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Abstract— In this paper, two designs of ten port and
fourteen port Massive Multiple-Input—Multiple-Output (MIMO)
arrays are proposed for the Fifth Generation (5G) cellphone
applications. A dual-band ring loop antenna is proposed to cover
the LTE band 42 (3.4 — 3.6 GHz), LTE band 43 (3.6 — 3.8 GHz),
and LTE band 46 (5.15 — 5.925 GHz). The proposed arrays are
designed with changing the battery position and exploiting the
space to add more antennas. Also, better isolation may be
achieved concerning the use of spatial diversity methods on the
antenna components. To achieve higher isolation, the substrate
is formed as the loop antenna elements are printed on a
separated dodecagon FR4 substrate with different orientation
angles. The proposed designs achieve isolation better than -26
dB. Envelope Correlation Coefficient (ECC) based on S-
parameters is found to be better than 0.005 in LTE band 42/43
and 0.006 in LTE band 46. Also, the ECC is calculated based on
far-field radiation patterns and is found to be less than 0.2 in
LTE band 42/43 and less than 0.12 in LTE band 46. The
channel capacities are attained, the 10 x 10 MIMO achieve 57.6
bps/Hz, and the 14 x 14 MIMO achieve 72 bps/Hz. Additionally,
The Specific Absorption Rate (SAR), Diversity Gain (DG), and
the effect of frame insertion on the proposed array are also
discussed.
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I. INTRODUCTION

Nowadays, the next generation of 5G communication
networks has a new vision of offering exceptionally high
data rates in the GHz range, better capacity, lower latency,
100 percent coverage, and a sufficient rise in user Quality of
Service (QoS).[1], [2]. Furthermore, today's smartphones
provide a wide range of applications. As a result,
smartphones should be able to increase signal transmission
performance and operate in many bands. Furthermore, large
MIMO approaches can substantially enhance channel
capacity and spectrum efficiency [3].

Some MIMO antenna designs for 5G cell phones have
recently been presented. Massive MIMO arrays, among the
several methods that can be used, can increase channel
capacity and spectrum efficiency. In reality, the MIMO
approach, which incorporates a high number of antenna
elements into the smartphone device and the base station, is
the crucial technology for future 5G networks. Cramming as
many antennas into a small space will reduce efficiency and
reduce isolation. The traditional 2 x 2 MIMO arrays were
utilized in 4G Long Term Evolution (LTE) networks. It, on
the other hand, cannot afford large data rates. As a result,
arrays of 6 x 6 MIMO, 8 x 8§ MIMO, 10 x 10 MIMO, or 12 x
12 MIMO are now required [4]. LTE 42 (3.4-3.6 GHz),
LTE 43 (3.6-3.8 GHz), and LTE 46 (5.15-5.925 GHz) are
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the three most often used bands in 5G. LTE 42 is a potential
spectrum band for 5G Massive MIMO, and it has been
employed in a variety of MIMO antenna array designs [3].

The LTE band 46 has been chosen as a potential band
for 5G MIMO architecture. Some MIMO antenna array
designs for 5G cell phones have recently been presented.
The researchers offered several numbers of antenna
elements to cover one 5G band [4] - [5], two 5G bands [3],
or three 5G bands [6]-[7]. In reference [3], eight ports array
design for a 5G smartphone was proposed. The antenna
element is a dual-band antenna composed of a monopole
antenna (U-shaped) with an open slot antenna (L-shaped).
The design covered both LTE band 42 and LTE band 46. It
obtained total efficiency of more than 50%, isolations >12
dB, ECC coefficients < 0.1, and channel capacity equal to
39.7 bps/Hz. But more antenna elements can be added in the
same size. Another design was proposed in [5], where four
compact self-decoupled antennas were used in 150 x 73
mm?2 ground size, covering only the LTE band 42. The
antenna pair were self-decoupled with isolation of 17 dB,
and ECC < 0.1. But that design used a small number of
antennas, and the LTE band 46 is not covered.

