
Progress In Electromagnetics Research C, Vol. 113, 111–122, 2021

Eight-Port Double Band Printed MIMO Antenna Investigated
for Mutual-Coupling and SAR Effects for Sub-6GHz

5G Mobile Applications
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Abstract—An 8-element/8-port antenna with four resonating dual-polarized slot radiator elements
for sub-6GHz 5G multiple-input multiple-output (MIMO) applications is proposed in this paper. The
proposed MIMO design comprises four annular slot radiators with dual-polarized characteristic and
has rectangular micro-strip line feeds. The designed elements operate in the frequency bands 2.73–
3.12 GHz and 4.33–4.68 GHz providing an acceptable characteristic for dual-polarizations. The isolation
improvement and reduction in mutual coupling factor are achieved by using split ring resonator (SRR)
structures on the top layer along the slot radiator. The proposed design has a −10 dB wide impedance
bandwidth in both bands, considerable realized peak gain around 4dBi, and better efficiencies around
80% with ECC < 0.004 which has enhanced the performance of the MIMO array in terms of diversity.
The antenna is fabricated, characterized, and it is shown that the measured results are in good agreement
with the simulated ones. The proposed MIMO design has been analyzed for SAR functions and the
radiation coverage in the vicinity of the user human head. The SAR values studied are found to be less
than ‘2’ which is quite desirable. All the features achieved in the proposed MIMO design suggest it to
be suitable for 5G mobile terminal applications.

1. INTRODUCTION

The fifth generation (5G) technologies with incredible speeds are the emerging communication systems
targeted to be deployed in 2020 [1]. It is certain that the thriving 5G indoor access microwave
wireless devices and 5G wireless routers need to be employed to connect Internet of things in the near
future [2]. For 5G communications, 5G antennas will become a necessity to be used along both sides of
a communication link in order to achieve higher data rate transmission and short latency in comparison
to already existing 4G systems [3]. In order to improve the various constraint parameters including
data rates, channel capacity, reliability, etc. for 5G service in multi-path domain MIMO technology
has proved to be highly productive [4]. The design of proficient MIMO antenna system requires the
antennas with low profile, easy fabrication, and high isolation between antenna elements [5–7].

The international telecommunication union (ITU) has declared sub-6GHz and mm-wave spectrum
for 5G MIMO applications for mobile antenna terminals, mainly including 3.4–3.8 GHz, 3.7–4.2 GHz,
5–6 GHz, 24–28 GHz, etc. frequency bands [8]. For 5G MIMO applications, the sub-6GHz frequency
bands are proved to be more suitable and mainly include n77(3.3–4.2 GHz), n78(3.3–3.8 GHz), n79(4.4–
5GHz), 3.3–3.8 GHz, and 5.15–5.925 GHz that represent a combination of LTE 42, 43, 46 bands [9, 10].
A slot antenna with multi-band operation at 1.5 GHz, 2.75 GHz, and 3.16 GHz with around 3 dB gain and
efficiency of 80% is presented in [11], and a wide-band horn antenna with ridged substrate integrated with
waveguide (RSIW) structure is given in [12]. The number of techniques for reducing the coupling effects
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among the different antenna elements in MIMO systems has been reported which mainly include the
use of decoupling mechanism depending on isolating elements [13], antennas placed asymmetrically [14],
metal shorting strips or grounding stubs [15], defected ground structures [16], neutralization lines
between elements [17], and ground strips between antenna elements [18]. Nowadays, co-design of 4G
and 5G antennas is becoming an important area of research [7].

With the widespread application of mobile devices in the present scenario, a serious concern related
to the human health has arisen. The effect is posed due to hazardous effects of the electromagnetic waves
utilized by the mobile phones while they receive or transmit data. The electromagnetic (EM) radiations
can have temporary as well as permanent effects on the health of human leading to most severe diseases
in many cases [19]. The studies show that the human tissues convert the em energy into heat which
in turn causes the rise of temperature or thermal effects in the body. The parametric factor that is
used to evaluate this energy absorption is specific absorption rate (SAR). It is the dissipated energy by
a mass/volume of tissue with the given density [20]. As per IEEE SAR is defined as, SAR = σE2/ρ
where ρ refers to the density of human tissue. σ refers to the conductivity of human tissue.

