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Abstract—The design of an eight-port MIMO antenna at the sub-6-GHz (LTE 42/43 and 46) bands for
fifth-generation (5G) smartphone is presented. First, based on the Babinet’s principle, a microstrip slot
antenna (MSA) is designed from its counterpart complementary structure, microstrip patch antenna
(MPA) to operate over the LTE 46 band. In order to make the MSA to operate at the specified three
LTE bands, a proposed single antenna, namely RMSA, is achieved by adding a strip-ring resonator
within the grounded slot of MSA which shows a good measured impedance bandwidth (S1; < —6dB)
of 3.28 ~ 3.84 GHz and 5.14 ~> 6.0 GHz. Then, eight similar antenna elements of RMSA are printed
on a smartphone printed circuit board (PCB). An FR4 substrate is used as the system PCB with an
overall dimension of 80 x 150 x 0.8 mm?. Two techniques, namely polarization and pattern diversity, are
exhibited by designing the MIMO system due to the orthogonal arrangement of microstrip lines feeding
the RMSAs. Simulated and experimental results are conducted to examine the performance of the
designed MIMO antenna. Good isolation, acceptable gain, and efficiency are obtained over the bands
of interest which verify the suitability of the proposed system for MIMO smartphone applications.

1. INTRODUCTION

In current and future mobile communications, there is noteworthy increased interest by researchers
for multi-input-multi-output (MIMO) antenna systems [1]. This MIMO technology is an important
component and certainly the most recently reported to realize antenna designs having better diversity
performance and improved data throughput. Some of these MIMO antennas have been designed
for Ultrawideband (UWB) wireless communications [2-5], long term evolution (LTE), and the fifth
generation (5G) for smartphone applications [6-19]. However, restricted size of 5G smartphone devices
remains a challenging task for antenna engineers in designing MIMO antenna systems having high-
diversity performance with low envelope correlation coefficients (ECCs) among their ingredients of
antennas. In standard MIMO systems, two or four antenna elements are used whereas in massive
MIMO systems, a relatively high number (N > 8) of antennas are printed in the smartphone printed
circuit board (PCB) [20]. In the literature, several 5G massive MIMO antenna designs have been
proposed for improving their isolation characteristics by using dual- or tri-polarized antennas [7-9],
decoupled building block method [10-13], neutralization line [14-16], self-isolated antenna element
technique [17, 18], and orthogonal-mode mechanism [19].

Most of the previous designs are interested in single-band operations except for [11, 13, 15, 16], which
consider dual-band antenna designs for 5G smartphone terminals operating below sub-6 GHz spectrum.
It is noted that both the LTE 42/43 (3.4-3.8 GHz) and LTE 46 (5.150-5.925 GHz) are the standard
bands dedicated to the future sub-6 GHz 5G systems [20-27].
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Different compact dual-band MIMO antenna designs have been reported in the literature. They
are either applicable to general wireless communication applications [28,29] or to smartphones but with
number of MIMO antennas lower than four [30-32]. In particular, Ref. [32] addresses a 2 x 2 dual-band
MIMO antenna system for mobile handset applications covering 1.9 and 2.45 GHz. The advances in
5G technology encourage researchers to go to higher frequencies and beyond 4-antennas MIMO system
while keeping a simple design and implementation. This issue is addressed in this work.

The design of MIMO antenna arrays in dual-band operations is dedicated for sub-6 GHz 5G
applications, and it is still a challenging task for researchers. The aim is to design dual-band MIMO
antenna systems having better diversity characteristics and good radiation performances. Therefore,
this paper presents a new design of an 8-antenna array with a compact and simple structure covering
dual-band operations suitable for 5G smartphone applications. The theory of Babinet’s principle is
applied herein for designing the single antenna element, namely strip-ring shaped microstrip slot antenna
(RMSA) from its counterpart complementary structure, microstrip patch antenna (MPA). This antenna
element is successfully designed to operate at 3.5 and 5.5 GHz, a candidate resonant modes for LTE
42/43 and LTE 46 bands. Based on this antenna element, a dual-band 8-antenna MIMO system
is presented. By arranging these antennas in orthogonal manner to share one printed circuit board
(PCB), good diversity and isolation performance can be obtained. The proposed antenna element and
the 8-antenna MIMO system are designed and analyzed using CST Microwave Studio. The simulated
results in terms of S-parameters (reflection and transmission coefficients), antenna gains, and efficiencies
besides radiation patterns are presented. Moreover, envelope correlation coefficient (ECC) and total
active reflection coefficient (TARC) are also computed. Finally, prototypes of the designed antennas
are fabricated, and an acceptable agreement between simulated and measured results is obtained.