In reference [6], a design of a MIMO array with 12
antenna elements was used in 150 x 80 mm2 ground size. It
used three types of antennas: an inverted n-shaped antenna
and two open slot antennas that are longer and shorter
inverted L-shaped. The design achieved an isolation —12 dB,
and total efficiency > 40%, ECC < 0.15, and ergodic
capacity about 34 bps/Hz. But not the twelve antennas were
used to cover both LTE bands 42/43 and 46. In Ref. [7], a
design of an 8-antenna array for 5G applications. The design
covers the entire 5G NR Band (n77/n78/n79) and LTE Band
46. It demonstrated an ECC of < 0.1, an efficiency of more
than 41%, and a peak channel capacity of 39 bps/Hz.
Another design was proposed in [8], which used 8 antennas
to cover only LTE band 42, achieving isolation equal to 20
dB and ECC < 0.0125. But, the high band LTE 46 is not
covered and more antennas can be added. In Ref. [9], and
eight ports array in a metal frame design was proposed to
cover LTE bands 41/42/43. It achieved isolation about 11
dB, ECC values < 0.2. But, the high band LTE 46 is not
covered. In Ref. [10], A MIMO antenna array for metal-
frame smartphone applications using 5G New Radio (5G
NR) is suggested. The MIMO array is created by inserting
eight identical antennas (Antl~ Ant8) into the smartphone's
metal frame. Each antenna element is a slot antenna,
consisting of an L-shaped open slot and a 50 microstrip feed
line, with an antenna efficiency of 50-82 percent and an
ECC of 0.11.
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Ref. [11], demonstrated an ultra-wideband MIMO
system with high isolation for use in 5G metal frame
smartphones. On the metal, there are C-shaped and T-
shaped slots. To increase the isolation of the MIMO antenna
system there is a modified H-shaped slot between each
antenna element. The MIMO array has a 58 % bandwidth
extending from 3.3 to 6 GHz, with isolation exceeding 18
dB and the ECC is below 0.05.

Ref. [12], proposes a massive MIMO-enabled antenna
terminal for future 5G communications. It houses ten
identical antennas, where each antenna is a slot on the
ground plane fed with an inverted-F stub (IFS) feed on the
top plane. This structure produces a wide impedance
bandwidth (IBW) by combining different resonant modes to
cover all the proposed bands in the range of 3.2—-6.1 GHz for
5G mobile communications. Ref. [13], presents a 4 X 4
MIMO antenna array with wideband performance. It is
composed of two PIFA-pairs: a planar inverted-F antenna
(PIFA) with an inverted-T-shaped open slot. The proposed
PIFA covers the 5G NR frequency bands: n77/n78/n79 and
LTE band 46. Additionally, the isolation between two PIFA-
elements in a PIFA-pair is higher than 10 dB across the
broadband.

A self-isolated 10-element antenna array is proposed in
[14], to cover the LTE band 42 for 5G massive MIMO
smartphone applications. The antenna structure is a shorted
loop antenna resonating at half-wavelength mode. It is a
printed, shorted, and compact loop antenna with a total
footprint area of 6x6.5 mm2 (143 x 13.2). A small
capacitive coupling flag-shaped strip is used to excite the
antenna. The design shows isolation better than -10 dB, and
total efficiency > 65% ECC below 0.055. Ref. [15], presents
a six-port MIMO array for hybridization of 5G and LTE-A
4G smartphone applications. Each antenna element consists

of a step-shaped feed line and an annular ring shape. The
design covers LTE bands 40/41, 5G New Radio sub 6 GHz
n77/n78/m79, and WLAN frequency bands. It achieved
isolation of -20dB, gain > 3dBi, efficiency > 70%, ECC <
0.01 and, channel capacity equal 32 bps/Hz.

In Ref[16], an inverted L-shaped monopole eight
elements MIMO system is presented. The design consists of
eight inverted L-shaped elements and parasitic L-shaped
strips extending from the ground plane. The system is
designed to cover the band 3.3 — 3.7 GHz. The design
achieved isolation greater than 15 dB, a gain of 4 dBi, ECC
< 0.1, and a channel capacity of 38.1bps/Hz. Table 1 shows
a comparison between different MIMO antenna arrays for
5G smartphone applications.

In this paper, 10 port and 14 port multi-band MIMO
antenna arrays are proposed for 5G smartphones to cover
both the LTE bands 42/43 and LTE 46. Firstly, ten ring loop
antenna elements are integrated into the PCB and the cell
phone battery is designed to be in the corner of the handset.
The proposed 10 x 10 MIMO array is simulated and then
fabricated. Secondly, we modified the 10 port MIMO array
to be 14 port array by removing the phone battery from the
corner and adding four antenna elements. The CST
Microwave Studio is used to obtain the simulated results.
The S-parameters are calculated and compared with the
measured counterpart. The proposed designs achieve vital
results in terms of good isolation below -26 dB, lower ECC
value, and high ergodic channel capacities across the
operating bands. Additionally, SAR, DG values, and the
effect of frame insertion on the proposed array are also
discussed.

