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ABSTRACT: This research offers a 12-element antenna array optimized for MIMO utilization in fifth-generation (5G) mobile phones.
The antennas operate in the sub-6GHz long-term evolution (LTE) frequency range, specifically between 3.4 and 3.6GHz. To fulfil the
growing demand for faster data speeds and reliable connection in 5G networks, the presented MIMO antenna setup offers a balance
between compact size and high performance, making it well suited for integration into smartphones. Every radiating element in the array
is tuned to approximately 3.5GHz and features an open-slot structure, which effectively reduces mutual coupling and enhances isolation.
Antenna arrangement has been constructed on an FR-4 substrate of dimensions 150mm× 80mm× 0.8mm, corresponding to the layout
restrictions of standard 6-inches smartphones. A prototype was developed to validate the design through measurements. The results
demonstrate excellent impedance matching (return loss> 10 dB), high isolation (> 20 dB), strong radiation efficiency (exceeding 66%),
and a low envelope correlation coefficient (< 0.03) covering the target frequency range.

1. INTRODUCTION

The design specifications for mobile devices, notably smart-
phones, have changed significantly as a result of fast-

paced progress in wireless communication technology, espe-
cially with the introduction of 5G. Antennas that can meet these
cutting-edge communication requirements are becoming more
and more in demand as 5G networks strive to come up with
extremely fast data transfer rates, low latency, and high de-
pendability. Multi-input multi-output (MIMO) framework be-
comes a viable option among the several antenna designs for
enhancing network performance and data throughput. The sub-
6GHz frequency spectrum is necessary to 5G cell phone appli-
cations because it strikes a balance among coverage, data rate,
and propagation characteristics. The design of effective, small,
and high-performanceMIMO antenna systems becomes crucial
to satisfying the increasing need for dependable and fast com-
munication in this range. However, integrating many anten-
nas while preserving optimal performance is extremely difficult
due to the small amount of space available in smartphones. The
vast MIMO improves spectral efficiency and channel capac-
ity for 5G mobile communication compared to low-order tech-
niques (2× 2 or 4× 4MIMO) used in 4G long-term-evolution
frameworks [1, 2]. Effective array decoupling is necessary to
stimulate diversity and multiplexing potentials at the moment,
and 5G MIMO in the sub-6GHz frequency range can tolerate
isolation level of 10 dB. However, the bottom threshold of iso-
lation needs to be raised to greater than 15 dB in order to im-
prove MIMO performance. Mobile phone antennas are shrink-
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ing as customers prefer slim and lightweight handsets. This
raises the level of complexity of antenna design requirements.
The antenna element should be small, well decoupled, and suit-
ably positioned on the phone’s printed circuit board (PCB) or
rim. Multiple antenna systems for 5G networks may enhance
the spectrographic effectiveness and channel capacity; how-
ever, fitting multiple antennas into a smartphone’s restricted
size is hard. For optimal MIMO performance, the separation
between antenna elements must exceed 15 dB [3]. Researchers
around have proposed many approaches to increase isolation
between antenna parts. There are numerous decoupling struc-
tures, such as extended ground plane [4], electromagnetic band
gaps [5], parasitic components [6], T-shaped slots [7], and nul-
lification lines [8]. One issue with some decoupling mecha-
nisms is that they affect the entire antenna efficiencies. Re-
searchers have proposed numerous approaches to improve iso-
lation [9–12], including asymmetrical similar antennas [13, 14],
and methods for designing self-isolated antennas [15] include
orthogonal manner pairs [16] and isolating gap and shorting
strip [17]. In [18], an eight-component MIMO system for LTE
band 42 is presented that, even though it necessitates an ade-
quate amount of space, achieves an estimated channel capacity
about 16 bps/Hz at a signal-to-noise ratio of 20 dB. In [19], a
ten antenna MIMO system is proposed to operate in LTE bands
42 and 43. The channel capacity at 20 dB SNR was calculated
to be 47 bps/Hz. Ref. [20] proposes an 8 × 8 MIMO antenna
system operating at frequency of 2.6GHz with 20 dB SNR and
an overall channel capacity of 40 bps/Hz. Designing theMIMO
systemwithout external decoupling can improve isolation with-
out reducing efficiency. However, augmenting the antenna ar-
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FIGURE 1. (a) Design of the intended 12-element MIMO antenna. (b) Design of T-shape antenna. (c) Open slot design in an E form.

