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ABSTRACT A multi-purpose dual Multiple-Input-Multiple-Output (MIMO) antenna system for 5G
mobile systems is presented in this paper. The proposed antenna consists of two sets of MIMO antennas
on a single board. The 8-port MIMO antenna, placed on the board, is working over 3.5 GHz (3.4 GHz-3.6
GHz) 5G band with dimensions 150 mm x 70 mm. The 4-port MIMO system, placed on the chasis, is
operating over 5.2 GHz WLAN/5.5 GHz WiMAX/5.8 GHz/6 GHz WiFi band with dimensions 20 mm X
7 mm. The prototype is designed and fabricated on FR4 (¢, = 4.4 and tand = 0.02) substrate with 0.8
mm thickness. The overall design of the entire dual MIMO system is very minimal leaving ample space for
other components to be placed on the board. The presence of two separate MIMO antennas in the proposed
prototype aids in using the 5G frequencies and 4G frequencies independently. Since no active elements like
diodes, switches etc. are involved in the proposed design to switch between different bands, the prototype
is free from any ohmic losses. It is also worth noticing that the proposed antenna operates in the highly
anticipated next generation WiFi 6E spectrum.

INDEX TERMS MIMO, WLAN, WiFi 6E, 5G mobile phones

l. INTRODUCTION One of the main components of a communication system
OMMUNICATION has played a vital role in the evolu- is the antenna through which the information is transmit-
tion of mankind. The mode of communication between ted/received to/through free space. In late 1980’s, Winters

human beings has been subjected to constant development ~ Proposed in [4] that if antenna arrays are used in a commu-

and improvement since the beginning of mankind. A few cen- nication system, then, a method of spatial processing can be
turies ago, weather, word of mouth, line of sight etc. played used to differentiate the uplink signals from different users
a crucial role in the content and the quality of information [5]. In [6], the multipath channels associated with a commu-
transfer over long distances. However, since the paradigm nication system was exploited for their spatial properties. The
shifting invention of electrical circuits and eventually the ~ authors theoretically demonstrated that the use of antenna
telegraph system in the 19th century, communication has arrays in a communication system specifically in a CDMA
become much more reliable, faster and efficient. In fact, could greatly enhance its efficiency. These studies laid the
when Maxwell’s equations came to light, communication foundation for mulitple-input-multiple-output (MIMO) an-
technology took an astronomical leap as it paved the way tenna systems. Modern communication systems make use

for wireless media to carry the information from one place of such systems that incorporate multiple transmitter and

to another as demonstrated by Heinrich Hertz in the late receiver antennas to improve the overall efficiency of the
1880’s [1]. J.C. Bose’s and G. Marconi’s antennas further system. The first practical demonstration of a MIMO system

cemented the promising scope of wireless communication. 1S presented in [7] where equal number of antenna array
Since then wireless communication technology has been elements are employed at the transmitting and the receiving
constantly growing and evolving [2], [3]. ends. This technology is fast growing in the telecom industry,
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FIGURE 1. Dual MIMO antenna system consisting of an 8-port MIMO for 3.5 GHz 5G band and 4-port MIMO for WLAN/WiFi/WiMAX bands

FIGURE 2. Single antenna element of 8-port MIMO antenna system

taking just about a decade from conceptualization to wide
spread application [8]. MIMO systems are extensively used
in 4G LTE systems [9] and are anticipated to be included
liberally in 5G systems as well.