TABLE 1 A comparison between different MIMO antennas for SG MIMO smartphone applications
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II.  PROPOSED MIMO ARRAY DESIGN

A. Antenna Element

Figure 1 depicts the geometry of the proposed antenna,
while Table 2 lists the antenna's dimensions. The proposed
antenna element is a ring loop antenna, where the Space-
filling curve of order 3 was used to design the loop (Hilbert
curves) [17]. Hilbert curve is used to reduce the size of the
antenna as well as to get multiple resonances to cover
multiple bands: LTE band 42 (3.4 -3.6 GHz), LTE band 43
(3.6 -3.8 GHz), and LTE band 46 (5.15 -5.925 GHz). The
total length of the Hilbert curve increases when increasing
the iteration stage while keeping the overall space of the
entire geometry fixed. So that we selected order 3 which
enables us to design the antenna element with dimensions
17.4 x 12.8 mm with a width of 0.9 mm. The proposed loop
antenna consists of a loop strip with a length of about 0.5 A.
The loop strip is meandered to save space and bent to
generate four resonant modes, the 0.5A, 1 A, 1.5 A modes,
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and a higher mode 2\ mode. The proposed antenna is a dual-
band antenna to cover the LTE bands 42/43 and LTE band
46 for the 5G cell phone applications.

The antenna element is constructed as a stacked antenna
as shown in Figure 1 (a), where it consists of a lower printed
loop antenna fabricated from copper material shown in
Figure 2(b) and an upper loop antenna with dimensions
shown in Figure 2(c), and between them, two layers of an
FR4 dodecagon substrate, each of 1.5mm thickness, are
inserted. Furthermore, as shown in Figure 1 (a), the
dodecagon design was deliberately chosen since it has 12
sides, allowing the antenna to be rotated by 30 degrees.



TABLE 2: Dimensions of ring loop antenna

Item Value Item Value
L 17.4 mm W1 1.2 mm
w 12.8 mm w2 4.8 mm
L1 4.6mm w3 5.1 mm
L2 8.9mm W4 6 mm
L3 3.1 mm W5 0.9 mm
L4 4.3 mm w6 2.6 mm

535 mm
[ p—

g

K

(e

(©)

Fig. 1. The proposed antenna Geometry, (a) The stacked loop antenna

with formed FR4 substrate, (b) Lower loop antenna, (c) Upper loop

antenna
In addition, the down layer of dodecagon substrate is

made by cutting some areas, with the impact of producing
the substrate taken into consideration. The resonant
frequency and bandwidth are shifted as the substrate is
formed. Figure 2 shows the design steps of the main element
where stepl: the loop antenna is printed on the FR4
substrate with a thickness of 1.5 mm and ground plane. Step
2: Add a layer of dodecagon substrate with a thickness of
1.5 mm. step 3: etching some parts from the dodecagon
substrate for SMA terminals and for enhancement of the S-
parameter. Step 4 add another layer of dodecagon FR4
substrate that justified the position of the resonance
frequencies. Step 5 printing another loop antenna on the
upper dodecagon FR4 substrate that enhanced the matching
of the antenna through the desired bands.

(d)

Fig. 2. Fabrication Steps: (a)
Step 1, (b) Step 2, (c) Step 3,
(d) Step 4, (e) Step 5
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Figure 3 shows the S-Parameter (S;;) for the main
antenna element for each design step shown in figure 2.

5 Parameatear (dB)
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Fig. 3. S-Parameters of the main antenna element according to figure 2
The surface current density distributions of the
proposed antenna are shown in Figures 4 (a) and (b) at
resonance frequencies of 3.6 GHz and 5.5 GHz,
respectively.
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Fig. 4. Surface current density distributions of the antenna at (a) 3.6
GHz, and (b) 5.5 GHz.

Table 3 shows a parametric study on two elements array
(Ant 1 and Ant 2) with different orientation angles, where
Ant 1 is fixed orientation and Ant 2 is rotated by angle 30°.
To show the effect of the orientation angle on the isolation
(S21) and ECC values calculated from both the S parameter
and Far field Radiation Patterns. From this figure, it is
concluded that the orientation angles 120° and 330 © are the
optimum angles. Table 4 shows the spacing effect between
two elements array on coupling. From this table, it can be
concluded that when the distance between the two adjacent
elements is reduced the isolation is reduced and the ECC
value is increased. Also, when the distance between the two-
dodecagon substrate reduced to reach zero, the isolation
reached 18 dB and 23 dB in the LTE band 42/43 and LTE
band 46 respectively. It is a very good isolation value, but
for the proposed array, there is a distance between the
adjacent elements that can connect the SMA connector for
measuring purposes. Figure 5 shows the directivity and
efficiency of the main element. The proposed antenna
element covers
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Fig. 5. Main antenna element (a) Directivity (b) Total efficiency