(a) (b)

FIGURE 2. Fabricated antenna configurations. (a) Top view. (b) Bot-
tom view.

ray size while maintaining appropriate isolation and efficiency
is a challenge in improving ergodic channel capacity. InMIMO
arrangements, antennas must be correctly field and port de-
coupled to ensure uncorrelated channels, including cavity for
2G/3G/4G antennas to ensure a controlled progression to the
5G communication system. This work proposes a 12-element
MIMO architecture for the sub-6GHz range. The T-shaped mi-
crostrip element powered with coaxial feed is developed for
LTE band 42 (3.4–3.6GHz). The antenna’s independence from

external decoupling structures results in excellent total effi-
ciency. The ground plane features open ended slots to provide
the isolation between separate antennas. The cross-coupling
suppression among antenna elements exceeds 20 dB, resulting
in a total efficiency of over 66%. The greatest ergodic chan-
nel capacity at 20 dB SNR is 65.8 bps/Hz. Open-ended slots
in the conductive surface provide effective separation between
antenna elements. All 12 elements are neatly positioned on the
conducting plane, and there is space for 2G/3G/4G antennas.
The presented architecture is simulated after it is fabricated and
then tested. Figure 1(a) showcases the suggested arrangement
for the MIMO system. The presented design consists of twelve
antenna elements, labelled 1 to 12. The antenna elements are
fabricated on an FR4 substrate with a relative permittivity of
4.4 and a loss tangent of 0.02, which is copper-coated on both
sides.

2. PROPOSED MIMO ANTENNA DESIGN
The measurements of substrate are 150mm×80mm×0.8mm
and suitable for 6-inch 5G cell phones. This basematerial, com-
monly known as a printed circuit board (PCB), contains a yel-
low antenna feeding line on upper side and a conductive plane
on the bottom in green tone. Ants 6 and 7 are arranged hor-
izontally along the shorter edges, whereas Ants 1–5 and Ants
8–12 are put vertically over the longer edges. The white rect-
angular gap on the shorter edges is designed to accommodate
2G/3G/4G antennas. Figure 1(b) presents the structure of a sin-
gle slot antenna element. The slot radiator consists of three sec-
tions: vertical open-end, horizontal slot, and branch slots. The
two vertical open-end portions have the same length of 3mm
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FIGURE 3. (a) Surface current spread on the ground plane at 3.5GHz when Ant 1 is activated. (b) Vector surface current distribution.

(a) (b)

(c)

FIGURE 4. (a) Simulated reflection coefficient from Ant 1 to Ant 6. (b) Reflection coefficient from Ant 7 to Ant 12. (c) Measured Reflection
Coefficient for Ant 7 to Ant 12.

and same width of 0.5mm, respectively. Here, a T-shaped
feeding line is used which offers optimal impedance matching
and radiation efficiency values. The presented antenna element
with an E-shaped open-end slot has the dimensions as follows:

L1 = 20.5mm, L2 = 7.1mm, L3 = 11.4mm, L4 = 11mm,
L5 = 1.5mm. Similarly, the dimensional configuration for the
open-ended E-shaped slot as shown in Figure 1(c) is as follows:
D1 = 19mm, D2 = 3mm, D3 = 8mm, and D4 = 5.5mm.
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FIGURE 5. Here (a) and (b) show simulated mutual coupling between the various combinations of the antenna arrangements. (c) Measured mutual
coupling between Ants 8 to 12.

