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Sub-6 GHz Metallic via Integrated MIMO Antenna Array
for 5G Smartphone

Inderpreet Kaur!, Banani Basu? *, and Anil K. Singh?

Abstract—A miniaturized and closely packed eight element annular ring multiple-input multiple-
output (MIMO) antenna array is designed to operate from the 3 to 6 GHz band for 5G smartphone
applications. In MIMO, the orthogonally placed antenna pairs maintain high isolation. The proposed
decoupling structures placed between two adjacent antenna pairs improve the isolation. The decoupling
structure consists of a rectangular metallic strip with metallic vias that reduces the mutual coupling
and excites the additional modes to extend the bandwidth from 3 to 6 GHz. The MIMO structure
offers isolation of more than 24 dB, ECC of less than 0.1, TARC of less than 7dB over the complete
operation band, DG of 10dB, and more than 95% efficiency. The specific absorption rates (SARs) of the
antenna placed in the human head and hand models are 0.41 W/kg and 0.66 W /kg, respectively. The
performance obtained with the fabricated prototype offers excellent matching with that of the simulated
ones.

1. INTRODUCTION

MIMO technology has been found crucial for 5G smartphones. However, as multiple antennas are
packed into a smartphone’s limited area, antenna elements become densely linked, resulting in low
isolation, reduced antenna efficiency, and high SAR values. In recent years, there has been a growing
demand for compact-sized antennas with enhanced bandwidth and an increased number of ports in
various wireless communication applications. The isolation between ports has emerged as a crucial
parameter for achieving optimal performance. However, achieving high isolation while maintaining the
compactness of the antenna remains a significant challenge. Several studies have been conducted in
the field of antenna design to address these requirements. There exist several approaches that can help
increase isolation [1-15]. A neutralization line presented in [1-3], a common ground plane technique
reported in [4,5], and a gap-coupled feeding arrangement adopted in [6, 7] are the methods employed to
mitigate the mutual coupling. Due to smaller size, the structures have limited impedance bandwidth,
which is insufficient to cover the requisite operating bands. A T-shaped ground stub along with a split
U-shaped stub connected to the radiating elements has been used in [8] to improve the isolation and
impedance bandwidth. [9] has proposed a parasitic strip and defected ground structure with engraving
slits on the ground to achieve broadband and good isolation. In [10], two G-shaped elements in the
upper layer and two inverted L protruding branches and a T slot etched in the ground have been utilized
to reduce the mutual coupling. [11] has presented a 4-port MIMO antenna with diamond-shaped slots
and a defective ground structure for 5G applications. The article [12] has described a hybrid loop/open-
slot antenna to excite additional modes for an LTE smartphone application. The eight off-centred fed
modified rectangular open-loop resonating radiators with circular polarization (CP) behaviour have
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been realised by utilising a narrow slit on the loop and a modified ground plane [13]. A high-isolation
printed eight-element array operating at 3.45 GHz (3.3-3.6 GHz) has been investigated in [14]. The array
elements are placed on the side-edge of the frame symmetrically, to achieve good isolation by employing
hybrid decoupling structures [15]. Low correlation and high isolation are the fundamental requirements
for MIMO systems. [16] has employed a decoupling technique, via embedded metallic strips, to enhance
the isolation and extend the bandwidth. The number of antenna elements in a MIMO system increases
data rates and channel capacity. However, as the number of elements increases, so does the overall
system’s complexity, due to the increasing correlation among elements. As a result, low correlation
and high isolation are fundamental requirements for MIMO systems. The proposed work is focused
on the design of a compact-sized antenna with enhanced bandwidth and increased port count while
prioritizing isolation as the main parameter. The physical dimensions of the proposed 8-element MIMO
are 0.81A x 0.81\ which is the smallest ever reported. The metallic vias offer an impressive isolation level
of more than 20 dB all over the operating band. MIMO arrays employ the new decoupling technique, a
via on the metallic strip which not only enhances the isolation but also extends the bandwidth indicating
promising advancements in achieving high-performance compact antenna designs. The MIMO antenna
system offers bandwidth from 3 to 6 GHz, envelope correlation coefficient (ECC) up to 0.05, total active
reflection coefficient (TARC) of —18dB, and channel capacity loss of 0.4 bits/s/Hz.