In 5G systems, Massive MIMO with a large number of
transmit and receive antennas are expected to play the lead
role as they can provide higher data ates and increased
channel capacities [10]. As the 5G technology is flourishing,
scientists and engineers face the challenge to fit several
antennas in a limited form factor with good isolation. A
plausible solution is to use antennas operating in mm-wave
frequencies 24 GHz, 28 GHz, 37 GHz, 39 GHz and 60 GHz
included in the 5G spectrum [11]. It has been observed that
for handheld devices, the path losses resulting from such
antennas cannot be ignored [12]- [16]. Thus, phased array
antennas are used to compensate for these losses. However,
it is difficult to place a mm-wave antenna close to a 4G
antenna due to the huge difference between the operating
frequencies. In order to overcome that, 3.5 GHz band has
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been licensed for 5G technology. However, the amount of
literature available for MIMO antennas working in 3.5 GHz
band is fairly less when compared with mm-wave antennas.
In [17], the authors presented a quad antenna system for cell
phones, consisting of a dual port MIMO operating over the
frequency range of 1.4 GHz to 3.7 GHz in conjunction with
two other antennas working on other different bands. In [18]
a quad-port MIMO antenna operating at 3.5 GHz 5G band is
proposed. In [19] a dual port MIMO is proposed that could
be used for 3.5 GHz mobile phone applications. In [20], two
different configurations of 8-port MIMO is discussed for 3.5
GHz band.

In this paper, we propose a dual-MIMO system where a 8-
port MIMO antenna system operating at 3.5 GHz frequency
band is integrated with a 4-port multiband MIMO antenna
system operating in the frequency range from 4.86 GHz to
6.93 GHz covering 5.2 GHz WLAN, 5.5 GHz WiMAX, 5.8
GHz WiFi and three channels of 6 GHz WiFi bands. To the
best of authors’ knowledge, this kind of multi MIMO system
for 5G mobile antennas has not be reported yet. The 8-port
MIMO system is designed and fabricated on FR4 substrate
(¢, = 4.4 and tand = 0.02) with dimensions 150mm
x 70 mm x 0.8 mm. The 4-port MIMO system is placed
on the chasis with height 7 mm from the ground of the
primary board. Merits of the proposed dual MIMO system is
multifold. Firstly, the prototype contains two different sets of
MIMO antenna systems working on two different frequency
bands. It can be argued that a single frequency reconfigurable
MIMO antenna would also help in switching the operating
frequency bands. While this is true, it should be noted that
such a reconfigurable antenna would make use of some kind
of switching mechanisms like diodes, liquid crystals, motors,
dielectric strips [21] etc. The addition of these components
adds to the associated losses, payload and other complexi-
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FIGURE 3. Design evolution of antenna element (a) Impedance
characteristics observed by varying the length of the fold on the transmission
line alone (b) Impedance characteristics observed during the evolution of the
rectangular loop

ties that reduce the overall efficiency of the entire system.
With the proposed design such degradation can be avoided.
Secondly, all radiating elements are sufficiently compact.
Thirdly, the 4-port MIMO antenna covers the frequency band
of highly anticipated 6 GHz WiFi band [22].

Il. ANTENNA DESIGN AND ANALYSIS

The schematic of the proposed dual MIMO system is shown
in Fig. 1. For better description, this section presents the
design evolution in two subsections. The first subsection
deals with 8-port MIMO design evolution while the second
subsection deals with 4-port MIMO. ANSYS HFSS was
used to perform the entire modeling, parametric analysis and
optimization.

A. 8-PORT MIMO ANTENNA SYSTEM

The geometry of the single element of 8-port MIMO antenna
system for 3.5 GHz is shown in Fig. 2. It consists of a folded
transmission line feeding a rectangular loop of perimeter
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FIGURE 4. Effect of the two stubs on folded transmission line as seen on the
Smith Chart
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FIGURE 5. S-parameter analysis of the effect of two stubs on the folded
transmission line.

FIGURE 6. Fabricated prototype of the proposed dual MIMO antenna system.
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FIGURE 7. (a) Simulated reflection coefficients of individual radiating elements (b) Measured reflection coefficient of individual radiating elements (c) Simulated
transmission coefficients between MIMO 1 and rest of the radiating elements (d) Measured transmission coefficients between MIMO 1 and rest of the radiating

elements of 8-port 3.5 GHz MIMO antenna system.

asurt [Afn]

£.BeeeE.001 |
Y. EESTEEDL |
u. 333354001 |
4, B s£e

3. AT a1 |
7, 338584001 |
3, B s |

.gEsTE 0L |
. 5a858.001 |
i 3. 2800E 01 |
14 EGETIER |
1. SRR )
1.B00OE+001 |
£ BEETE 40|
5. I3TIEN000|
#. oppe i |