FIGURE 6. Presented antenna in an anechoic chamber for the testing.

The T-shaped 50-ohm microstrip line is constructed which is
connected through the end point of L4. The effective length
of T-shaped antenna is a combination of λ/4 and λ/2 resonant
segments.

Leff = Lvert +
1

2
Lhoriz (1)

whereLvert is the vertical arm length, andLhoriz is the horizontal
arm length.

fr =
c

4Leff
√
εeff

(2)

where fr is the resonant frequency, c the speed of light, and εeff
the effective dielectric constant.
For the open-slot E-shaped structure, the resonant modes are

determined by the slot lengths etched into the ground. Each arm
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FIGURE 7. Radiation characteristics on E-plane and H-plane. (a) Ant 3 on E-plane, (b) Ant 3 on H-plane. (c) Ant 7 on E-plane. (d) Ant 7 on
H-plane. (e) Ant 10 on E-plane. (f) Ant 10 onH-plane.

behaves as a resonant cavity, and the effective resonance is

fr =
c

2Lslot
√
εeff

(3)

where Lslot is the total effective length of each slot arm. The
proposed design has been fabricated. Figures 2(a) and 2(b) de-
pict the top and bottom sides of a generated sample. The simu-
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FIGURE 8. Simulated radiation efficiencies from Ant 1 to the Ant 12. FIGURE 9. Envelope correlation coefficient (ECC) values were calcu-
lated for various antenna elements.

FIGURE 10. Ergodic channel capacity calculated using measured val-
ues.

lated current spread on the radiating element structure is illus-
trated in Figure 3. Specifically, Figure 3(a) presents that the
current spreads are observed when Ant 1 is activated in iso-
lation. As evident from the figure, when Ant 1 is activated,
the surface current remains concentrated around its vicinity and
does not significantly spread to adjacent elements or compo-
nents of the antenna system. This localized current behaviour
effectively minimizes the mutual coupling with nearby antenna
elements, which is crucial for ensuring good isolation andmain-
taining optimal MIMO performance. Figure 3(a) further pro-
vides insight into the surface distribution of current on the
ground plane of the suggested antenna arrangement. The analy-
sis reveals that strong current flows are observed along shorter
paths on the ground plane, particularly around regions where

the slots are narrower. In contrast, the larger dimensions of the
slot cause the surface currents to propagate in opposing direc-
tions, resulting in a reduction of current magnitude along those
wider sections. Additionally, the electric field intensity tends
to peak near the centre of the larger slot dimensions, highlight-
ing regions of strong electromagnetic activity. The interaction
between the electric field distribution inside the slot and the sur-
rounding surface current paths plays a pivotal role in the overall
radiation behaviour of the antenna.

3. RESULTS AND ANALYSIS

3.1. S-Parameters, Efficiency and Radiation Patterns
Figure 4(a) presents simulated outcomes of reflection coeffi-
cients for Ants 1–6. Figure 4(b) illustrates the simulated reflec-
tion parameters for Ants 7–12. The reflection coefficients for
all antennas exceed 18 dB on LTE band 42. The suggested de-
sign uses identical antennas, resulting in similar reflection co-
efficient values. While measuring the reflection coefficient of
just one element, the remaining antennas are closed off with
50 ohms. Figure 4(c) shows measured reflection coefficient
values for Ants 7 to 12, validating the simulation results. Fig-
ures 5(a) and (b) illustrate the isolation of nearby antennas.
The design delivers more than −42.5 dB of isolation between
any two antennas. Figure 5(c) illustrates the measured mu-
tual coupling between the antenna elements where −20 dB of
isolation is achieved. The mutual coupling between antenna
elements is analyzed primarily through surface, S-parameter
behaviour (particularly S12, S23 etc.), and envelope correla-
tion coefficient (ECC). Since S12 quantifies the power trans-
ferred between ports, it inherently reflects isolation without
need to introduce isolation loss. Here, antenna element has
good impedance matching and placement, with no impact on
neighbouring elements’ reflection coefficients.
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(a)

(b)

FIGURE 11. Representation of a portable mobile phone used in two different modes: (a) Single hand mode (SHM). (b) Dual hand mode (DHM).

