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ABSTRACT In this work, a slotted wideband eight-element multiple-input multiple-output (MIMO) antenna
system is presented, which covers the N77 (3.2-4.2 GHz) frequency band. The MIMO antennas are printed
on a 0.8-mm-thick FR-4 substrate with dimensions of 150 × 75 mm2. The antennas are placed along the
length and width of the printed circuit board (PCB). The arrangement of antenna elements offers pattern and
polarization diversity, enhancing the smartphone’s ability to receive signals from various directions. The
wideband characteristics in the frequency range of 3.25-4.49 GHz are achieved by utilizing a T-slot and an
inverted C-slotted stub together. The radiation and total efficiency are found to be >60% for all the MIMO
elements. For enhanced isolation between antenna elements placed along the width of the PCB, a slot is
introduced, which ensures an isolation of 14.5 dB. This helps achieve an envelope correlation coefficient
(ECC) <0.025, diversity gain (DG) >9.95 dB, and a maximum channel capacity (CC) of 40 bps/Hz. The
performance of the MIMO antenna is also assessed in the presence of a human, and comparable results are
observed. In addition, the examination of the specific absorption rate (SAR) confirms that it remains well
within the safety margins when in proximity to humans.

INDEX TERMS Wideband, MIMO, slot antenna, diversity.

I. INTRODUCTION
The rise of 5G technology has revolutionized wireless com-
munication by offering unprecedented speed, capacity, and
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reliability. A key factor driving this advancement is Multiple-
Input Multiple-Output (MIMO) antenna systems utilizing
several radiating elements on each end of the connection for
improve link reliability, and counteract multipath fading [1],
[2]. In sub-6GHz and mmWave frequency spectrum, MIMO
elements are crucial. The sub-6GHz spectrum provides wider
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coverage and better penetration through obstacles, while
MIMO technology in this range enables higher data rates
through spatial multiplexing. Spatial multiplexing allows the
simultaneous transmission of multiple data streams, greatly
increasing capacity [3], [4]. Additionally, MIMO antennas
combat multipath fading by intelligently combining signals
received from different antennas, ensuring reliability and
overall performance improvement. In order for 5G mobile
phones to effectively transmit and receive signals, they
typically require 4-8 antenna elements operating at the same
frequency to work together [5], [6]. However, because of
close proximity of these elements, there is a phenomenon
called coupling, which can negatively impact the efficiency of
antenna data transmission. It is crucial, therefore, to minimize
both the coupling and the ECC between these antenna [7].
To address this issue, the most straightforward decoupling
technique involves physically separating the antenna ele-
ments, and placing them at sufficient distances from each
other. By increasing the spacing between the elements,
the near-field coupling and resulting interference can be
reduced [8]. Numerous MIMO systems have been put forth
in literature. In [9], a MIMO antenna array with eight
antennas designed for operation at 3.5 GHz. Every antenna is
designed as an Inverted-L monopole encircled by a parasitic
structure. The array uses techniques like a neutralization
line and a middle slot to minimize interference between
the antennas. In [10] a uni-planar loop MIMO system is
presented with bandwidth ranging from 3.2-4GHz supporting
both vertical and horizontal polarization. The isolation among
radiating elements is increased by adding modified arrow-
shaped strips. In [11] an eight-element MIMO covering
3.3-4.2 GHz for handheld applications is presented with each
antenna made up of a meandered branch self-isolated branch
network. In [12] a MIMO system is presented comprising
separate antenna pairs integrated within slits of 5G metal-
case smartphone incorporating stubs within each of the four
slits operating in both N77 (3.3 GHz to 4.2 GHz) and
N79 (4.4 GHz to 5.0 GHz) frequency bands. To coupling
suppression, a bent stub is incorporated improving isolation
up to 11.5 dB and ECC below 0.2. The efficiency falls within
the range of 38% to 52%. In [13] an eight-port antenna system
using shared square-ring slot radiators is described resonating
at 3.3-3.9 GHz. To enhance the isolation, a circular ring,
and open-ended passive elements have been added to each
square-shaped slot radiator. As a result of this modification,
the isolation significantly improved, with an increase of
up to 20 dB. In [14] a MIMO system employing inverted
L-shaped monopole antennas is discussed. The configuration
consists of eight inverted L-shaped elements and L-shaped
strips that extend from the ground plane. These passive
strips serve as tuning components for four of the inverted
L-shaped monopoles positioned along the chassis sides. This
arrangement is utilized to effectively extend the electrical
dimensions of the antennas, allowing for the attainment of
the desired resonance.