A MIMO array antenna with 8-PIFA (planar inverted F antenna) elements is presented for 5G
mobile applications along with good isolation and very low SAR effects [21]. The diversity MIMO
antenna having coplanar waveguide (CPW) fed T-slot radiators offering good isolation minimum impact
of SAR is presented in [22]. An antenna array for both 4G and 5G applications having good user
performance and low SAR effects in the presence of biological tissues is presented in [23]. A MIMO array
having slots of diamond ring shape with high efficiency and good isolation between antenna elements is
investigated for 5G applications [24]. The design presents effects with respect to user working in talk
mode and has shown much better results. An antenna with a rectangular slot for double band operation
is presented for sub-6GHz 5G applications. The antenna is verified for back cover effects of a mobile
terminal as well as for user impact in addition to SAR effects [25]. An E-shaped wearable and flexible
dipole antenna for multiband applications with extremely safer value of resulting SAR is shown in [26].

In this paper, a MIMO antenna array with 8-elements and orthogonally polarized annular slot
elements is presented for sub-6GHz 5G applications. The antenna element is fed by a micro-strip
rectangular line, and the square split ring resonators (SRRs) are used across the annular slot in order to
develop the high isolation between the feeding ports. The annular ring slots act as main radiators
and are placed all along the corners of the mobile PCB to enhance the coverage due to different
polarizations. The proposed MIMO design and its single antenna element are simulated and fabricated.
The prototype of the MIMO antenna is characterized for all the parameters depicting all the results
that seem good enough for MIMO applications. The radiation pattern and S-parameters are studied
in addition to envelop correlation coefficient (ECC) and diversity gain to appraise multiplexing and
diversity performances. SAR parameter is also studied keeping in consideration the safety of the users
handling the mobile device. The paper is organized as follows. Section 2 describes the overall design
of the proposed MIMO antenna explaining the principle and characterization of 2-element [2.1] and
8-element [2.2] antenna designs. The impact of EM waves on the users and SAR effects are described
in Section 2.3, and the paper is concluded in Section 3.

2. ANTENNA DESIGN

2.1. 2-Element MIMO Antenna

The antenna single element comprises an annular ring shaped slot b etched on the bottom ground
surface which acts as the main radiator and is fed by micro-strip lines placed perpendicularly on the top
corners of the FR4 substrate. On the top side, two SRRs are placed at optimized locations across the
circular slot. The antenna is designed on both sides of an FR4 substrate with a loss tangent (δ = 0.025)
and relative permittivity (εr = 4.3) having thickness ‘h = 1.6 mm’.

The configuration of the proposed 2-port MIMO design is shown in Fig. 1 with all the dimensions
(in ‘mm’) of the single antenna element. The single antenna element can be treated as a 2 × 2 MIMO
antenna which is fed by orthogonally placed micro-strip lines at the corner of PCB making the antenna
dual polarized. The proposed antenna element is simulated using CST Microwave Studio Suite to
evaluate all the characteristics including S-parameters, gain, efficiencies, ECC, diversity gain (DG),
etc. One of the important constraint factor in MIMO design is high mutual coupling between antenna
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(a) (b)

Figure 1. Schematic of the single element antenna, (a) top view, (b) bottom view.

(a) (b)

Figure 2. S-parameters of the 2 × 2 single MIMO element, (a) without SRR, (b) with SRR.

(a) (b)

Figure 3. Surface current distribution of the 2 × 2 single MIMO element, (a) when fed from port-1,
(b) when fed from port-2.

elements due to restricted amount of space inside mobile antenna terminals. It becomes a necessity to
acquire large isolation among the elements of a MIMO design [27]. In the proposed design, SRRs are
employed for reducing the mutual coupling among the elements of the MIMO antenna. The loading of
SRR has improved the isolation to a great extent, i.e., from −12.36 dB to around −22.5 dB as shown in
Fig. 2.

The surface current sharing of the double polarized annular slotted antenna is depicted in Fig. 3
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at 3GHz frequency. As observed from the figure, major currents are directed along the etched annular
ring slot from the ground plane. The double polarized parameter is produced by the currents flowing
antithetically to one another for the separate port feeds. The SRR structures have been shown to have
dense current distributions with respect to feeding ports 1 and 2 which have eventually reduced the
mutual coupling among the antenna elements. The SRR structures placed on the top of substrate across
the annular slot ring (ASR) are aimed at reducing the mutual coupling between the antenna elements.
For separating feeding ports, the currents are distributed along the orthogonally placed SRR with
respect to feed element. The SRR structures tend to increase the current density along its boundaries
for respective ports thereby minimizing the coupling currents between them. The surface currents are
mainly concentrated along the boundaries of SRR, and it is also observed that the currents are flowing
in opposite directions for separate feeding ports because of effect of SRR elements. The overall current
distributions tend to align the currents actively for the ports in turn enhancing the isolation among the
antenna elements. It can be deduced that the employed SRR structures have high current densities and
emerge highly active at the operating frequency of the proposed MIMO design. The resonant structures
are employed actively at the respective working frequency bands of 2.73–3.12 GHz and 4.32–4.68 GHz
for the improvement of isolation in the MIMO design.

