frequency (GHz)

Figure 6. Simulated reflection coefficient for the first four-ports of the proposed MIMO antenna.

2 25 3 35 4 4.5 5
Frequency (GHz)

Figure 7. Simulated mutual coupling between the first four-ports of the proposed MIMO antenna.
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Figure 8. Simulated F-field distribution when port 1 was excited for the proposed MIMO antenna
structure.

The 3D far field pattern of the proposed MIMO antenna array is shown in Fig. 9. Good radiation
coverage can be seen from the four corners of the modeled mobile unit and can be efficiently used for
5G mobile applications. The simulated peak gain is 4.54dB at the frequency of 3.5 GHz. The obtained
radiation efficiency of this array is 96%, while the total efficiency is 93.6%.
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Figure 9. Simulated F-field distribution when port 1 was excited for the proposed MIMO antenna
structure.

The envelope correlation, also designated as ECC, was numerically computed and is depicted in
Fig. 10. The MIMO antenna array in this work has achieved a very low envelope correlation effect over a
wideband frequency. It is instructive to highlight here that the ECC was calculated as a post-processing
task using the following relation [32]

| SrmSmn + SmnSnm|
(1 - ‘Smn’2 - ‘Snm’2) (1 - |Snm‘2 - |Snn’2) ,

where S, is related to the reflection coefficient at port m, while Sy, is related to the cross coupling
between ports m and n.

Figure 11(a) shows the total efficiency of the MIMO antenna array. It is observed that the array has
a satisfactory efficiency within the 3.3 GHz to 3.6 GHz band. Another MIMO performance metric is the

ECC = (1)
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Figure 10. Simulated ECC of the proposed MIMO antenna array where the labeling of each curve
(ECC mn) refers to the cross coupling between port m and n.
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Figure 11. (a) Simulated total efficiency and (b) diversity gain of the proposed MIMO antenna system.

diversity gain, which is related to the amount of transmitted power that could get reduced upon applying
a particular diversity mechanism. Fig. 11(b) depicts the diversity gain of the proposed 8 x 8 MIMO
antenna. A high diversity gain was maintained over the 3.5 GHz-band, which shows the robustness of
the proposed MIMO antenna in mobile handsets.

4. FABRICATION AND MEASUREMENT RESULTS

The designed MIMO antenna structure was fabricated, and its near field performance was tested, as
shown in Figs. 12(a) and (b). An 8.5 GHz 4-port ZNB Rohde and Schwarz Vector Network Analyzer
(VNA) was first calibrated, and then the S-parameters of the fabricated MIMO antenna prototype were
measured. The eight SMA connectors are shown at the four antenna corner sides (see Fig. 12(b)), while
the four octagon slots are etched out of the ground plane as shown in Fig. 12(a).

Figure 13(a) depicts the vector network analyzer, where the fabricated MIMO antenna was
connected to the VNA. Fig. 13(b) shows the SMA connectors connected to the antenna array ports. In
terms of matching, wideband impedance matching was achieved from the measurements (see Fig. 14(a),
which closely match with simulation results of Fig. 6. We highlight here that the first four antenna
ports were directly connected to the four-port VNA, while the other four ports were terminated with a
matched 50 2 impedance. Furthermore, the S-parameters of mutual-coupling between MIMO antenna
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(b)

Figure 12. (a) Top view of the fabricated antenna array and (b) bottom view of the fabricated antenna
array showing the octagon slots etched from the metallic ground plane.

Figure 13. (a) Side and (b) lateral views showing the fabrication setup with the VNA connections to
the proposed MIMO antenna.
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Figure 14. The measured results of the reflection coefficients in (a) and the mutual coupling in (b) are
for the first four MIMO antenna ports.
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ports are also measured, as shown in Fig. 14(b), which are in good agreement with the simulation
results, which were below almost —15dB.