2. ANTENNA DESIGN

The number of antenna elements chosen for a MIMO system may vary based on the application,
available resources, and system requirements. We have proposed an eight elements MIMO antenna
array to achieve substantially improved channel capacity, reliability, interference mitigation, and spatial
processing capabilities. We have designed the three 2-element MIMO arrays, namely Models I, II, and
I1I, and subsequently presented the models in Figs. 1(a), (b), and (c), respectively. Model I comprises
two circular patches of radius r1 with a microstrip feed etched on FR4 having a permittivity of 4.4. The
corresponding Si1, S22, and Si2 values are presented in Figs. 1(d), (e), (f), indicating poor impedance
matching and inadequate isolation. So, Model II, the ring antenna having outer radius r1 and inner
radius 72, is derived from Model I, which offers distinct improvement in S7; with a return loss minimum
of —27dB and low mutual coupling. Next, the ring has been loaded with a slot to further enhance the
S11 parameter up to —30dB. This progression in design showcases improved impedance matching and
isolation, as shown in Figs. 1(d), (e), (f). Another set of similar antenna pair, including a 2-element
slotted ring antenna, has been integrated with Model III. The resulting four-port array is presented in
the inset picture of Figs. 2(a) and (b). The corresponding reflection and isolation parameters of the
array are presented in Figs. 2(a) and (b). It is seen from Fig. 2(a) that the addition of the two more
elements makes the circuit inductive and shifts the resonance towards the right-hand side. Finally,
two more pairs are symmetrically added, resulting in an eight ports MIMO array as in Figs. 2(c)
and (d) (inset). The simulated reflection coefficients of the 8-port structure are shown in Fig. 2(c).
The orthogonal elements in this configuration exhibit good isolation of more than 20 dB without any
decoupling structure, as shown in Fig. 2(d). However, the isolation between the adjacent elements
still needs improvement. So a metal strip integrated with vias has been placed between the adjacent
elements, which bestows substantially improved reflection and Isolation curves as in Figs. 2(e) and (f).
The size of the substrate of the 8 ports MIMO is 0.81\ x 0.81\, and the antennas are fed through the
system ground via 50 SubMiniature version A (SMA) connectors. The two identical monopole antennas
are placed 14.4 mm away from the centre to centre on the top of the substrate. The partial rectangular
ground is interconnected to form a shared ground plane.

2.1. Parametric Studies

In this section, parametric analysis and structure optimization are carried out. 71 and r2 of the ring are
modified to improve the reflection coefficient and isolation. The outer radius of an annular ring is seen
to provide flexibility in controlling the resonant frequency over the operating band. S parameters are
studied considering different values of 72 and r1 and are shown in Figs. 3(a) and (b), respectively. It
can be seen that the isolation becomes better with the decrease in inner and outer radii as it increases
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Figure 1. Design steps. (a) Model 1, (b) Model 2, (c) Model 3. Scattering parameter of models. (d)
Model 1, (e) Model 2, (f) Model 3.

the gap between elements. The optimized value of ‘r1’ is set at 5.5 mm to obtain the desired operating
band of 3-6 GHz and optimum isolation. Based on the gain and isolation performance, the optimized
r2 is set at 2.5 mm. It is noticed that the isolation is enhanced with the increase in thickness of the
strip for fixed r1 and r2 values.