The frequency response of the proposed design and the mutual coupling parameter are largely
dependent on the position of the SRR structures. The characteristics of the MIMO antenna for different
locations of the SRR with respect to the feed and annular slot radiator are studied and optimized for
better results. It has been observed that the orthogonal placement is the best option wherein high
isolation as well as stable characteristics for S11 & S22 for the desired operating frequency band is
achieved. Thus, the position of the SRR elements in relation to feeding lines and ASR pose a significant
impact on the characteristics of the MIMO antenna mainly in terms of mutual coupling and stable
operating frequency range.

(a) (b)

Figure 4. Three dimensional patterns of the 2 × 2 single MIMO element showing dumb-bell shaped
pattern representing the radiation coverage on both sides of the slot radiator, (a) when fed from port-1,
(b) when fed from port-2.

The three-dimensional views of the radiation patterns of 2-element MIMO at 3 GHz and 4.5 GHz
for the two respective ports are shown in Fig. 4. It is observed that for two separate polarizations, the
radiating characteristics are same along with the directivity around 3.42 dBi. The slot antenna seems
to produce a dumb-bell shaped pattern which is desirable for the better coverage from both top and
bottom of the mobile PCB mainly for MIMO 5G applications.

2.2. Proposed MIMO Design for 5G Application

The schematic of the proposed MIMO antenna design is shown in Fig. 5. The proposed design is
configured on both sides of an FR4 substrate having loss-tangent and relative permittivity of 4.4 and
0.025, respectively. The design possesses the total dimension of 150×70 mm2 with annular slot elements
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Figure 5. Schematic and the fabricated prototype of the proposed MIMO design having slot radiators
and loaded with SRR structures for isolation improvement, (i) top view of schematic, (ii) bottom view
of schematic, (iii) top view of prototype, (iv) bottom view of prototype.

(a) (b)

Figure 6. Simulated results for S-parameters of the proposed 8-element MIMO design, (a) reflection
coefficient (Smm), (b) mutual coupling Smn.

having outer and inner radii of 10 mm and 8 mm, respectively, placed along the four corners of the
PCB smart phone. Fig. 6 shows the simulated S-parameters which include the characteristics of both
reflection coefficient (Snn) and mutual coupling (Smn) of the double-polarized proposed MIMO design.

The simulated results depict the under −10 dB impedance bandwidth in the two operating frequency
bands with the isolation under −20 dB in the resulting bands. The isolation is achieved by loading the
antenna with split ring resonators perpendicularly across the annular slots. The resonator structures
have diversified the surface currents, i.e., while feeding from any of the ports the corresponding SRR
makes the maximum current flow through itself preventing it to reach the second antenna element. The
resulting pattern of the current density flow has reduced the mutual coupling between the elements to
a greater extent thus improving isolation to less than than −20 dB. The resulting band satisfies the
criteria for 5G applications for Sub-6GHz 5G MIMO applications as stated by ITU.

The proposed 5G MIMO antenna configuration with the annular slot radiators exhibits satisfying
impedance bandwidth along with the symmetric patterns in order to accomplish all the sides of PCB
mobile terminal. The 3-D top view of radiation patterns of the proposed dual-polarized antenna elements
is shown in Fig. 7. The radiation patterns seem to cover all the terminal edges along with top and bottom
portions of the mobile PCB.

The proposed design is fabricated on top and bottom of the epoxy FR-4 substrate as shown in
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Figure 7. Radiation patterns (3-D view) of the individual antenna elements covering top and bottom
from all sides of mobile terminals with respect to excited ports at the frequency of 3 GHz & 4.5 GHz.

Figure 8. Characterization of the proposed fabricated MIMO antenna design using RF network
analyzer and standard anechoic chamber set-up.

Fig. 5 by employing the conventional process of photo-etching. The anechoic measurement setup
with a standard horn antenna along with Agilent technologies RF-network analyzer has been used
to characterize the proposed MIMO design as shown in Fig. 8. The simulated and measured results for
reflection coefficient and mutual coupling are shown in Fig. 9. Its evident from the figure that simulated
and measured results are in good agreement with each other in the operating bands of 2.73–3.12 GHz
and 4.32–4.68 GHz.