In order to assess the performance of the proposed 8 x 8 MIMO antenna, it is desirable to compare
it with other state of the art mobile MIMO antenna designs from the literature. Table 2 presents
a comparison of our proposed MIMO antenna with other MIMO antennas. The proposed MIMO
antenna exhibits wideband impedance matching with high isolation between antenna elements more
than 15dB. Furthermore, the proposed MIMO design shows satisfactory far-field performance with
computed maximum gain of 4.68 dB and efficiency of 90%. As for the MIMO performance metrics, the
proposed design exhibits very low ECC as compared against many MIMO designs from the literature,
where ECC below 0.01 was maintained over the 3.5 GHz band.

Table 2. Comparison of several existing MIMO antenna structures from literature with the proposed
antenna prototype.

Reference Antenna Size (mm) Bandwidth Isolation Efficiency (%) ECC
Type (GHz2) Improvement (dB)

[22] Coupled IFA 150 x 75 3.4-3.6 15 - 0.02
[23] Inverted-F 100 x 50 3.4-3.6 10 55-60 -
[24] Patch-Slot 150 x 75 3.5-3.6 11 52-76 -
[25] Monopole 150 x 75 3.3-35 11 35-50 0.40
[33] Spatial-Reuse Antenna 150 x 75 3.55-3.65 12 40-70 0.2
[34] Inverted-L Monopole 136 x 68 3.4-3.6 14 40-60 0.2
[35] Loop element 120 x 70 3.3-3.6 15 40 0.02
[36] Wave-Guide 150 x 75 3.4-3.6 15 50-80 0.2
[37] Monopole 136 x 68 4.5-4.7 10 50-70 -
[38] Open-end slot 136 x 68 3.4-3.6 11 50-60 0.05
[39] shorted-loop 150 x 77 3.4-3.6 GHz 10 78 < 0.055

This Work Hexagonal slots 150 X 75 3.35-3.8 > 15 90-92 < 0.01

SAM
Head Proposed
phantom Antenna

(a)

Figure 15. (a) Proposed antenna placed at distance off 5 mm away from SAM head phantom model.
The SAR distribution inside the SAM head phantom model: (b) at 1g and (c) 10g were computed
using the IEEE/IEC 62704-1 method. Note: that the color scale refers to a SAR values of 0 (dark blue
color) and 0.95 (dark red color).
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5. SPECIFIC ABSORPTION RATE (SAR)

A numerical simulation was conducted to investigate the distribution of the electromagnetic energy due
to radiation from the proposed antenna using the specific absorption rate (SAR) inside the Standardized
anthropomorphic (SAM) head phantom model. The SAR is defined as an amount of RF electromagnetic
energy absorbed by biological tissue mass when it is exposed to radiating device at a certain frequency.

It can be calculated as follows:
o|E?
SAR =

(2)

where p is the mass density of the medium in (kg/m?), o the electrical conductivity in (S/m), and |E|
the magnitude of the electric field strength in (V/m). The proposed antenna is placed at a distance of
5mm away from the SAM head phantom as shown in Fig. 15(a).

Figures 15(b) and (c) show the simulation result of the computed SAR distribution inside the SAM
head phantom model at 1g and 10g using the IEEE/IEC 62704-1 method, where the peak values of
SAR are 1.7 and 0.9 at 1g and 10g, respectively. The simulation results of SAR values at both mass
tissues 1g and 10 g demonstrate that these SAR values are approximately close to standard values of
Federal Communication Commission (FCC).

6. CONCLUSION

A wideband polarization diversity MIMO antenna design is presented here for 5G smartphone terminals.
The proposed MIMO array consists of eight L-shaped feeding ports with resonant octagon-shaped slots,
which occupy only minimal spaces within the four corners of the printed circuit board that is also used
for RF circuitries. Using octagon slot techniques, a wideband bandwidth with low mutual coupling
between antenna’ ports was achieved with satisfactory performance of far-field and MIMO metrics.
Numerical full-wave simulation results agree very well with the fabricated and measured results. Based
on the performance of the proposed 8 x 8 MIMO antenna structure, we believe that it is very promising
for integration within 5G smart mobile handsets.
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