This paper presents a slot-based eight-element MIMO
system for wideband N77 5G smartphones. The proposed
system composed of a T shape slot on the ground plane
accompanied by an inverted C shape on the right side of the
resonating slot. This inverted C-shaped slotted stub improves
the resonating characteristics and improves the efficiency
of the system. The MIMO elements are arranged at the
horizontal and vertical edges of PCB ensuring both vertical
and horizontal polarizations. The minimum isolation is found
to be less than 14.5dB and fabricated prototypemeasurements
well agreed with simulations.

II. ANTENNA DESIGN
The MIMO system is designed on 0.8mm FR4 substrate
having a 4.4 permitivitty and 0.002 loss tangent. The board
size remained at 150 × 75 mm2. In Fig.1, the proposed
MIMO system is depicted. The feedline was maintained at
2× 18mm2. The DGS slot, as shown in the figure, comprised
both T and inverted C shapes. (In Fig.1b, F1-F8 stands for
Feed Points.)

FIGURE 1. Proposed MIMO antenna system (a) Front view (b) Back view
(c) Ground slotted stubs.

The design evolution was characterized into three stages,
namely Stages 1, 2, and the proposed Stage 3 (refer to
Fig.2). In Stage 1, an L-shaped ground slot was introduced,
producing resonance at 3.55GHz with a bandwidth ranging
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from 3.3 to 3.7GHz. In Design B, the L-shaped DGS was
transformed into a T-shaped structure, generating a wideband
response from 3.36 to 4.45GHz, thus covering the entire
N77 band. In the final design, an inverted C-shaped slotted
stub was introduced to enhance the resonance characteristics
of the proposed MIMO system. The slot also improved the
starting resonance up to 100MHz, and a bandwidth of 3.25 to
4.49GHz was achieved.

FIGURE 2. (a) Design A (b) Design B (c) Proposed design (d) S-Parameters
of design evolution (e) Smith chart of design evolution.

The gain of the proposed antenna at each evolution stage
is also shown in Fig.2d. It can be seen that the gain
at the proposed and final stage showed maximum value
since the antenna input impedance was matched by the

FIGURE 3. Surface current distribution at 3.5 and 4.2GHz.

FIGURE 4. Parametric studies of strip (a) A (b) B.

slotted stub that contributed to radiation as a load. The
gap between the open stub and the T slot electrically acted
as a series capacitor. Looking at Smith Chart in Fig.2e,
matching was achieved by increasing the series capacitance
by adding the inverted C-slotted stub alongside the T slot.
Fig.3, Illustrates the surface current distribution of a solitary
antenna. A depiction in the diagram reveals that during
the initial resonance, the current primarily accumulates on
the right side of the T-shaped slot, and strong coupling
concentration is also observed at inverted C slotted stub while
at the higher resonances modes, the current concentration
is primarily concentrated at the left side of T shape stub
showing every side is responsible for generating resonances.
The resonance behavioral response of the proposed antenna
can be better analyzed by parametrical study. Two primary
physical parameters A and B are studied. The observed
frequency shifts in the proposed T-shaped stub antenna
structure, as depicted in Fig.4a and Fig.4b, are directly
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influenced by variations in the two key parameters, A and B.
In Fig.4a, where parameter A is adjusted within the range of
1.5mm to 3.5mm, a noteworthy response is noted. Initiating at
the lowest value of 1.5mm, the central frequency experiences
a pronounced forward shift to 3.9GHz. With a steady
incremental increase in A by 0.5mm, the central frequency
progressively shifts backward.

FIGURE 5. S-Parameters simulated (a) Reflection co-efficient and
(b) Coupling.

However, beyond the optimal value of 2.5mm, both the
resonance response and impedance characteristics exhibit
a regression, indicating suboptimal performance. Fig.4b
portrays the influence of parameter B on the resonance
response. Comparatively, it is observed that, in contrast to
parameter A, variations in B have a less substantial effect on
the antenna’s resonance characteristics. Nevertheless, as the
size of parameter B increases, there is still a discernible shift
of the resonance frequency to higher levels. It is worth noting
that any deviation from the optimum value of B results in
impedance mismatch, further emphasizing the sensitivity of
the antenna structure to parameter adjustments. In Fig.5 we
present the simulated S-Parameters response of the MIMO
system under consideration. To maintain simplicity, the
analysis focuses on just one side of the MIMO system. The
reflection coefficient values from Fig. 5a shows clearly that
all radiating elements cover resonance from 3.26-4.48GHz

FIGURE 6. Surface current at 3.5 and 4.2GHz (a) (b) Ant 1 (c) and (d) Ant 2.

FIGURE 7. Gain and efficiency of MIMO antenna.

hence covering the complete N77 band. The isolation value
observe is 14.5dB for adjacent radiating elements and for
vertically polarized radiating elements such as Ant 2 and
Ant 3, the isolation due to insertion of slotted stub is noted
to be 17.5 dB.