2. DESIGN AND PERFORMANCE OF A SINGLE ANTENNA

2.1. Antenna Structure

The schematic of the proposed single antenna is illustrated in Fig. 1. As can be observed, the antenna is
composed of a main slot radiator of dimensions W x Ls and a capacitively-coupled strip-ring resonator
W, x L,, and they are etched on the back side of an FR4 substrate of total dimensions Wyup X Lgyup
(18 mm x 18 mm) and (height hgyp of 0.8 mm, &, = 4.3, and tangential loss tand = 0.025). A microstrip
line is printed on the front side of the substrate, for feeding the antenna structure, of dimensions Wy x Ly
with Wy = 2mm set to achieve input impedance of 50 2. Such a simple structure allows the antenna
for easily having dual-band characteristic with resonance frequencies 3.5 and 5.5 GHz at the two bands
suitably being used in the LTE 42/43 band (3.4-3.8 GHz) and LTE 46 band (5.150-5.925 GHz) for
future smartphone applications. For correctly analysis and simulation of the antenna, the microstrip
line is terminated by a sub-miniature-A (SMA) connector. A CST Microwave Studio tool is used for
designing and optimizing the resonating antenna.
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Figure 1. Layout of the proposed monopole antenna. (a) Back view. (b) Front view.
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2.2. Evolution Steps of the Single Antenna

The antenna design procedure, namely, step 1 (Ant0), step 2 (Antl), and step 3 (Ant2), is illustrated
systematically in Fig. 2, and their optimized geometrical parameters are listed in Table 1. These
three design steps are discussed in detail, and their reflection coefficient performances as a function of
frequency is also shown.

(@) (b) ©

Figure 2. Geometrical design steps of the proposed single antenna, front view (in the upper part) and
back view (in the lower part): (a) AntO; (b) Antl; (c) Ant2.

Table 1. The dimensions of the proposed three antennas.

Value (mm)
Geometric parameter Symbol

The substrate length Lsup
The substrate width Weun
The substrate height hsup
The feedline length Ly
The feedline width W
The patch length L,
The patch width Wo
The length of inset slot L;
The width of inset slot W
The slot length L;
The slot width W,
The length of a square ring resonator L,
The width of a square ring resonator W,
The thickness of a square ring resonator t
The gap between the slot and ring g
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Step 1 (Ant0): Initially, as the first design step for getting the optimized antenna with desired
performance, an inset-fed microstrip patch antenna (MPA) considered as a reference antenna (RA),
as depicted in Fig. 2(a), is designed by assuming that the following information is given: the desired
resonance frequency (f), relative permittivity (e,), and the height of substrate (hgyp).

By using above information as antenna design parameters in the transmission line model (TLM),
one can approximately find the patch width and length W), and L,, respectively as follows [33]:

)\0 C
pr— = 1
Wp 2 V 5rave 2fr V 5rave ( a)
I, = 20 AL, (1b)

2\/5reff - 2f7‘\/ Ereff

where Ay and c are the free-space wavelength and velocity of light, respectively; e;ave and ey are the
average and effective dielectric constant, respectively; and AL, is the extended patch length, which are
computed as:
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As noticed in the above-mentioned TLM equations, to work at the dominant TMgy; mode, the MPA
patch width and length should be equal to Ag / 2,/€rave and slightly less than Ag / 2,/Ereft, TESpectively.
Hence, by substitution in Eqgs. (1) and (2), f, = 5.5 GHz (LTE 46 band), hg,, = 0.8 mm, and &, = 4.3,
one can obtain W), = 16.75mm and L, = 12.40 mm.