FIGURE 8. Current distribution when only MIMO antenna 1 is excited

1.2, with dimensions 0.41)\, x 0.1\, etched on the ground
of the FR4 substrate. The slot is From Fig. 3a, it is evident
that by varying the length of the fold of the transmission
line alone, desirable resonance and bandwidth cannot be

4

FIGURE 9. Radiation pattern for all antenna elements of 8-port 3.5 GHz

MIMO.
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FIGURE 10. Individual Current distributions of Ant1, Ant2, Ant3 and Ant8 in
the absence of other radiators at 3.5GHz

achieved. For cases where a=2 mm and a=2.5 mm, it could
be argued that by modifying the size of the rectangular loop
the required bandwidth can be achieved. However, in order
to do so it would be required to increase the length of the
rectangular loop that could compromise the compactness as
well as performance of the entire antenna. It is also seen
from Fig. 4 that the nature of impedance for the loop antenna
fed by the folded transmission line alone is significantly
inductive. In order to address this issue, a capacitive stub
(Stubl) is added to the folded transmission line. While Stub1
does help in decreasing the inductance, desired bandwidth
and impedance matching is not achieved, as is evident from
Fig. 5. In fact, the addition of Stubl to the transmission line
yields the bandwidth from 3.43 GHz to 3.66 GHz (230 MHz)
exhibiting weak impedance matching with return loss of -
15.28 dB at of 3.54 GHz. However, when a shorter capacitive
stub (Stub2) is added to the folded transmission line, it is seen
from Smith chart, that the inductance is greatly reduced and
the resistance of the antenna element is increased. Specifi-
cally, Stub2 yields a bandwidth of 190 MHz ranging from
3.35 GHz to 3.54 GHz with a return loss of -12.21 dB at the
resonant frequency 3.45 GHz. When these stubs are added
simultaneously to the folded transmission line, a near perfect
resonance at 3.5 GHz with operating band ranging from 3.37
GHz to 3.6 GHz is achieved, as shown in Fig. 4 and Fig. 5.
The design of the rectangular loop is presented in three cases
as shown in Fig. 3b. In the first case a simple rectangular loop
of dimension 0.5\, x 0.1\, was considered. The reflection
coefficient obtained from this loop is shown as Case 1 in
Fig. 3b. The loop was operating within the frequency range
of 3.5-3.75 GHz with resonant frequency at 3.62 GHz. In
order to make the loop operate at a lower frequency band (3.5
GHz 5G band), either the dimensions of the loop could have
been increased or additional slots could have been introduced
within the loop geometry. Since physical compactness of the
antenna element is preferred, two slots were introduced in
the geometry while the overall dimension of the slot itself
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FIGURE 11. Envelope Correlation Coefficient between Ant1 and the rest of
the radiating elements.

was optimized and reduced to 0.41A; x 0.1A,. The reflection
coefficient obtained by adding the two slots is shown as
Case 2 in Fig. 3b. The rectangular loop with two slots was
operating within the frequency range of 3.45-3.65 GHz with
operating frequency at 3.55 GHz. Two additional and smaller
slots were placed as shown in Case 3 in Fig. 3b. Finally in this
case, the loop was able to accommodate the entire 3.5 GHz
band while operating within the frequency range of 3.37-3.6
GHz.

Along the longer edge of the board, the radiators are placed
linearly at a distance of more than A, /2 between subsequent
radiating elements to avoid higher mutual coupling. The cen-
ters of MIMO antenna 1 (Antl) and Ant5 are aligned with the
center of the longer edge. Along the shorter edge of the board
a single element is placed as shown in Fig. 1. The center of
the slot is aligned with the center of the shorter edge. The
fabricated prototype used for testing, is shown in Fig. 6.