TABLE 3 A parametric study on two elements array with different orientation angles

Isolation (S,;) dB ECC from the S ECC from Far field
Angle 23 parameter Radiation Patterns
LTE 42/43 LTE 46 | LTE 42/43 LTE 46 LTE 42/43 | LTE 46
0° 229 26.8 0.0011 0.0015 0.19 0.025
30° 27 26.1 0.0016 0.0015 0.09 0.03
| l o e | 60° 25.8 24.76 0.00198 0.00263 0.1 0.016
=) 4 F
-"]-IIL-l Ay —=|||— —
|_ l ‘J 90° 29.04 27.17 0.00054 0.0016 0.19 0
.._1- \‘ _'I ,-" L |—_||—|
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Isolation (S,) dB ECC from the S ECC from Far field
Angle Z3 parameter Radiation Patterns
LTE 42/43 LTE 46 | LTE 42/43 LTE 46 | LTE 42/43 | LTE 46
I =
AT N
—=ul . | |o1200 37.7 274 0 0.0009 0.28 0
| 4 1
i e
] l | 150° 333 244 0 0.00087 0.33 0.03
il )
b 180° 253 22.62 0.0023 0.0047 0.41 0.026
i [Iqujll\_\. y
ﬂﬂ l 210° 25 18.48 0.0036 0.0078 0.22 0.024
P
i ;l-"
e T ;e'l.-'_ -
; 240° 25.6 17.1 0.004 0.01 0.2 0.037
270° 26.5 17.6 0.003 0.008 0.3 0.027
300° 26.3 19 0.0038 0.0033 0.32 0.01
' 330° 30.4 21.7 0.001 0.0014 0.14 0.019

TABLE 4 the spacing effect between two elements array on coupling

. ECC from Far field Radiation
Isolation (S,;) dB
Distance (L) in (mm) solation (S5)) Patterns
LTE42/43 | LTE46 | LTE 42/43 LTE 46
28 24 0.095 0.06
=
St
27 25 0.11 0.061
P
\/ 25.6 25.9 0.14 0.061
—
/,__;\\ 23.6 26 0.18 0.061
R
(= Entlie 21.4 25 0.21 0.06
Bl re=r]
B 4
18 23 0.28 0.06
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B. Ten Port MIMO Array Structure

Figure 6 illustrates the architecture and dimensions of
the proposed 10 port array. The proposed design architecture
includes dimensions of 150 mm x 80 mm % 8 mm. The
mobile phone battery and the LCD screen are both made of
metal. The battery is designed to be in the lower-left corner
of the mobile phone, with dimensions of 50 X 70 X 6 mm3.
The battery block is specified as copper in the simulation.
The two hatched blocks in Figure 6 (a), each has dimensions
of 7 mm x 35 mm, are designated for housing 3G/4G
antennas, it will be copper areas.
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s, dodacagon
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= Third FRa layer
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2I TCW Plats Fime
X
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Fig. 6. Architecture and detailed dimensions of the proposed array (a)
Phone geometry, (b) top view, and (c). Side view
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The simulated S-parameter of the proposed array was
calculated wusing the full-wave Computer Simulation
Technology (CST) microwave studio version 2021. Figure 7
investigates the simulated S-parameter, where the reflection
coefficients of thel0 antenna elements are shown.

The proposed antennas cover both the LTE band 42/43
and band 46 below - 6 dB bandwidth. Also, the isolation
between every two adjacent antennas is investigated in
Figure 7 (b), and very good isolations are achieved. For LTE
band 42/43, the isolation values ranged from -22 dB to — 43
dB, whereas for LTE band 46, the values ranged from -22
dB to -50 dB, achieving good spatial diversity.
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Fig. 7. The Simulated S-Parameter of (thze proposed array, (a) Reflection
coefficient, and (b) Isolation between the adjacent ports.

Figure 8 shows the manufactured 10 port MIMO array,
which is made up of four layers. The PCB layer is the first
layer, which is made of FR4 material (loss tangent 0.02 and
relative permittivity 4.4). From the bottom, a layer of copper
covers it, while the copper just covers the battery and 3G/4G
areas from the top. The second layer is a substrate layer
made of FR4 material, printed on its top ten copper
antennas, with ten SMA connectors for testing. The third
layer is made up of 10 interconnected formed dodecagons.
Ten loop antennas are printed on a ten dodecagon FR4
substrate as the fourth layer.