Since the TLM approach is not accurate to give us the desired results, these two values of W),
and L, (16.75mm and 12.4mm), respectively, are used as initial dimensions of the patch, which are
applied at the first run of the simulation program. Then, by using the parametric sweeping technique
through CST MWST for the antenna’s geometrical parameters, the MPA is successfully designed for
resonating at f, = 5.47 GHz (with optimized patch size W}, x L, of 15.7mm x 13.0mm), as observed
in Fig. 3 (green-colored curve). As can be seen, Ant0 has a single frequency band with impedance
bandwidth (VSWR < 3) ranging from 5.30 to 5.61 GHz, which is not enough to cover the whole LTE 46
band (5.150-5.925 GHz). The shaded-green colored column in Table 1 lists the optimized geometrical
parameters of the RA, and from it the proposed antenna is obtained to cover both the LTE 42/43 and
LTE 46 bands suitable for 5G applications.

Band 1 Band 2
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Figure 3. Simulated input reflection coefficient (S1;) for antennas (Ant0-Ant2).
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Table 2. The final frequency bands, f, (fr—fm) for 3 : 1 and 2 : 1 VSWR of Ant0—Ant2. Unit (in
GHz).

Band 1 Band 2
Antennas
3:1 VSWR 2:1 VSWR 3:1VSWR 2:1 VSWR
Ant0 - - 5.47 (5.30-5.61) | 5.47 (5.38-5.54)
Antl - - 5.54 (4.86-6.70) | 5.54 (5.16-5.98)
Ant2 3.55 (3.38-3.81) | 3.55 (3.46-3.66) | 5.4 (5.14-5.93) 5.4 (5.27-5.59)

Step 2 (Antl): In this step, Antl is evolved from Ant0 to attain the antenna called a
complementary microstrip patch antenna (CMPA) which is presented in this work as an alternative
design to the MPA counterpart, named as microstrip slot antenna (MSA). As can be seen in Fig. 2(b),
a 50 2 microstrip feed line of length L; and width W is printed on the front side of the substrate, and
the conductor ground plane cut by rectangular slot of dimensions W x L is printed on the back side of
the substrate. This slot in the ground represents the radiating element of the MSA where its slot size
is responsible for specifying the resonance frequency and impedance bandwidth characteristic. To get
fr = 5.5 GHz, initially the slot dimensions of the MSA are set equal to the patch dimensions of MPA,
that is, Wy = W), = 15.7mm and Ly = L, = 13.0mm, and all other parameters are kept the same
values of Ant0. Then a fine-tune technique offered by CST tool is used for parametric sweeping of the
parameters, and as a result Antl with optimized geometric parameters (listed as a shaded-blue colored
column in Table 1) is achieved with satisfactory desired resonance frequency f, = 5.5 GHz, as shown
in Fig. 3 (blue-colored curve). As observed from Fig. 3, Ant0 and Antl are single-band antennas, and
they operate at nearly the same resonance frequency f, = 5.5 GHz, but more bandwidth is attained
by Antl (or MSA) than Ant0 (or MPA). Thus, Antl has an improvement in impedance bandwidth for
both the criteria, reflection coefficient |S;;| < —6dB (or 3: 1 VSWR) and [S11] < —10 (or 2 : 1 VSWR)
as noticed in Table 2, which covers the whole LTE 46 band. Although MSA covers LTE 46 band, it
is not able to work at the LTE 42/43 band. Thus, it is required to modify or add new structure(s) to
Antl to operate at dual-band frequency range suitable for LTE 42/43 and LTE 46 bands, and its total
size remains the same as that used for the previously designed antennas (that is, 18 mm x 18 mm). This
is done in the next design step by presenting the proposed antenna (Ant2).