(a) (b)

FIGURE 12. Simulated reflection coefficients considering SHM. (a) Ant 7 to Ant 12. (b) Ant 1 to Ant 6.

The prototype was fabricated using accurate PCB process
that closely matched the design specifications slot shape feed
points; trace dimensions were carefully maintained; and mea-
surements were carried out in a calibrated anechoic chamber
as shown in Figure 6 resulting in nearly identical results. In
Figure 7, the radiation plot is shown, and as the proposed ar-
ray’s antennas have similar dimensions and are symmetrically
positioned, only findings for Ants 3, 7, and 10 are displayed.
Simulated and measured results on E-plane and H-plane are
shown from Figure 7(a) to Figure 7(f). Here, Figure 8 displays
the simulated antenna efficiency. Efficiency metrics are pre-
sented under unloaded conditions to represent best case radia-
tive behaviour of the proposed system over 66%. Radiation
efficiency values are within acceptable ranges for cellular com-
munication [21].

3.2. The Diversity and the Multiplexing Parameters

This section evaluates critical MIMO antenna characteris-
tics, including correlation coefficient and ergodic channel
capacity. ECC determines the relationship between the
radiation patterns generated by two radiators throughout
every MIMO system. ECC value less than 0.5 is considered
as high diversity outcomes for 5G MIMO systems [22].
When ECC exceeds 0.5, antenna elements and channel
routes are highly correlated, resulting in poor MIMO antenna
performance. MIMO systems require signal independence
for optimal diversity and spatial multiplexing. Figure 9
highlights the correlation coefficient between the different
combinations of the antenna elements. The ECC between
different antenna elements is calculated as below 0.03.

ECC =

∣∣∣∣∣∣∣∣∣∣
2π∫
0

π∫
0

(
XPR · Eθi · E∗

θj · Pθ +XPR · E∅i · E∗
∅j · P∅

)
sin (θ) dθd∅√∏

k=i,j

2π∫
0

π∫
0

(
XRP · Eθk · E∗

θk · Pθ +XRP · E∅k · E∗
∅k · P∅

)
sin (θ) dθd∅

∣∣∣∣∣∣∣∣∣∣

2

(4)
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(a) (b)

FIGURE 13. (a) Transmission coefficients of the antenna system for SHM. (b) Simulated efficiency for SHM.

(a) (b)

FIGURE 14. Simulate reflection Coefficient considering dual hand mode. (a) Ants 1–6. (b) Ants 8–12.

Here, Eθ, Eθj, Eϕi, and Eϕj , are the components of far-field
radiation, where i and j are two antenna elements, while ϕ and
θ indicate the horizontal and vertical polarizations.
XPR is known as the cross polarization ratio between the ver-

tically and horizontal polarized components. The propagation
environment’s angular power spectrum that satisfies the subse-
quent conditions is represented by Pθ and Pϕ.

2π∫
0

π∫
0

(Pϕ) dΩ = 1 (5)

2π∫
0

π∫
0

(Pθ) dΩ = 1 (6)

In simulation it is found that ECC levels are smaller than 0.03
over LTE band 42. These simulated values are less than 0.5
which is the mandatory value for a 5G MIMIO antenna array.
Ref. [22] examines the immediate channel capacity of anM ×
M MIMO channel Hwith no transmissionmedium information
on the transmitter section.

C = log2
(
Im +

ρT
M

HHH
)

(7)

Here C signifies the capacity of the channel, Im the unit ma-
trix, and SNR (ρT ) calculated as ρT = PT

σ2
N
PT is the power

transmitted while σ2
N is the noise strength on the receiver side.