2.2. Decoupling Structure

A lot of decoupling methods have been reported in [17-22]. The study reveals that the isolation is less
than 10dB without decoupling structures as in Figs. 3(a) and (b). Operating band is modified, and
isolation is enhanced when the strip of length 26 mm is placed between two adjacent antennas as in
Figs. 4(a) and (b). It excites TM21 mode and splits the operating band into two parts: 3-4.1 GHz and
4.2-6 GHz. The metallic vias drilled on the isolating strip cause discontinuities and excite the nearby
modes TM21 and TM31 along with TE10 which get merged to improve the bandwidth from 3 to 6 GHz
as in Fig. 4(c). Fig. 4(d) shows that the via-enabled metallic strip acts as a wave trapper that traps the
radiation to minimize the coupling significantly, at least up to 20 dB all over the band. It is noticed that
the isolation is enhanced with the increase in thickness of the strip for fixed r1 and r2 values. The study
has investigated the vector current distribution of the via-enabled structure at 5.6 GHz when half of the
ports are excited as shown in Figs. 5(a) and (b). The ground plane current has direction along the x-axis
when being fed through the right-side ports 1, 8, 7, and 6 as in Fig. 5(a), but the direction changes
when being fed through the left-side ports 2, 3, 5, and 4 as shown in Fig. 5(b). It corroborates the
existence of the orthogonal ground current mode that blocks the current coupling through the ground
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plane mitigating the coupling [17]. Figs. 5(c) and (d) reveal the current distribution on the ground
plane with metallic strips at 3.4 and 5.6 GHz. The current distributions on the structure at 3.4 GHz
and 5.6 GHz with the metallic strips embedded with vias are presented in Figs. 5(e) and (f). We have
examined the variation of current distributions on the single antenna pair with and without the wave
trap in Figs. 5(g) and (h). It is seen from Figs. 5(g) and (h) that the intensity of current distribution
significantly reduces in the presence of wave traps.
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Figure 4. S parameters with metallic strip. (a) Reflection coefficient, (b) isolation and with metallic
via integrated strips, (c) reflection coefficient, (d) isolation.

3. RESULTS AND DISCUSSION

Figure 6(a) depicts the top and bottom schematics of the proposed eight-element antenna with an
optimized dime. The equivalent circuit of the design is included in Fig. 6(b). The equivalent circuit
is the combination of two LC resonant circuits connected in series. Each resonant circuit represents
the excitation of a specific mode. The shorting vias presented in the proposed structure contribute to
the shunt inductances. When mode 1 or mode 2 is excited, the equivalent inductances Lvl, Lvl, ...,
Lvn due to the shorting vias reduce the total inductance of the resonant circuits, causing a shift in
resonant frequencies, which further enhances the operating band. Moreover, the shorting vias stop the
propagation of electromagnetic (EM) wave to the adjacent elements and enhance the isolation (Sij) as
illustrated in Fig. 7(b). Figs. 6(c) and 6(d) show the bottom and top prototypes of the MIMO antenna.



96 Kaur, Basu, and Singh

Jsurf [A/m]

75.0000
70.0241
65.0482
60.0723

55,0964
50.1205
45, 1446
40,1887
35.1929
30.2178
25.2411
20.2652
15.2893
10.3134
5.3375
.3616

(2

Figure 5. Current distribution on the ground plane (a) when fed through ports 1, 8, 7, 6 at 5.6 GHz,
(b) when fed through ports 2, 3, 4, 5 at 5.6 GHz. Fully excited (c) without via array at 3.4 GHz, (d)
without via array at 5.6 GHz, (e) with via array at 3.4 GHz, (f) with via at 5.6 GHz. At 3.4 GHz, for
single pair (g) without strip, (h) with via integrated strip.

Figures 7(a) and (b) present the measured and simulated reflection coefficients and isolations.
Fig. 7(c) presents the gain of the proposed structure measured in the broadside direction at § = 0° and
¢ = 0°. Gain is found as 5dBi at 3.4 GHz and 7.8dBi at 5.6 GHz. The gain is less at the lower band
because the impedance is capacitive at the low-frequency band. Gain of the proposed MIMO antenna
depends on the efficiency and physical aperture of the MIMO antenna which varies with frequency.
So, at 4-4.25 GHz, though the efficiency drops at 88%, the gain remained almost stable. The average
radiation efficiency is almost 95% shown in Fig. 7(d).