Step 3 (Ant2): In this third and final step of the design procedure, Ant2 is obtained as the
proposed antenna, see Fig. 2(c), by adding a parasitic ring-shaped strip resonator of dimensions W,. x L.
and thickness (t) at a gap distance (g) inside the main slot radiator of Antl, which is referred as ring
MSA (RMSA). The final parameter values of the proposed antenna are specified as a shaded-red colored
column in Table 1, and the simulated reflection coefficient result of this designed antenna is shown as a
red-colored curve in Fig. 3. As observed from Fig. 3 and the shaded-red colored column in Table 1, the
antenna exhibits excellence dual-band behavior for the criterion (VSWR < 3 or |S11] < —6dB) in the
operating frequency bands: Band 1 of (3.38-3.81 GHz); Band 2 of ( 5.14-5.93 GHz) with a resonance
frequency of 3.55 and 5.4 GHz in the two bands, respectively. Therefore, Ant2 is successfully designed
to satisfy the requirements of the 5G smartphones in the LTE bands, and Band 1 and Band 2 cover
LTE 42/43 band and LTE 46 band, respectively.

2.3. Performance Evaluation of the Single Antenna Element

This section presents the performance evaluation of three proposed antenna types described in the
previous section as evolution steps of designing the proposed single antenna element. These types are
MPA (Ant0), MSA (Antl) and RMSA (Ant2) as presented in Figs. 2(a), (b), and (c), respectively. The
microwave simulator CST is used for simulation and performance evaluation of these designed antennas.
These performances include surface current distribution and far-field radiation characteristics such as
gain, efficiency, 2D and 3D radiation patterns.
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Figure 4. Simulated surface current distributions at (a) 5.5 GHz (for Ant0), (b) 5.5 GHz (for Antl),
(c) 3.55 GHz and (d) 5.4 GHz (for Ant2).

2.8.1. Surface Current Distribution

To understand the working principle of the proposed antennas, the surface current densities at the
resonance frequency 5.5 GHz for single band antennas, Ant0 and Antl, and at 3.5 and 5.5 GHz for
dual-band antenna (Ant2) are shown in Figs. 4(a)—(d), respectively. It can be observed from Figs. 4(a)
and (b) that at f, = 5.5GHz, the surface current is highly concentrated at both the MPA (SMA)
vertical patch’s (slot’s) radiator and the microstrip feedline. This behavior of current at the surface of
these two antennas demonstrates that they are complement to each other according to the well-known
concept named as the Babinet’s principle [33,34]. This principle relates the impedances of the MPA
and MSA, Zpatch and Zgor, respectively to the intrinsic impedance (1) of the media as:

_n
Zpatcthlot = Z (3)

This principle can be verified for the two antennas by plotting their input impedance characteristics
as a function of frequency as shown in Fig. 5. It is observed that the real and imaginary parts for the
input impedance of the antennas, Re(Zpatch), Re(Zsior) and Im(Zpatch), Im(Zgot), at the resonance
frequency of 5.5 GHz are 50.35, 54.35 2 and —17.40, 14.20 €2, respectively. Moreover, the behavior of
Im(Zpaten) curve is purely inductive whereas Im(Zgo¢) plot is nearly capacitive.

Figures 4(c) and (d) depict the current distributions in the back and front surface layers of the ring-
shaped microstrip slot antenna (RMSA) at the resonance frequencies of 3.55 and 5.4 GHz, respectively.
It can be noticed that the surface current is maximally distributed at a gap region around the main slot
radiator and a ring resonator when a feeding port is excited by 3.55 GHz, Fig. 4(c), and for exciting the
antenna by 5.4 GHz, the maximum current flows at the feedline and parasitic ring structure. Therefore,
the employed ring resonator is very active for determining the low band (3.55 GHz), whereas the main
slot is responsible for the high band (5.4 GHz).
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Figure 5. Simulated input impedance Zpacn and Zgo; of the MPA and MSA, respectively.