(d)

Fig. 8. The fabricated layers, (a) layerl, (b) layer 2, (c) layer 3, (d) layer4.

The proposed MIMO array design's integration steps are
shown in figure 9. Figure 9 (a) investigates the first step, in
which the second layer is placed on the PCB layer, Figure 9
(b) depicts the instruction of the third layer over the second
and first layers, and Figure 9 (c) depicts the complete
structure of the 10 MIMO antenna array. The 10 antenna
components are glued together and printed on the same
substrate layer's identical surface. It's worth noting that the
phone's LCM plate is considered by the ground plane.
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Fig. 9. Integration Steps, (a) The second layer on the PCB layer, (b) The
third layer over the second and first layers, and (c) the complete structure
of the 10 MIMO array.

C. 14 Port MIMO Array Structure

In this section, we modified the 10-port array to be 14
port array of the same size as the phone. Achieving good
ECC values and isolation. The architecture and dimensions
of the suggested 14 antenna array are shown in Figure 10.
Where the architecture and dimensions of the proposed
mobile phone are the same as mentioned in section 2.2. It is
used the same type of antenna element (ring loop antenna)
with the same dimensions. But we removed the battery
block from the lower-left corner to be in the center for
exploiting this area by adding four antenna elements (Ant 11
- Ant 14) with a spacing of 5 mm between them to keep the
isolation.

The dimensions of the battery used in the fourteen-port
array will be different from the battery used in the ten port
array. The battery dimensions will be 31 x 51 x 6 mm [18].
Besides that, those antennas were added at certain angles to
reduce the mutual coupling between them. Where Ant 11 is
rotated by angle - 30° from the positive x-axis, Ant 12 is
rotated by angle 210° from the positive x-axis, Ant 13 is



directed toward the positive x-axis, and Ant 14 is rotated by
angle 60° from the positive x-axis. LE
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Fig. 11. The Simulated S-Parameter, (a) reflection coefficient of Ant 11 —
Ant 14, (b) Isolation between adjacent ports (Ant 11 — Ant 14)
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Fig. 10. Architecture of the proposed 14-port array (a) Geometry of the
mobile phone, (b) Top view, (c) Side view

Figure 11 investigates the simulated S parameter for
only the added ports (Ant 11 — Ant 14), using the CST
microwave studio version 2021. Furthermore, Figure 12
shows the surface current distribution for the 10 port MIMO
array as in figure 12 (a), and 14 port array as in figure 12
(b), also the current distribution for the single element is
shown in figure 12 (c).
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Fig. 12. Surface current distribution at 3.5 GHz (a) 10 port MIMO array
(b) 14 port MIMO array, (c) single element

III. RESULTS AND DISCUSSION

The proposed 10 port MIMO array was built and tested
as illustrated in Fig. 9. For briefly, only six antennas were
used in the tests, Ants 1, 2, 3, 6, 9, and 10. By comparing
computed and measured data, the performance of the
suggested dual-band MIMO array will be described in this
part. On the other hand, only the simulated results for the 14
port array are considered. The observed S-parameters
(isolation and reflection coefficients), the ECC parameter,
and Ergodic Channel Capacities will be reviewed. Also, the
features of radiation patterns and SAR values are studied.

A. S Parameters

Figure 13 illustrates the proposed prototype's measured
S-parameters. As observed, the measured S-parameters
correspond well with the simulated equivalent. Even so,
there are some minor variations between the simulated and
measured results. This might be related to minor fabrication
tolerances or inaccuracies, as well as the SMA connector's
insertion. Fig. 13 (a) depicts the proposed dual-band MIMO
array's measured and computed reflection coefficients.

-m-:_ 28dB A
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g <N Q/ £
% M ]J :H.' |
: ™ g\ V‘

80+ E

25 30 35 40 45 50 45 00 €5 70
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Fig.13. Measured S parameters, (a) Reflection coefficients & simulated
results (b) Isolation.

The lower band's fraction bandwidths ranged from (8.5 -
14 %), while the upper band's fraction bandwidths ranged
from (10 to 47.61 %), covering both LTE bands 42/43 and
46. Fig. 13 (b) depicts the equivalent isolations between the
neighboring antennas of the dual-band antenna components.
The isolation was below - 26 dB, as indicated in this figure.
The measurement results reveal that the suggested MIMO
architecture has good isolation and reflection coefficients,
allowing it to completely cover LTE bands 42/43 and 46.