It is interpreted from Fig. 10 that the simulated and measured total efficiencies and the peak realized
gains of the proposed MIMO design are in good agreement. The realized efficiency of the overall MIMO
design is more than 80%. The measured peak gain of the proposed MIMO design is around 4 dBi in the
resulting bands of 2.73–3.12 GHz and 4.32–4.68 GHz.

For the perfect matching of the antenna and its feed lines, the numerical value of voltage standing
wave ratio (VSWR) needs to be below ‘2’ which is quite suitable for the antenna applications. The most
important parameter which describes the pattern diversity realization of the MIMO antenna arrays is
ECC. Smaller values of ECC refers to the more diversified radiation patterns [28], and as a rule it
must be less than 0.5 for desired MIMO design systems. Parameter ECC is also an effective term
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(a) (b)

Figure 9. Simulated and measured results for the proposed MIMO antenna, (a) reflection coefficient,
(b) mutual coupling.

(a) (b)

Figure 10. Simulated and measured results for, (a) efficiencies of different antenna elements, (b)
realized gain of the MIMO design.

in determining the isolation between the antenna elements. ECC is an important parameter used to
signify the extent of coupling between the elements. It can be determined by calculating S-parameters
which include reflection coefficient as well as mutual coupling parameters. Mathematically, ECC can
be calculated as [21]:

ECC =
|S∗

11S12 + S∗
21S22|2

[1 − (|S11|2 + |S21|2)] [1 − (|S22|2 + |S12|2)]
In the case of radiating elements, the correlation is susceptible to the intrinsic losses. However, the S-
parametric method for calculating ECC does not take into account these losses. The method becomes
unrealistic for the antenna designs having efficiency less than 100%. To overcome the limitation of this
method, the ECC can be calculated by using the EM integral equation taking into account the far-field
patterns. The integral EM wave equation for ECC is shown as follows [29]:
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where Eθi, Eφi, Eθj, Eφj represent the far-field components for ports i & j. Pθ and Pφ are the elevation
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(a) (b)

Figure 11. Simulated and measured results for, (a) ECC between antenna elements, (b) diversity gain
of MIMO elements.

(a) (b)

Figure 12. Simulated and measured polar patterns of the adjacent antenna elements at 3 GHz
frequency.

and azimuth APS distributions, and XPR = PV
PH

is the cross discrimination ratio.
The ECC of the proposed MIMO design is around 0.0001 which depicts that the antenna elements

are very meagerly coupled to each other. The less value of ECC has resulted in extremely reliable
isolation or reduced mutual coupling. It is depicted in Fig. 11(a) that ECC of the proposed design is
well below 0.004, and Fig. 11(b) depicts that the diversity gain of the proposed MIMO design is nearly
10 for both operating frequency bands which makes the proposed antenna design very efficient with
regard to sub-6GHz 5G MIMO applications.

All the resulting parameters which include reflection coefficient (Snn < −10 dB) of (2.73–3.12) GHz
and (4.32–4.68) GHz are applicable to 5G sub-6GHz MIMO applications and mutual coupling (Smn <
−20 dB) for good isolation between the antenna elements. ECC < 0.004 and DG > 9.98 tend to
increase the radiation diversity performance and have better matching of the proposed MIMO design,
respectively. The resulting gain and efficiencies including all other parameters make the proposed MIMO
antenna design viable for 5G mobile terminal communications.

It is quite evident that the 3-D radiation patterns cover almost all the sides of the mobile
PCB terminal. Its evident from the patterns that the identical polarized elements show identical
performances. The simulated and measured polar patterns for the two adjacent antenna elements
at 3GHz frequency are shown in Fig. 12. The patterns show better results for radiation properties of
the proposed design.
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2.3. SAR Effects and the Impact of the User

In the given section, impacts of the user on the radiation characteristics and SAR (specific absorption
rates) on the human tissues are studied. The simulated radiation characteristics of the antenna elements
of proposed design are depicted in Fig. 13 in the presence of human tissues while the mobile terminal
is in user-mode. The patterns seem quite efficient in the presence of the human head covering all the
sides of the mobile PCB. The value of the gain parameter as well as pattern radiation coverage is good
enough for 5G mobile applications. The gain values are better than 3 dBi in the presence of human
tissue.

(a) (b) (c) (d)

Figure 13. Simulated radiation patterns of the antenna elements showing the wider coverage while in
the users talking mode, (a) Antenna-1 at 3GHz, (b) Antenna-2 at 3GHz, (c) Antenna-1 at 4.5 GHz,
(d) Antenna-2 at 4.5 GHz.