2.3.2. Radiation Patterns

The simulated 3D and 2D radiation patterns of Ant0, Antl, and Ant2 at their resonance frequencies
are presented in this section. Before doing that, the concept of Babinet’s principle is shown by plotting
the E- and H-field components in radiation patterns for the complementary antennas Ant0Q and Antl,
which are called respectively as MPA and MSA. Due to Babinet’s principle, two antennas are called
complementary antennas if the far-fields radiated by them are related by [33]

Eepatch = Hpglot, E¢patch = H(bslot (4)

Figures 6(a) and (c) depict the plots of Egpaten and Egpaten for MPA, and Figs. 6(b) and (d) show
the plots of Hygor and Hggor for MSA, respectively. As can be seen, good results are obtained related
to the complementary antennas in terms of E- and H-components validating the Babinet’s’ principle.
Thus, it is better to use MSA than MPA as a single antenna element because of its simple structure,

y

Figure 6. 3D E- and H-field components in radiation patterns at 5.5 GHz for the proposed antennas
MPA and SMA. (a) Ey for MPA. (b) Hy for MSA. (c) E,4 for MPA. (d) Hy4 for MSA.
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and it is radiating element occupying only limited area in the grounded mobile PCB. Hence, in this
work the MSA is chosen as a single antenna element to design 5G MIMO antenna array for smartphone
applications.

The 3D and 2D radiation patterns of Ant0—Ant2 at their resonance frequencies are illustrated in
Figs. 7 and 8, respectively. As shown in Fig. 7, Ant0 has a single-direction of maximum radiation
in its front side at the normal axis (+wve. z-axis), whereas Antl and Ant2 have a bi-direction of
maximum radiation in their front and back sides at the (+ve. and —ve. z-axis). Thus, Antl and Ant2
have approximately omnidirectional radiation in xz-plane (normal to the antenna) and nearly null of
radiation at y-axis.

(a) (b) (©

Figure 7. 3D radiation patterns of the proposed antennas: (a) Ant0; (b) Antl; and (c) Ant2.
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Figure 8. 2D radiation patterns for the proposed antennas, Ant0, Antl and Ant2.

Figure 8 demonstrates the simulated radiation patterns, in xy- and zz-planes, for the three antennas
at 3.55 GHz and 5.4 GHz. It is seen that the main lobes of radiation in zy-plane (yz-plane) for Ant0
and Antl at 5.4 GHz are directed to 0°, 90° and 270° (0°) and 90° and 270° (all direction), respectively.
Also, Ant2 has the main lobes of radiation at 3.55 GHz and 5.4 GHz, respectively, in xy-plane (yz-plane)
which are oriented to 90° and 270° (0° and 180°) and 90° and 270° (all directions). Thus, Ant2 has
good radiation characteristic which leads to better diversity when being used in a 5G MIMO system.

2.8.3. Realized Peak Gain and Efficiency

The peak realized gain and total efficiency of the three antennas are illustrated in Fig. 9. As shown
in Figs. 9(a) and (b), AntO (Antl) has lesser (larger) gain and efficiency at the LTE 46 band, and
Ant2 has the middle values among the two. Table 3 summaries the gain and efficiency for the antennas
at LTE 42/43 band and LTE 46 band. As noticed in Table 3 and Fig. 9, the proposed antenna
(Ant2) has an acceptable gain and efficiency in the low and high bands as: 2.24dB(1.07 ~ 1.85dB),
83.8%(63.5 ~ 67.1%) and 2.85dB(1.47 ~ 1.92dB), 80.5%(55.6 ~ 65.7%)
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Figure 9. Simulated (a) realized gain and (b) efficiency for the proposed single antenna.

Table 3. The realized peak gain and efficiency at LTE 42/43 band and LTE 46 band for Ant0, Antl
and Ant2.