The reference propagation environment used in antenna design
is an isolated and uniformly distributed Rayleigh fading chan-
nel Hw. The Hw values represent zero-mean circular, balanced
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(a) (b)

FIGURE 15. (a) Transmission coefficient of different antenna elements for dual hand mode. (b) Calculated antenna efficiency for dual hand mode.

FIGURE 16. Simulated model of presented smartphone antenna system
with the battery.

Gaussian random variables. For the transmitter radiating ele-
ment, the MIMO channel is expressed as follows:

H = R1/2Hw (8)

The gains correlation matrix (R) depicts the efficiency, ef-
ficiency inequalities, and correlation of receiving antennas.
MIMO throughput is commonly quantified using ergodic chan-
nel capacity [23], which is calculated by using several Monte
Carlo insights of channel matrix H . The equation goes as fol-
lows:

C = E
(
log2

(
Im +

ρT
M

HHH
))

(9)

Figure 10 shows the ergodic channel capacity, using the Kro-
necker channel mode by mapping 100 000 i.i.d. Rayleigh mul-
tipath propagation conditions. The SNR of 20 dB is consid-
ered at the receiver, and it is presumed that transmitter has no

channel state observations. Ergodic channel capacity of the pre-
sented 12 element MIMO array is 65.8 bps/Hz. The upper limit
of 12×12 antenna system is 69 bps/Hz whereas the upper limit
of 2× 2MIMO antenna system is 11.5 bps/Hz.
The diversity gain (DG) is an essential metric for evaluating

the effectiveness of the proposed MIMO antenna system. DG
is closely related to the envelope correlation coefficient (ECC)
and can be estimated using the following standard expression
for two-element systems:

DG = 10

√
1− |ECC|2 (10)

Given the very low ECC values (< 0.03) observed in our de-
sign across the operating band, the corresponding diversity gain
approaches the ideal value of 9.99 dB, indicating excellent di-
versity performance.

3.3. User's Hand Impact on MIMO Array
Following section investigates the influence of hand effect on
the smartphone. Handheld smartphones are classified into
two types, single hand mode (SHM) and dual hand mode
(DHM) [24]. Figure 10 depicts two handheld smartphones in
SHM and DHM. The impact of the human head has not been
studied as hugeMIMO systems in the sub-6GHz region mainly
are deployed for data transmission instead of conversational
mode.
Figure 11 depicts the connection between antenna ports in

SHM, where Ant 11 is in the contact of the hand. In the SHM
(Single Hand Mode), it is observed that Antenna 11 comes into
contact with the user’s finger, leading to a significant degrada-
tion in the reflection coefficient. Figure 12 presents the fluc-
tuation in the reflection coefficient with frequency. The other
antenna elements show minor variation in their reflection coef-
ficients.
Figure 13(a) shows the effect of user hand SHM on the trans-

mission coefficients of the different antenna elements used in
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(a) (b)

FIGURE 17. Reflection coefficients, taking into account the impact of battery. (a) Ants 1–6. (b) Ants 7–12.

TABLE 1. Analogy of performance of various arrays of fifth-generation antenna.

Ref. Bandwidth (GHz) ECC/Sij (dB)
Total Efficiency

(%)
Antenna size (λ)

No. of
elements

Channel Capacity
(bps/Hz)