The impact of a slot on the behavior of MIMO elements
is illustrated through surface currents, as depicted in Fig. 6.
In Fig. 6a and b, the currents of Ant 1 at resonance frequencies
of 3.5 and 4.2GHz are presented, showing minimal influence
on adjacent radiating elements, including Ant 5, owing to
their greater separation. Conversely, Fig. 6c and d reveal Ant
2 experiencing significant destructive current interference,
attributed to the central slot on neighboring Ant 3.

In Fig.7, the gain and efficiencies of the suggested MIMO
system are illustrated, with a focus on Antenna 1 and
Antenna 2. The radiation efficiency falls within a range of
70% to 85%, indicating the effectiveness of these antennas
in converting input power into radiated energy. Additionally,
the total efficiency, which encompasses both radiation and
other losses, is observed to vary between 65% and 70%. The
gain of the system displays fluctuations from 2.5 to 4.8dB
across different frequency points, with a gain value of 4dB at
3.5GHz.

III. RESULT AND DISCUSSIONS
The development and evaluation of MIMO antenna system
involved in-house fabrication and testing. The prototype’s

34470 VOLUME 12, 2024



S. H. Kiani et al.: Dual-Polarized Wideband 5G N77 Band Slotted MIMO Antenna System

FIGURE 8. Fabricated prototype (a) Front side (b) Back (c) Measurement
view.

visual representation, both front and back can be seen in
Fig.8.

First, the initial prototype of the proposed antenna model is
displayed in its front side, while Fig.8b shows the close view
of the backside of the antenna prototype. Subsequently, The
measured S-parameters are shown in Fig.9. The reflection
coefficient covers the desired bandwidth and well agrees
with simulations. In contrast, for port isolation, the measured
isolation value is noted to be less than 15 dB. The minor
variation observed between the simulated and measured
outcomes can be attributed to factors such as fabrication
tolerances, losses in coaxial connectors, and other related
considerations. The presented MIMO antenna’s far-field
radiation characteristics are assessed at anechoic chamber.
The MIMO antenna is affixed to the back of a wooden
rod on a turntable using double-sided tape. Given the array
structure’s mirror symmetry, the expectation is for antenna
elements placed in symmetrical positions in opposing planes
to exhibit similar radiation characteristics. To streamline the
analysis, our focus is on just one side of the antenna elements,
namely Ant1, Ant2, Ant3, and Ant4. Fig.10 and Fig.11
provide visual representations of polar patterns in the xz and
yx planes.
Ant1 and Ant4 at 3.5 GHz on the yx plane are noted

at 90◦ and 270◦, while for Ant2 and Ant3, the main beam
is noted at 59◦ and 215◦ with the exception of two nulls.
For xz plane, Ant1 and Ant4 exhibit butterfly patterns while
Ant2 and Ant3 show radiation at 270◦. Similarly at 4.2GHz
the antenna exhibit pattern diversity characteristics. Due to

FIGURE 9. Measured S-Parameters (a) Reflection co-efficient and
(b) Ports isolation.

FIGURE 10. Polar radiation plots at 3.5GHz (a) Ant1 (b) Ant2 (c)Ant3
(d)Ant4.

horizontal and vertical placement of MIMO elements, pattern
and polarization diversity is achieved. While there are minor
discrepancies between themeasured and simulated outcomes,
the two findings exhibit a broad similarity.
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FIGURE 11. Polar radiation plots at 4.2GHz (a) Ant1 (b) Ant2 (c)Ant3
(d)Ant4.

IV. MIMO PARAMETERS
It is essential to evaluate various key parameters for MIMO
system. The parameters include the Envelope Co-Relation
Coefficient (ECC), Diversity Gain (DG), and Ergodic Chan-
nel Capacity (CC).ECC is a crucial metric that indicates
the degree of isolation between antennas within the MIMO
system. ECC is determined using method descibed in [20]
and [21]. ECC values below 0.5 is generally recommended.
Fig.12 in our analysis presents a comparison between the
ECC values obtained through simulation and those measured
in real-world scenarios for the proposed MIMO system.

This graphical representation helps in understanding how
well the MIMO system’s antennas are isolated.Looking at
the graph, we notice that the ECC value remains incredibly
low, consistently below 0.035 across the entire operating
bandwidth. Specifically, when we consider antenna elements
that are positioned facing each other, like Antenna 5 and
Antenna 2, the ECC is around 0.035. However, when we look
at Antenna 1 and Antenna 2, we see that the ECC is even
lower, at 0.025 and sometimes even less. This means that the
antennas in these positions exhibit very strong isolation from
each other. The DG of MIMO system is found to be in well
satisfies limits as seen in Fig.13a (eq 1)

DG = 10
√
1 − (ECC2) (1)

Channel Capacity (CC) was determined through the
averaging of 10,000 instances of Rayleigh fading with a fixed
SNR reference level at 20 dB. In Fig 13b, the CC of the
proposed MIMO system was graphically presented. The plot
indicated that CC spanned from 36 to 39.15 bits per second
per Hertz (bps/Hz), closely aligning with the desired range.