Antennas LTE 42/43 band LTE 46 band
Gain (dB) Efficiency (%) Gain (dB) Efficiency (%)
Max (range) Max (range) Max (range) Max (range)
Ant0 - - 2.66(—0.12 ~ —5.58) | 51.5(28.5 ~ 07)
Antl - - 3.02(2.56 ~ 2.84) | 92.0(84.2 ~ 85.7)
Ant2 | 2.24(1.07 ~ 1.85) | 83.8(63.5 ~ 67.1) | 2.85(1.47 ~ 1.92) | 80.5(55.6 ~ 65.7)

2.4. Antenna Experimental Result

To appreciate the validity of the attained results, a prototype of the designed antenna is manufactured
and measured in microwave laboratory. Photographs of the fabricated prototype and its simulated and
measured reflection coefficients are shown in Figs. 10 and 11, respectively. It is seen from Fig. 11 that
the antenna covers two bands for using in the LTE 42/43 and LTE 46 bands. Table 4 summaries the
simulated and measured bands for the two criteria —10dB or 2 : 1 VSWR and —6dB or 3 : 1 VSWR.

Table 4. The simulated and measured frequency bands, f, (fr—fm) for 3: 1 and 2 : 1 VSWR of the
proposed single antenna. Unit (in GHz).

Result Band 1, LTE 42/43 bands Band 2, LTE 46 band

3:1 VSWR 2:1 VSWR 3:1 VSWR 2:1 VSWR
Simulated | 3.55 (3.38-3.81) 3.55 (3.46-3.66) | 5.40 (5.14-5.93) | 5.40 (5.27-5.59)
Moasured | >4 (2'3273'84) 345, (2'3;173'78) 5.72 (5.14> 6.0) | 5.72 (5.58-5.82)
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(a) )

Figure 10. Picture of the fabricated proposed single antenna element. (a) Top layer and (b) bottom
layer.
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Figure 11. Simulated and measured reflection coefficient of the single antenna.

It is observed that for —6dB or 3:1 VSWR simulated and measured frequency bands are: band 1
of (3.38-3.81 GHz) and (3.28-3.84 GHz); band 2 of (5.14 greater than 6.0 GHz) and (5.58-5.82 GHz),
respectively. Thus, the proposed single antenna is suitable to be used as a single antenna element in
the 5G MIMO antenna system for mobile devices.

3. THE MIMO SMARTPHONE ANTENNA CONFIGURATION AND
CHARACTERISTICS

3.1. The 8 x 8 MIMO Antenna Configuration

The configuration of the proposed designed dual-band MIMO smartphone antenna is illustrated in
Fig. 12. As can be seen, it comprises eight RMSA elements, four (Ant1, Ant4, Ant5, and Ant8) arranged
in parallel (at the 4 corners) and the other four (Ant2, Ant3, Ant6 and Ant7) horizontally (at the middle)
oriented in the mobile system board. The FR-4 substrate, with a height of hg,, = 0.8 mm, is used as a
low-cost material with standard size dimensions of 150 x 80 mm? for the smartphone mainboard.

Figure 13 displays the simulated S-parameters (reflection and transmission coefficients) of the
designed 8-element MIMO antenna system. As observed from Fig. 13(a), Antl to Ant8 have exhibited
good reflection coefficients Sy, (n =1,...,8), better than —6dB, and the transmission coefficients Sy,
between Antl and the other seven antenna elements are sufficient (better than —10dB) over the working
frequency range (2.5-6.5 GHz).

3.2. The Characteristic of MIMO Antenna System

The characteristic of designed MIMO antenna system is evaluated by necessary parameters, such as
far-field performance, gain, efficiency, radiation patterns, envelope correlation coefficient (ECC), and
Total Active Reflection Coefficient (TARC).
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Figure 12. Designed smart-phone antenna configuration (a) front view, (b) back-view and (c) single
antenna element.

3.2.1. The Realized Peak Gain, Efficiency, and Radiation Patterns

The simulated gain and efficiency for the MIMO system are depicted in Fig. 14. It is seen from Figs. 14(a)
and (b) that the radiation gains and efficiencies for the eight antenna elements (Antl to Ant8) are more
than 3dB and 65% (1.5dB and 60%). Thus, acceptable gains and efficiencies are obtained for the
radiation antenna elements at both the bands, LTE 43 and LTE 46.