B. MIMO Performances

e  Total Efficiency

The simulated overall efficiencies for the 14 antennas are
shown in Figure 14. The acquired results were achieved
when only one antenna element was excited and the
remaining thirteen antennas were all matched. Efficiencies
for the lower band (LTE bands 42/43), as indicated in this
graph, were about 40 %. Furthermore, overall efficiencies

T T - for the higher band (LTE Band 46) are about 65 %. The total
M ~. efficiency evaluation has been influenced by mutual
B- ”m ﬁ:‘_—; 3 Y\ coupling losses, mismatching, and radiation.
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Fig. 14. Total efficiencies for the proposed dual-band 14 port MIMO array

e Envelope Correlation Coefficient (ECC)

The ECC coefficient is calculated from the S parameter
based on formula (1) [19]. For the two LTE bands (LTE
band 42/43 and LTE band 46), Fig. 15 shows the ECC



values for nearby antenna pairs. In this figure, the ECC
values calculated from the S parameter are less than 0.005 in
LTE band 42/43 and less than 0.006 in LTE band 46, and
then calculated from three-dimensional far-field radiation
patterns are < 0.2 in LTE band 42/43 and < 0.12 in LTE
band 46, which meets the acceptable ECC criteria of less
than 0.5. Due to the asymmetry of the main element rotating
the antenna elements reduces the coupling between the
adjacent antennas. As a result, we get a small ECC value. So
that, the suggested 14 x 14 array can attain an appropriate
variety of features based on these results.
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For a more accurate calculation of ECC.
calculated from three-dimensional far-field
patterns [20] as:
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where XPR = P, /Py is the cross discrimination ratio

between vertical and horizontal polarized power
components, and Eg; Eg;, Ey;, Eg; are the field

components of i and j ports in elevation and azimuth
directions, respectively. Pg and Py are the elevational and

azimuthal angular power spectrum (APS) distribution.
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e Channel Capacity

Typically, the Shannon formula (3) is used to calculate
the ergodic channel capacity of a MIMO system. When
estimating the MIMO array's channel capacity, the MIMO
system's channel model should be chosen first, with the ray-
tracing model or a comparable statistical model being
utilized in most cases. As a result, the correlation matrix
approach is used to compute the channel capacity of the
proposed 10x10 and 14x14 MIMO arrays [9].

C =log,det ([+H%HHH)

3)

where I is the identity matrix, SNR is the mean SNR. H

is the channel matrix, and HH is the Hermitian transpose of
the matrix. The matrix HH¥ has a rank of K. The key to

estimating the channel capacity using the correlation matrix
approach is to find out the channel matrix [H] using the
statistical method. The antennas on the transmitter and
receiver sides of the proposed MIMO array are distanced by
a quarter wavelength under non-line of sight conditions.
Figure 16 shows the calculated capacity for the proposed
10x10 and 14 x14 MIMO arrays. Considering simulated
efficiencies and averaging 1000000 Rayleigh fading
realizations with SNR equal 20 dB in the identically and
independently dispersed propagation condition. For the
lower band (LTE 42/43), the computed channel capacities of
10x10 and 14x14 arrays are roughly 27.1 bps/Hz and 40
bps/Hz respectively. But, for the higher band (LTE 46), the
computed capacities of 10x10 and 14x14 arrays are roughly
57.6 bps/Hz and 72 bps/Hz respectively. When the number
of antenna elements is increased from 10 to 14, the channel
capacity is increased by around 20%.
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e Diversity Gain (DG)

The following formula is used to compute the DG
values (dB) [21].

DG = 10,/1—|ECC|? (4)

Figure 17 illustrates the proposed 14 x 14 MIMO array's
DG values. In the LTE bands 42/43 and 46, due to the lower
ECC values, the DG values are around 10 dB. Industry
guidelines mandate that DG values be about 10dB to
function better in real-world situations and provide better
service. As shown in Figure 16, the proposed MIMO array
is ideally suited to fulfill the need of industry standards.
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Fig. 17. Diversity Gain values for the Proposed 14 x 14 MIMO array

e  Specific Absorption Rate (SAR)

The effect of the human body on the proposed array is
also taken into account. In CST MWS, the built-in voxel
model is used to simulate human tissues. The Gustav voxel
model was used to explore the influence of human proximity
on array performance.

Figure 18 investigates the simulated SAR values for the
head phantom with the antenna array closer to the human
head. The simulation is run with the human hand present,
averaged over the volume of 10 g of tissue, according to the
IEC/IEEE 62704-1 averaging method [22]. Fig. 18
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demonstrates that the SAR values for ant 1, ant 3, ant 5, and
7 are 0.0097 - 0.0333 W/kg, which are lower than the
maximum standard values. Where the maximum allowable
level is 1.6 W/Kg averaged over 1 g of tissue and 2.0 W/Kg
averaged over 10 g of tissue.