The radiation patterns in E and H fields are presented in Fig. 8. As we use the 8 element
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Figure 6. MIMO prototype. (a) Top and bottom schematics of the proposed eight-element antenna.
(b) Equivalent circuit prototype. (c) Bottom view. (d) Top view.

antenna array, the main lobe direction is shifted due to the vector addition of E fields caused by
the individual antennas. Antennas having equal excitation currents are placed on a rectangular contour
which generates an array pattern with a large front-to-back lobe ratio. Fig. 8 describes the Co-P and
X-P radiation patterns of the 8-element MIMO antenna at 3.4 GHz and 5.6 GHz. F field patterns ensure
reasonable Co-Pole and X-Pole isolation at both the frequencies whereas H field patterns provide 10 dB
and 9dB isolation at 3.4 GHz and 5.6 GHz, respectively. The proposed antenna is linearly polarized.
Antenna arrangement in perpendicular position causes higher cross polarization level which reduces the
coupling level more significantly.

3.1. MIMO Diversity Analysis

The envelope correlation coefficient (ECC) measures the impact of various radio frequency (RF) signal
paths reaching the antenna elements. The simulated value of the ECC of the proposed antenna, as
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Figure 7. (a) Reflection coefficient. (b) Isolation. (¢) Gain. (d) Efficiency.

shown in Fig. 9(a) is less than 0.2 for the complete operating band [23-26], and p is calculated using
Eq. (1)

N 2
Z S;(nSnj
ECC = p(i,j,N) = —— = (1)
IT (1= SiuSu
k=i,j n=1

where i, j are any two ports and N = 8.
Diversity gain (DG) is mathematically related to ECC and calculated according to Eq. (2). The
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simulated value of DG is provided in Fig. 9(b).

DG = 10,/(1 — [ECCJ?) 2)

Total active reflection coefficient (TARC) is defined as the ratio of the square root of the total
reflected power to the square root of the total incident power, which represents the mutual coupling
between ports and the combination of random signals [27]. TARC is calculated using Eq. (3).

8 8
TARC = Y ) (S8i)/2 (3)
( J

Figure 9(c) represents the TARC of the proposed array.
The value of Channel Capacity (CC) of the proposed 8 element MIMO is derived using Eq. (4).

CC=E [logg [det (I + nSNTR HHH>” (4)

The FE is the expectation with respect to different channel realisations, I an identity matrix, n the
efficiency, SNR the mean signal-to-noise ratio, K the rank of HH" where H is the channel matrix,
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and HY denotes the Hermitian of matrix H [28-31, 38]. The channel capacity of the proposed array is
calculated and indicated in Fig. 9(d). The CC value is about 43 bps/Hz considering that the transmitting
antennas are uncorrelated (ECC = 0). The ergodic channel capacities are averaged over 10,000 Rayleigh
fading realisations with an SNR ratio of 20dB for eight-antenna array. We know that MIMO antennas
allow higher data throughput within a channel. Channel Capacity Loss (CCL) is the maximum data
rate at which signal can be transmitted with the least error. For the MIMO antenna, it is desirable
that the CCL would lie below 0.4 bps/Hz. The CCL is calculated as per Eq. (5); CCL depends on the
Sii and Sij; and both rise at 4 GHz increasing the CCL at that frequency as in Fig. 9(e).

CCL = logy det(vR)

P11 oo g
Yp=| + .
Pg1 - bsg
Yy =

4,j=1

8
L= 18517 | iy = = (5584 + S5:54)

it ensures that the CCL of the proposed array over the entire band is below the specified level.