As shown in Fig. 15, which displays front-views of the 3D radiation patterns for each one of the eight
antenna elements (Ant1-Ant8) at two frequencies (3.7 and 5.4 GHz, Figs. 15(a) and (b), respectively),
all sides of the smartphone mainboard have been covered by these radiations. Therefore, the designed
MIMO system shows excellent radiation coverage due to its supporting different polarizations which
make it greatly convenient for using in future 5G smartphone applications. Furthermore, each antenna
element of the MIMO system provides a nearly omnidirectional radiation in H-plane and bidirectional
radiation in E-plane at the two aforementioned frequencies, as shown in Fig. 16.

3.2.2. The ECC and TARC

To make certain that the MIMO antenna is able to work appropriately, ECC and TARC are
considered two important parameters that should be used for sufficiently describing the degree of
correlation between antenna elements and properly estimating the whole radiation performance of



24

Aziz and Naji

0, LTE 43 LTE 46
5 311 VSWR \\ ,"’,‘_‘\ -
A3
) 1021 VSWR \i \ /
E - “\/'r R
1
U]E -15 ||| : — 511:844-855: Sgg
b == 823,533,866
20 |l‘: 22:933-366-577
=25
2.5 3 35 4 4.5 5 55 6 6.5
Frequency (GHz)
(a)
0 LTE 43 LTE 46
=S
o) ==S3
@ ...... Sy
® 1 imbertovsd 3
8
g
s
<
2
w2

Frequency (GHz)
(b)

Figure 13. Simulated S-parameters of the 8-element MIMO antenna system. (a) Reflection coefficients

and (b) transmission coefficients.
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Figure 14. Simulated gain (a) and efficiency (b) for the proposed 8-element MIMO antenna system.

MIMO system [35, 36]. ECC(i, j, N) between two antenna elements i and j and TARC characteristics of
N-element MIMO system can be computed from the S-parameters employing the following two formulas

as:

TARC =

2
N
ECC(i,j,N) = n=l (5)
N 1/2
1T {12 Sknsi
k=i,j n=1
VIsis 12+ oot sual® 4 lso 522 oo+ 52l oo [0+ 52+ Sl -

VN
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Figure 15. 3D antenna radiation patterns at (a) 3.7 GHz and (b) 5.4 GHz for the 8-antenna MIMO
system.

Figure 17 displays the computed ECC and TARC characteristics from simulated S parameters of
the MIMO antenna design. As clarified from figures, the calculated ECC (1, 2, 8), ..., ECC (2, 3,
8) and TARC over the two bands of interest, LTE 43 band and LTE 46 band, are less than 0.01 and
—6dB, respectively. Thus, the MIMO system can provide better performance in terms of total efficiency,
radiation, ECC, and TARC besides polarization diversity and dual-band characteristics that make it
appropriate for 5G smartphone antenna designs in LTE bands.
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Figure 16. Simulated 2D antenna radiation patterns at (a) 3.7 GHz and (b) 5.7 GHz for the 8-antenna
MIMO system, Antl (left) to Ant8 (right).
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Figure 17. Simulated (a) ECC and (b) TARC results.

Table 5. Performance comparison between the proposed MIMO antenna array and reported ones.

Ref MIMO Ground Bandwidth Efficiency ECC
' order size (mm?) (MHz) (%) (dB)
400-3800 42-65 (low band
[21] 10 150x 80 540073 (low band) = _ -
5150 5925 (—~6dB) 6282 (high band)
- 5-69.1(low band
24 0 L5080 3003800 55.5-69.1(low band) o
5150 5925 (—~6dB ~  48.9-62.8(high band)
400-3800 51-59 (low band
[25] 8 140x70 3400 (low band) = _ g
5150 5925 (—~6dB) 6280 (high band)
400- —10dB)  50-56 (low band
[26] 8 15075 >H00-3600 ( ) (lowband) -},
5150-5925 (~6dB) 5365 (high band)
1 400-3600 41-82 (low band
27] 8 (?W band) 15080 3400-3 (?w and) <0.15
6 (high band) 5150-5925 (—~6dB) 4779 (high band)
3600-3800 65-73 (low band
proposed 8 15080 (low band) = _ 5