The simulated and measured reflection coefficients of all
the antenna elements for 8-port MIMO is shown in Fig. 7a
and Fig. 7b respectively. It is evident that all the antenna
elements individually cover the entire 3.5 GHz band. The
measured results show a slight decrease in the impedance
matching. This could be due to factors like cable losses,
imperfect connections in the measurement setup etc. Even
then, a good agreement between the simulated and the mea-
sured results is obtained. Fig. 7c and Fig. 7d depict the
transmission coefficients between Antl and the rest of the
radiating elements. Since Antl is in the immediate vicinity
of Ant2 and Ant8, it shows least isolation with the two
aforementioned radiators. To further support this argument,
the current distribution when only Antl is radiating and rest
of the antenna inputs are terminated with 50€2 is shown in
Fig. 8. It can be seen that when Antl is excited, it has
maximum influence on Ant8 and Ant2 due to their mutual
placement on the board. Even in this case, it is evident from
Fig. 7c and Fig. 7d, that this effect of Antl on Ant2 and Ant8
is less than generally accepted limits. Similar behavior was
observed for Ant5, Ant4 and Ant6. The slight discrepancy in
the measurement of some transmission coefficients is most
likely due to fabrication and soldering errors. Even then all of
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the measured transmission coefficients lie within acceptable
limits.

The radiation pattern of the individual elements of 8-port
MIMO antenna is shown in Fig. 9. It is evident from the fig-
ure that despite having identical geometries, the radiation pat-
terns of each element are not identical. This can be attributed
to the placement of each radiator on the main board. Fig. 10
shows the exclusive current distribution of Antl, Ant2, Ant3
and Ant8 in the absence of other radiators. While the radi-
ating elements are placed symmetrically along the edges of
the main board, the geometry of each antenna element are
not symmetric. Hence, the current distributions of each an-
tenna element is significantly different at different positions
as shown in Fig. 10. This is also the reason that the radia-
tion patterns of all elements of 8-port MIMO antenna have
slightly varying radiation patterns. The gains obtained for the
individual antenna elements for this MIMO ranges from 2.61
dB to 3.51 dB at 3.5 GHz. The Envelope Correlation Co-
efficient (ECC) is one of the most significant parameters of
MIMO antennas. ECC is used to quantify the relation be-
tween the radiation characteristics of individual radiating el-
ements of MIMO antenna. In this work, ECC is calculated
using the far-field radiation patterns of individual antenna el-
ements and was obtained using the equation [24]:

[ [, Q1 - Q3dQ
\/f Jie @1Q7dQ - [ [, Q2Q3d

where Q,, is the far-field radiation pattern of the n*" antenna.
Fig 11 shows the ECC of Antl with respect to the rest of
the antenna elements. The ECC for all the combinations was
found to be less than 0.08 which is well within the accepted
limits. Similar characteristics were observed for rest of the
radiating elements of the proposed 8-port MIMO antenna.

ECC = (1)

B. 4-PORT MIMO ANTENNA SYSTEM

While the main board is occupied by the 5G MIMO antenna,
the chasis of the proposed mobile phone antenna system
houses a 4-port multiband MIMO antenna. The schematic
of the single element of the proposed MIMO is shown in
Fig. 12. Here, a double folded monopole antenna is used
as the radiating element. The monopole is fed in the xy-
plane using a probe feed, shown in blue. The feeding strip
is then folded to yz-plane and continues along a truncated
ground plane of dimensions 7.8mm x 7mm. Within the yz-
plane, the monopole is turned again by 90° and extends
beyond the truncated ground for about a quarter of the guided
wavelength.