One of the critical parametric issues for mobile terminal application is SAR. It can be defined
as the function that measures the extent of absorbed electromagnetic energy by the tissues of human
body while a mobile terminal transmits or receives data signals. An SAR safety guideline has been
implemented to prevent the users from the harmful impacts of the EM rays. According to IEEE
C95.1:2005, the safety limit to SAR has been set to ‘2’ W/kg per 10 g of biological human tissue. The
SAR values need to be very low as much as possible [28] for minimized harmful effects on the human
body while a mobile device is used. The SAR limits greater than 2 are considered to be very harmful for
human body. The SAR absorption by the tissues can vary by certain factors which mainly include the
nature of the substrate between the device and the user, exposure to the frequency, and the geometry
of the source [30]. This impact of the electromagnetic waves has increased the need for the design of
the antennas with lower SAR values. The proposed design is analyzed for the SAR effects, and the
simulated SAR values are shown in Fig. 14 for the four resonator MIMO antenna design at 3 GHz and
4.5 GHz frequencies, respectively. It is clear from the figure that the SAR values are very low in terms

(a) (b)

Figure 14. Simulated values of SAR in the vicinity of users head and hand for the proposed MIMO
antenna design, (a) at 3 GHz, (b) at 4.5 GHz.
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Table 1. Comparison of the parameters for proposed 5G MIMO antenna with respect to already
reported MIMO 5G designs.

Ref. Antenna Description BW (GHz) η (%) Size (mm2) ECC SAR

8 & 16 element Array [17] 3.4–3.6 35–50 150 × 75 < 0.40 -
8-element CPW fed [22] 3.3–4.4 65–80 150 × 75 < 0.005 2.1

8-element square ring slot [23] 3.45–3.8 73–76 150 × 75 <- 1.45
8-element diamond slot [24] 3.3–3.9 60–80 150 × 75 < 0.01 -

4 & 8 element orthogonal MIMO [31] 3.4–3.6 50–70 150 × 73 < 0.07 -
Metasurface enabled antenna [32] 0.9 - 62 × 42 - 1.32

CPW fed with CS-EBG [33] 0.9 67 66 × 71 - 1.35
Dual polarized MIMO Array [34] 3.55–3.65 52–76 150 × 75 < 0.01 -

8-port antenna Array [35] 2.55–2.68 48–63 136 × 68 < 0.15 -

8-port MIMO Array with SRR
2.73–3.12
4.32–4.68

75–80 150 × 70 < 0.004 0.5

‘η’ represents the efficiency parameter.

for the safe application of mobile device by the humans.
Table 1 displays the overall comparison of the proposed 5G MIMO antenna design with some of

the previously designed 5G antennas. In [22] a CPW-fed MIMO antenna is designed for 3.4–4.4 GHz
operating band with an isolation of less than −16 dB among elements and 2.1 as the SAR limit. A
multi-band MIMO with an isolation factor around −17 dB between antenna elements and SAR limit
around 1.45 with respect to user talk mode analysis has been given in [23]. [24] presents a 5G MIMO
antenna with an impedance bandwidth of 3.2–4 GHz providing an isolation of less than −17 dB along
with ECC < 0.01. In comparison to almost all the reported antennas, the proposed design shows a
double band operation with comparatively wider bandwidths, better efficiency, and most importantly
very low correlation coefficient with high isolation between antenna elements. The isolation in the
proposed MIMO design is greater than 21 dB for the entire two operating bands having ECC � 0.004
and the SAR value of 0.5 which is considered to be very safe in terms of user applications.

3. CONCLUSION

A double-polarized annular slot antenna for sub-6GHz 5G MIMO applications has been proposed in the
manuscript. The proposed MIMO antenna has annular slot antenna radiators placed along the corners
of the mobile terminals. The square SRRs are placed transversely from the top side of the substrate
along the slotted radiators to get the improved isolation among the elements of MIMO. By using the
SRR structures, there has been a significant reduction in the mutual coupling. The resulting isolation
between the elements is greater than 21 dB which is considered quite appreciable. In the proposed
design, a good amount of radiation coverage with the dual-polarization is achieved on both sides of the
mobile PCB. The proposed design offers the well defined characteristics for the operating frequency
bands of 2.73–3.12 GHz and 4.32–4.68 GHz, respectively, with ECC < 0.004, DG > 9.98, and reliable
efficiencies of more than 80 percent. The extremely low value of SAR has made the proposed design
very reliable in terms of safe handling of the mobile users. All the resulting parameters can make the
design a viable candidate for sub-6GHz 5G wireless MIMO mobile applications.
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