5150-5925 (-6dB)  54-74 (high band)
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(a) (b)

Figure 18. Picture of the fabricated proposed 8-element MIMO antenna system, (a) top layer and
(b) bottom layer. Herein, the SMA connectors for Antl and Ant8 of this prototype are considered the
AUT (antenna under test) were connected to VNA for measuring the S-parameters and the other six
antennas (Ant2-Ant7) were connected to the 50-Ohm matched load (M.L.).

4. THE MEASURED RESULTS OF 8-ELEMENT MIMO SYSTEM

The proposed smartphone antenna is fabricated on a low-cost FR4 substrate with an overall dimension of
80 x 150 x 0.8 mm?, and its S-parameters are measured in the Microwave Laboratory at the Al-Nahrain
University. Front and back views of the prototype are shown in Figs. 18(a) and 18(b), respectively.
During the measurement, a 50 2 matched load (M.L.) is used for the antenna element not under test
for avoiding its influences on the result, and the element antenna(s) under test (AUT) is(are) connected
to the VNA via SMA connectors. Due to symmetry of the 8-element MIMO array, the simulated and
measured S-parameters (reflection coefficients: S17 and S99 and transmission coefficients: So1, So3 and
Sa7) of the fabricated prototype are only the curves depicted in Figs. 19(a) and 19(b), respectively.

LTE 46 0
—S8yy[Sim.] = S3[Sim] = Sy7[Sim.]
_Eg 20k ~ Syp[Mea] == Sa3 lM.] =" 827 [Mea ]|
: 2
i g
— S11[Sim.] iy g -40
-~ 811 [Mea.| i g
— S23[Sim)] 'l"‘f‘ S ok
== S22[Mea.] !?,' ©v
3 35 4 45 5 55 6 80 35 4 45 5 5.5 6
Frequency (GHz) Frequency (GIHz)
(a) (b)

Figure 19. Simulated and measured S-parameters of the 8-element MIMO antenna system. (a)
Reflection coefficients and (b) transmission coefficients.
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As observed, the slots and strip-ring resonators attain good reflection coefficients with appropriate
—6dB impedance bandwidth covering both the LTE 43/46 bands and good isolation performance over
the whole bands of interest. The simulated and measured results are in good agreement, and some
deviations between them are due to the errors during the fabrication, soldering SMAs to the smartphone
mainboard, and measurement processes.

Table 5 summarizes and compares the performance of presented smartphone antenna with that
of the recently reported ones [21,24-27]. It can be noticed that the proposed 8-antenna MIMO array,
compared with the other, can work within both LTE band 43 and LTE band 46. Also, the MIMO
antenna system provides better performance in terms of ECC, less than 0.05. Moreover, good efficiency
with enhancement in pattern and polarization diversity characteristics, covering different directions of
the PCB mainboard, are achieved over the two specified bands. Hence, the proposed MIMO antenna
can be used for 5G smartphone applications.

5. CONCLUSION

A smartphone antenna design for 5G MIMO communications has been proposed in this paper. The
antenna configuration comprises eight single antenna elements which are called strip-ring shaped
microstrip slot antenna (RMSA). This antenna is successfully designed from its counterpart microstrip
patch antenna (MPA) using the theory of Babinet’s principle, and its prototype is fabricated and
measured demonstrating that the LTE 42/43/46 bands have been achieved. In addition, a prototype of
the MIMO antenna smartphone comprises eight RMSAs is manufactured and measured. The measured
results display that all the antenna elements exhibit good impedance bandwidth covering LTE 43 band
(3.6-3.8 GHz) and LTE 46 band (5.150-5.925 GHz) with better isolation, good ECC, and TARC results
besides an acceptable gain and antenna efficiency over the bands of interest. Thus, the attained results
demonstrate that the proposed MIMO antenna design can be used for the future 5G MIMO smartphones.
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