()

(6)

(7)
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3.2. SAR Analysis

To perform the SAR analysis of the MIMO antenna, we utilized [HFSS 19] to model the human body
parts and accurately simulate their interaction with the electromagnetic fields generated by the antennas.
The software calculates the SAR values for each tissue layer and provides an overall SAR value for the
human body. The simulation results have presented that the SAR value for the MIMO antenna is well
below the maximum allowable limit of 2 W /kg set by regulatory bodies. The SAR values are found to
be 0.41 W /kg for the head at a frequency 3.4 GHz and 0.611 W /kg for the head at a frequency 5.6 GHz
over 10-g tissue when it is 2mm apart from the skin. The SAR value for hand is 0.66 W /kg at 3.4 GHz
and 0.557 at 5.6 GHz. SAR is simulated for the upper portion of the handset (antl, ant2, ant7, ant8),
where the antennas are closest to the human head. The SARs for the human head model as well as
the human head and hand model combined at 3.4 GHz and 5.6 GHz are shown in Fig. 10 and Table 1.
The transmitting power set to flow through the structure is 0.5 W, and the mobile handset is placed at

Table 1. SAR for head and hand model.

Head SAR Hand SAR
Port |I/P Power |Frequency (GHz) | SAR W/kg|I/P Power | Frequency (GHz) | SAR W /kg
Port 1-8| 50mW 3.4 0.41 50 mW 3.4 0.66
Port 1-8| 50mW 5.6 0.611 50 mW 5.6 0.557

AR Field
[w/kgl

0.66m3
0.6162
8.5722
0.5282

8.4842
4482
8.3982

8.3521
0.3981
! .2541
0,228

8.1761
8.1321
.8880
0.8448

01373
01008 |

SAR Field
Iw/kyl

0.1487
8.1116
0.8744
0.8372
0,600

Figure 10. SAR of the proposed MIMO antenna at § = 0° and ¢ = 0°. (a) SAR model at 3.4 GHz.
(b) Hand SAR. (c) Head SAR, at 5.6 GHz. (d) Hand SAR. (e) Head SAR.

(e)
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Table 2. Comparison of proposed work with previously published work.

. No. of | Bandwidth | Isolation | Decoupling .
Ref. Total size (\) Elements (GHz) (dB) Method ECC| Efficiency
4.0-5.6
[18] | 2.0x0.98x0.010 | 08 o0 22 ; - 70%
[19] 1.7 x 0.90 x 0.009 08 3.4-3.6 17 - 0.05 | 62-76%
3.4-3.6
[20] 1.7 x 0.90 x 0.009 10 467-6.24 22 - 0.05 | 65-82%
3.4-3.8
21 | L7x090x0009 | 08 | U0 12 . 0.15 | 41-82%
22]  0.46 x 0.46 x 0.079| 04 458612 | 154 | Decowpling ool 6r gon
structure
32] |[1.6x0.77x0.013| 08 3.34.2 9.5 - _
[33] 2.2 x 1.10 x 0.011 08 4.4-5.04 18 - -
3 |21x1.03x0017| 08 43755 22 - :
P ia A
roposed | g1 0.81 x 0.018] 08 3.5-6 gq | ViaAmayon |, a0l g5y
work Metallic strip

2mm away from both the head and the hand. The performance of the proposed antenna is compared
with that of the previously published works and presented in Table 2.

4. CONCLUSION

The communication demonstrates an 8 x 8 MIMO system composed of pairs of closely packed antenna
elements, which shows good isolation and ECC performance despite the proximity of the elements. A
metallic via array is employed as a decoupling structure between adjacent elements and excites the
nearby modes to resonate the antenna from 3 to 6 GHz [35-37]. The MIMO antenna exhibits excellent
diversity performance, with mutual coupling below 24 dB, diversity gain of 10dB, and ECC less than
0.05 across the whole band. Moreover, the radiation efficiency of the MIMO system is 95%, and the
channel capacities exceed 40 bps/Hz across the operating bands. The SAR value for the head and hand
model is below 0.66 W /kg. The proposed MIMO antenna is compact and offers a peak gain of up to
7.8dBi. The proposed MIMO antenna is a strong 5G smartphone application contender. Furthermore,
the gain can be increased by using low dielectric loss material.
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