Ant 1

»

Ant 5 Ant 7
Fig. 18. Simulated SAR values at 3.5 GHz for antl, ant 3, ant 5, and ant7

e Radiation pattern

Figure 19 investigates the 3D radiation patterns of the
proposed antennas. For briefly, the radiation patterns of the
Ant 1 and Ant 2 are presented at resonance frequencies
3.5GHz and 5.3GHz. As shown in Fig. 15 (a) and (b), The
radiation patterns of the antennas are directed in different
Phi angles and this is due to the different orientation angles
of the antennas. Thereby demonstrating pattern diversity
feature.

Ant 1

phi=137° phi =224°

@

Ant 1 Ant 2
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Fig. 19. Simulated 3D radiation patterns, (a) at 3.5 GHz, (b) at 5.3 GHz

e Effect of mobile frame

In this section, the effect of two types of mobile frames
(plastic frame and metal ring frame) are investigated. Figure
19 shows the simulated design for the proposed 14x14
MIMO array with a plastic frame as in figure 20 (a) and a
metal frame as in figure 20 (b).

b
Fig. 20. Proposed 14x14 MIMO z(irzay with mobile Frame, (a) Plastic
frame, (b) Metal Frame.

Figure 21 shows the effect of the frame insertion on the
reflection coefficient of ant 1. From fig. 21 (a), it is observed
that the plastic frame enhances the performance of ant 1
more than in the case without a frame. It fully covers both
LTE band 42/43 and LTE band 46. But in the case of a
metal frame, the reflection coefficient of ant 1 is affected by
the metal. The bandwidth is reduced and did not cover the
entire required bands. Besides that, fig. 21 (b) shows the
effect of head phantom (call mode) on the reflection
coefficient of ant 1 in the case of the mobile plastic frame
and without a frame. It can be seen that in the case of
without frame, the performance of Antenna 1 was slightly
affected by the presence of the head phantom, especially in
the higher band. But, in the case of a plastic frame, the
reflection coefficient of ant 1 remained stable as it is with
the present head phantom.
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Fig. 21. Effect of frame insertion on the reflection coefficient of ant 1 (a)
Absence of a head phantom, (b) In case of a head phantom

Figure 22 shows the effect of the plastic and metal frame
on the antenna efficiency. For briefly, only antennas 1, 2,
and 3 have been shown. From this figure, in the case of
using the plastic frame, the efficiency of the antennas
changed by a very small value. But in the case of using the
metal frame, it is noted that the efficiency of the antennas
was affected. From figure 22, the efficiency of antl equals
61.78 % without a frame and reached 63.26 % with a plastic
frame and reduced to 59.5 % with metal frame. Also the
efficiency of ant 2 in case of no frame is equal 65.9 % and in
case of plastic frame is 65.9 % with no change, but in case
of metal frame, the efficiency reduced to 51.3 %.

Furthermore, figure 23 shows the ECC values for three
adjacent antennas 1,2, and 3 under the effect of frame
insertion, whereas table 5 shows the ECC values between
ant 1&2 and ant 2&3 in three cases.
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Fig. 22. Total Efficiency for the proposed array under frame effect
TABLE 5: The ECC values under the effect of frame insertion

Case / ECC from S- ECC between ant | E CC between ant
Parameter 1 and ant 2 2 and ant 3
Without frame 0.005 0.0043
With plastic frame 0.0029 0.0039
With metal frame 0.0154 0.0067
(ETEoyIHele ‘fro.m ECC between ant E CC between ant
Farfield Radiation
1 and ant 2 2 and ant 3
Patterns
Without frame 0.15 0.14
With plastic frame 0.18 0.09
With metal frame 0.29 0.1

From table 5, it is indicated that the frame insertion also
affected the ECC values, where in the case of the plastic
frame, the ECC values are reduced than in the case of no
frame, but in the case of the metal frame, the ECC values are
increased than the other cases. As a result, the plastic frame
improves the performance of the system, unlike the metal
frame, which affects it.
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Fig. 23. ECC values for the proposed array under frame (a) ECC
from S- Parameter (b) ECC from Farfield Radiation Patterns

Figure 24 presents the effect of the frame insertion on
the radiation pattern for the proposed array at 3.5 GHz. For
briefly, only the 2D radiation pattern of ant 1 is presented.
From this figure, it can be indicated that the radiation
patterns of the proposed array are affected by the metal
frame more than the plastic frame. Table 6 states the
direction of the main lobe for ants 1-3. In the case of the
plastic frame, it can observe that the direction of the main
lobe of ant 1 and ant 3 are not affected, but ant 2 changed by
a small difference angle of 7°. On the other hand, in the case
of the metal frame, antl is slightly affected, but ants 2, and 3
are highly affected compared to those without a frame case.
Where. The main lobe of ant 2 and ant 3 have different
angles 52° and 52° respectively.