FIGURE 12. ECC (a) simulated and (b) measured.

V. TALK MODE ANALYSIS
Analyzing MIMO antenna parameters like gain and
S-parameters is crucial in smartphone design for talk mode
scenarios. Gain ensures strong signal reception/transmission,
vital for clear voice communication. S-parameters help opti-
mize antenna configurations, minimizing interference and
enhancing overall performance. This analysis is essential to
ensure smartphones deliver a reliable and high-quality voice
communication experience.The S-parameters as illustrated in
Fig.14 shows that the radiation elements exhibit similar return
loss performances with high impedance matching (around
−20 dB reflection coefficients) at 3.5 GHz apart from antenna
2 which can be due to fact that its placed directly below
hand phantom but still covering the wideband response.
Additionally, Fig. Fig.14b depicts the mutual coupling
function, showing values less than −14 dB, indicating
good mutual coupling characteristics. This suggests that the
antenna elements maintain strong radiation performance,
crucial for 5G smartphone applications, where close
proximity of antennas demands low mutual coupling to
prevent loss of radiation performance.

Fig.15 illustrates the 3D radiation patterns of each
element during talk mode, incorporating the user’s hand/head
presence. The MIMO smartphone antenna system exhibits
clear and comprehensive radiation patterns, ensuring wide
coverage across various regions. Moreover, the elements
maintain satisfactory gain levels in talk mode. To assess
its impact on human health, especially during operation
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TABLE 1. Comparison with other published work.

FIGURE 13. Diversity gain and channel capacity of MIMO antenna.

in both uplink and downlink scenarios, an examination
of the SAR was conducted. The need for SAR analysis
in smartphone antenna design and performance cannot be
overstated. It serves as a vital component in safeguarding
both user well-being and device efficiency. SAR analysis
plays a pivotal role by quantifying the rate at which human
tissues absorb radiofrequency electromagnetic fields emitted
by a smartphone during typical usage. Its significance lies
in assessing compliance with stringent safety standards,
thus protecting users from potentially harmful levels of
radiofrequency radiation. Furthermore, this analysis aids
in the strategic positioning and design optimization of
smartphone antennas, thereby enhancing not only user safety
but also the device’s overall signal transmission and reception

FIGURE 14. S-Parameters in talk mode (a) Reflection co-efficient and
(b) Ports isolation.

capabilities. In accordance with established standards, SAR
values should be below 1.6 W/Kg for a 1-gram tissue
and 2 W/Kg for a 10-gram tissue. To calculate SAR in our
simulation environment, we positioned the system 2 mm
away from model, obtained from a CST library documented
properties. Each antenna received an input power of 25 mW,
resulting in 200 mW distributed among system. The SAR
results for the 1-gram tissue scenario are depicted in Fig. 16.
It is evident that the highest SAR value observed was
1.27 W/Kg as displayed in Fig. 16.
A contrast between the MIMO antennas we put forward

and those introduced previously is provided in Table 1. The
information within the table illustrates that our suggested
MIMO antenna demonstrates strong performance attributes,
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FIGURE 15. 3D Patterns in talk ModeC (a) 3.5GHz and (b) 4.2GHz.

FIGURE 16. SAR analysis of MIMO antenna (a) 3.5GHz (b) 3.7GHz
(c) 3.9GHz and (d) 4.2GHz.

featuring minimal Envelope Correlation Coefficients (ECC)
and elevated Channel Capacity (CC) values.

VI. CONCLUSION
This study presents an economical, straightforward, and
adaptable wideband MIMO antenna system intended for

use in smartphones, specifically operating at sub 10 GHz
frequencies. The system is constructed on an FR4 substrate,
with the primary board dimensions measuring 150 × 75 ×

0.8 mm3. It exhibits resonance at 3.26 GHz and 4.38 GHz,
offering a −6 dB bandwidth of 1.12 GHz while maintaining
a minimum isolation of−14.5 dB between antenna elements.
Noteworthy features encompass a peak gain of 4.8 dBi, low
Envelope Correlation Coefficient (ECC) (<0.03), efficiency
levels ranging from 60% to 85%, a peak Specific Absorption
Rate (SAR) of 1.27 W/Kg, and a maximum Channel
Capacity (CC) of 39.15 bits per second per Hertz (bps/Hz)
within the desired frequency range. The study includes a
brief survey of existing literature and a comparison with
prior research. A prototype was constructed and subjected
to testing, demonstrating a robust agreement between the
simulated and observed results. These outcomes suggest a
promising future for the integration of this antenna system
in the next generation of intelligent mobile devices.
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