The radiation pattern of the individual radiating elements
of multiband 4-port MIMO antenna system is shown in Fig.
13. The respective gain of each of the radiating element
ranges from 4.99 dB to 5.33 dB at 5.2 GHz. Fig. 14 shows
the impedance characteristics of multiband 4-port MIMO
antenna system. Here we can see that all the antenna elements
individually cover a broad frequency range from 5.02 GHz to
6.93 GHz. This frequency range makes the proposed MIMO

6
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FIGURE 12. Schematic of the single element of 4-port MIMO antenna system

— xz-plane
—  yz-plane

FIGURE 13. Radiation patterns of individual antenna elements of the
proposed 4-port MIMO antenna.
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FIGURE 15. Envelope Correlation Coefficient associated with 4-port MIMO
antenna.

system suitable for applications in the IEEE 802.11 bands
i.e., 5.2 GHz WLAN band (5.15 GHz to 5.35 GHz) [25],
5.5 GHz WiMAX band (5.25 GHz to 5.85 GHz), 5.8 GHz
WiFiband (5.725 GHz to 5.825 GHz) [26] and three channels
U-NII 5 (5.925 GHz to 6.425 GHz), U-NII 6 (6.425 GHz
to 6.525 GHz) and U-NII 7 (6.525 GHz to 6.875 GHz)
designated for very promising WiFi 6E band [27]. The ECCs
associated with this MIMO are computed using (1) and is
shown in Fig. 15. For the frequency range 4.5 GHz to 7 GHz,
covering all of the aforementioned bands, it can be seen that
the ECC complies with the accepted limits.

C. SPECIFIC ABSORFTION RATE (SAR)

Specific Absorption Rate (SAR) estimates the rate at which
the RF energy from the device under test is absorbed by the
body [29]. Standard SAR value for cell phones is 1.6 W/kg
for 1g tissue. Fig. 16a shows the SAR distribution for 8-port
MIMO antenna at 3.5 GHz. All of the ports were fed with
equal input power. The sum of the input powers from all of
the ports was 100 mW (20dBm). The SAR distribution was
obtained for 1g tissue. It can be seen the maximum value of
SAR for 8-port MIMO antenna is 0.49 W/kg. Fig. 16b shows
the SAR distribution for 4-port MIMO antenna at 5.5 GHz.
Input power of 100 mW was equally divided among the four
ports to obtain the SAR distribution. It can be seen that the
maximum value of SAR for the 4-port MIMO antenna is 1.33
W/kg for 1g tissue, which is well within acceptable limits.

D. COMPARISON AND DISCUSSION

The performance of the proposed dual MIMO antenna sys-
tem is analyzed and depicted with respect to the state of art
in Table 1. As can be seen, the isolation between individual
antenna elements is more agreeable than many of the recent
designs. The ECC between the radiators is also very agree-
able according to accepted standards.
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FIGURE 16. SAR distribution of the proposed dual MIMO antenna system (a)
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TABLE 1. Comparison of the proposed dual MIMO antenna system with
current state of the art

Ref. No. | Frequency Range | Isolation ECC No. of Elements
[28] 2.4-3.6 GHz >15dB <0.2 8
[29] 3.25-3.82 GHz; | >10.5dB <0.12 |8
4.79-6.2 GHz
[30] 3.4-3.6 GHz >13dB <027 |6
[31] 3.3-7.5 GHz >10dB <0.06 |4
[32] 3.3-5.6 GHz >15dB <0.03 |8
[33] 3.3-4.2 GHz >10.5dB <0.2 8
[34] 3.3-5 GHz >12dB <0.11 |8
This 3.37-3.6 GHz; | >19.5dB <0.08 |8+4
work 5.02-6.93 GHz
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Ill. CONCLUSION

This paper presents a dual MIMO antenna system for 5G
mobile phones. The prototype consists of a 8-port MIMO an-
tenna and a 4-port MIMO antenna operating on two separate
bands. The main merit of the proposed antenna system is that
it covers five relevant frequency bands. The 8-port MIMO
antenna operates at 3.5 GHz allocated for 5G applications in
the sub-6 GHz spectrum. 4-port multiband MIMO antenna
operates at 5.2 GHz WLAN, 5.5 GHz WiMAX, 5.8 GHz
WiFi bands and channels U-NIIS-7 for much anticipated
6 GHz WiFi applications. All antenna elements are well
isolated with the nearby radiators. Measurements with the
fabricated prototype and simulation shows reasonable good
agreement, indicating its suitability in mobile devices for
upcoming 5G systems.
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