Presented 3.4–3.6 (−10 dB) 0.03/ < −20 66–76 0.239λ× 0.052λ (12× 12) 65.8
[13] 3.4–3.6 (−10 dB) 0.2/ < −10 40–60 0.08λ× 0.12λ (8× 8) 36
[15] 3.4–3.6 (−10 dB) 0.012/ < −19.1 59–68 0.19λ× 0.06λ (8× 8) Not given
[16] 3.4–3.6 (−6 dB) 0.07/ < −17 49–61 0.13λ× 0.08λ (8× 8) Not given
[19] 3.4–3.8 (−10 dB) 0.1/ < −10 42–62 0.036λ× 0.096λ (10× 10) 47
[25] 3.4–3.6 (−10 dB) 0.1/ < −17 > 58 0.16λ× 0.03λ (4× 4) 19
[26] 3.4–3.6 (−6 dB) 0.13/ < −12.7 39–50 0.173λ× 0.035λ (4× 4) Not given
[27] 3.4–3.6 (−6 dB) 0.32/ < −10 40–60 0.035λ× 0.58λ (16× 16) 70
[28] 3.4–3.6 (−10 dB) 0.05/ < −17.5 62–76 0.035λ× 0.25λ (8× 8) 40.8 (8× 8)

the MIMO configuration. Some deflections are observed in the
results for the transmission coefficients. In Figure 13(b), the
efficiencies are shown considering the effect of user hand in
single hand mode (SHM).
It is clearly seen that due to the hand grip there is deflection

in the total efficiencies for the single hand mode. The total ef-
ficiency of Ant 11 goes below 15%, and there is also a decrease
in the total efficiency of the Ant 12 which goes below 52%.
Also, there is decrease in the isolation of the antenna compo-
nents greater than −23 dB which is still good. The same im-
pact is observed for the dual hand mode when the parameters
are simulated. In DHM, Ants 1, 5, 6, 7, 8, and 12 are blocked
due to the orientation of hand to hold the smartphone.
Figure 14 displays the reflection coefficients for antenna

components in DHM. Ants 1, 5, 6, 7, 8, and 12 are in initial
contact with operator’s hands, resulting in changed reflection
coefficients.
Figure 15 illustrates the transmission coefficients between

different pairs of antenna elements. In Dual Hand Mode
(DHM), changes in the isolation levels among the antenna el-
ements are observed; however, the isolation remains above

18 dB. A change in total efficiencies is also observed in DHM,
where the efficiency of antenna elements in contact with the
hand drops below 20%, as shown in Figure 15(b).

3.4. Smartphone Battery Impact

To find out the actual effectiveness of the designed architecture,
we introduced ametallic block resembling a typical smartphone
battery, measuring 102mm × 47mm × 5mm. This block was
positioned on the top layer of the PCB and grounded using eight
electrically conducting shorting pins, as shown in Figure 16.
Despite its proximity to the antenna elements, the battery mod-
ule had minimal effect on radiation performance, demonstrat-
ing the robustness of the antenna design. Simulated results in
Figure 17 indicate that the reflection coefficients remain more
than 10 dB across the operational frequency range, confirming
that impedance matching is maintained even with the battery
in place. Figure 18 shows the transmission coefficients be-
tween antenna elements, where the isolation remains better than
18 dB. Although there is a slight reduction in isolation, the over-
all MIMO performance remains within acceptable limits, mak-
ing the antenna suitable for practical 5G smartphone solutions.
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FIGURE 18. Transmission coefficients of different antenna elements
considering the impact of battery.

The performance comparison in Table 1 highlights the pro-
posed antenna’s clear advantage over existing designs.

4. CONCLUSION
This study describes a 12-element MIMO antenna using slot-
ted antennas that feature open decoupling slots. The presented
MIMO antenna system has a −10 dB bandwidth of roughly
900MHz, encompassing the LTE 42 frequency band. The an-
tenna’s simple design avoids the need for external decoupling
systems, making it easier to manufacture. The proposed ar-
chitecture delivers exceptional achievement using MIMO pa-
rameters such as low mutual coupling (−20 dB), passable ECC
(< 0.03), and entire efficiency > 66%. The proposed 12× 12
MIMO antenna formation (with SNR equals 20 dB) outper-
forms a 2× 2 MIMO system in terms of peak ergodic channel
capacity by 65.8%. The presented composition is appropriate
for future 5G devices.
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