TABLE 6: Main lobe direction of ants 1-3 under frame insertion

Main lobe direction
Case
ant 1 ant 2 ant 3
Without frame Phi=37° Phi=17° Phi= 347"
Plastic frame Phi=37° Phi=24° Phi = 346"
Metal frame Phi =32° Phi = 325" Phi=29°
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Fig. 24. 2D radiation pattern at 3.5 GHz for antl ant3 under frame
effect: (a) Ant 1 w/o frame, (b) Ant 1 with plastic frame, (c) Ant 1 with
metal frame

Figure 25 investigates the 3D radiation pattern for ant 1
at 3.5 GHz under the effect of frame insertion. Figure 25 (a)
shows the case without a frame, where the radiation pattern
of ant 1 has large back radiation. On the other hand, fig. 25
(b) shows the plastic frame case, the radiation pattern of ant
1 becomes more directive with lower back radiations. From
all the previous results, the plastic frame is the preferred in
smartphone designs
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Fig. 25. 3D radiation pattern for ant 1 at 3.5 GHz (a) Without a frame, (b)
With a plastic frame.

IV. PERFORMANCE COMPARISON

Table 7 shows a comparison between the proposed
MIMO arrays and those previously reported for mobile
handsets. From this Table, The proposed design can support
dual-band massive MIMO covering LTE bands 42/43 band
46, while references [5], [8], and [9], do not cover LTE band
46. It has a large MIMO order of 14x 14, achieving a higher
capacity of 72 bps/Hz through LTE band 46. It has exhibited
the lowest isolation and ECC values in both LTE band 42/43
and LTE band 46 among all. This is a unique feature that all
the references do not have.

V. CONCLUSIONS

In this paper, a dual-band ring loop antenna was
proposed to cover the LTE bands 42/43 (3.4 — 3.8 GHz) and
LTE band 46 (5.15 — 5.925 GHz). Two designs of ten port
and fourteen port Massive Multi-Input Multi-Output
(MIMO) arrays were proposed for 5G cellphone
applications. The proposed arrays were designed with
changing the battery position and exploiting the space to add
more antennas. The proposed ten port array was
manufactured and tested. The proposed designs achieved
good isolation below -26 dB to -40 dB, ECC calculated by
two methods from S parameter are less than 0.005 in LTE
band 42/43 and less than 0.006 in LTE band 46, and then
calculated from far-field radiation patterns are < 0.2 in LTE
band 42/43 and < 0.12 in LTE band 46. . Also, the channel
capacities were attained, the 10 x 10 MIMO achieved 57.6
bps/Hz, and the 14 x 14 MIMO achieved 72 bps/Hz.
Furthermore, SAR, DG, and the effect of frame insertion on
the proposed array were also discussed.



TABLE 7 A comparison of the proposed MIMO arrays with other References.

Total efficiency (%) ECC Capacity (bps/Hz)
Ground . SNR=20dB MIMO
Ref. Size (mm?) -6 dB Bandwidth (GHz) LTE LTE Order
LTE 42/43 LTE 46 243 LTE 46 42/43 LTE 46
[6] 15080 LTE 42/43 LTE 46 41-82 47-79 <0.15 <0.1 37 29.5 8x8(LB),
' ' ' 6 x 6 (HB)
[3] 15075 LTE 42 LTE 46 50-56 53-65 <0.1 <0.04 38.8 39.7 8x8
LTE 41/42 48 - 66, <0.2,
] 150%76.6 LTE 43 - 44-59 - <0.05 - 383 - 88
[8] 15075 LTE 42 - 60 - <0.0125 - 34 - 8 x8
[5] 15073 LTE 42 - 58 - <0.1 - 16-19 - 4 x4
[23] 150%62.7 LTE 42/43 LTE 46 52.4-71.7 48.9-75.4 <0.1 <0.1 433 41.6 8 x 10
<0.005 <0.006 27.1 57.6 10 x 10
Proposed 150x80 LTE 42/43 LTE 46 40 65
<0.2 <0.15 40 72 14 x 14
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