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Abstract
For future fifth-generation (5G) smartphones, a high-efficiency multiple-input/multiple-
output (MIMO) antenna system capable of operating in Long Term Evolution (LTE) 42/43/46
is suggested. A pair of small microstrip-fed slot antenna and inverted F antenna is part of the
single antenna design structure.They are positioned on the longer side of the FR-4 printed cir-
cuit board. In an effort to lessen the mutual coupling, two antenna elements have a U-shaped
rectangular slot inserted between them. The detailed study of the suggested MIMO system
includes measurement of the reflection parameter, analyzing the radiation performance, per-
forming envelope correlation coefficient (ECC) and channel capacity calculations, and analyses
of the effects of user’s hand in the vicinity of the antenna array. Simulation and measurement
results demonstrate the required performance of the proposed design, that is, greater than 80%
of total efficiency, isolation >12 dB, and ECC <0.15. The suggested antenna has the benefits
of multiband operation, high efficiency, good isolation, and a small footprint.

Introduction

Recently, the advancement of smartphones has been driven mostly by two factors: their
physical appearance and the demand for high data rates. For data rate enhancement, fifth-
generation (5G) communication relies onmultiple-input/multiple-output (MIMO) technology.
Even though integrating multiple antennas in the smartphone enhances data rates, it also leads
tomutual coupling and becomes unavoidable in the confined space of smartphones. Nowadays,
mobile users are not only concerned about the performance of the smartphones but also require
robustness and attractive looks. Now there are many possibilities such as a metal body, a glass
and fiber design, or a combination ofmetal and plastic design. Among these possibilities, metal-
rim smartphones are widely adopted as they provide the necessary mechanical strength and
decent appearance to the overall smartphone when installed. However, a significant impact
on the antenna performance can be seen due to the metal frame of the mobile phone. The
interaction of metal frames and antenna elements degrades the antenna’s efficiency, impedance
matching, and other performance parameters. Under these fixed constraints, it is undoubtedly
challenging to cover all three 5G bands with satisfactory performance. A solution to this prob-
lem is provided in [1], where grounded patches are used and some changes in the metal rim are
done, that is, introducing gaps to improve the antenna performance. The alternative technique
is to build the antenna component using the entire or a portion of themetal rim.This can reduce
the difficulties in antenna design.

Researchers have created several fascinating designs for meal-rim antennas. One fre-
quent way for obtaining a decent bandwidth and efficiency that exists is altering the metal
rim into a radiator for an antenna. The metal frame is classified into two types: first,
designs that use the complete metal rim as the antenna radiator [2–7], and second, designs
where a portion of the metal rim is used as the antenna radiator [8–18]. Unbroken metal
rim tend to provide more mechanical stability. However, all the designs mentioned earlier
have their own limitations. All the antenna designs cover the bands (for which they are
designed) with −6 dB impedance bandwidth, and hence, it affects the antenna efficiency. The
design presented in [6] has a 7.49 dB isolation. In the latest work [19–23] on 5G smart-
phone antenna array, various designs have been proposed. A chip capacitive decoupler–based
antenna array is proposed [19] where the design covers the 3.42–3.73 and 3.3–3.69 GHz.
The design provides high isolation of 24 dB between antenna elements. Design in [20, 21]
are focused on accommodating the broad bandwidth. Along with this, however, the designs
in [19–23] are not suitable for metal-rim smartphones. Various effective decoupling meth-
ods are proposed in the recent literatures [24–26], where meta-surface based [24], ceramic
superstrate based [25], and antenna interference cancelation using LTCC technology [26]
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Figure 1. (a) A detailed geometry of the metal-rimmed MIMO system. (b) The dimension of the single antenna element.

Figure 2. The simulated (a) reflection coefficient of the proposed metal rim antenna array and (b) the transmission coefficient of the proposed metal rim antenna array.

Figure 3. Design steps of the evolution of the
proposed antenna: (a) step 1, (b) step 2, (c) step 3, and
(d) step 4.
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Figure 4. The simulated reflection coefficient of the evolution of the proposed
antenna.

have been proposed. However, these are multilayer-based decou-
pling methods and hence add to the fabrication complexities.
Along with this, the decoupling capabilities of these methods
in metal-rim environment need to be observed in order to
incorporate them in the metal-rim smartphone. Design in [27]
provides high isolation of 18 dB by just adding one ground
point with a very small gap (2 mm) between each asymmetric
antenna pair. However, the design pair does not cover Long Term
Evolution(LTE) 42/43. It should be highlighted that as documented
in the open literature, mainly two research gaps were found. (1)
The designs presented in the open literature cover the bands with
−6 dB impedance bandwidth and (2) the efficiency of the designs
presented in the state of the art is quite low.These factors inspire the
current research. This paper presents an open-slot antenna along
with the inverted F antenna (IFA) that might be used for LTE oper-
ation in the 42/43/46 3400–3600 MHz, 3600–3800 MHz, and 5.5
GHz (5100–5800 MHz) bands on metal-frame smartphones. The
metal frame is utilized as a part of the antenna and acts as IFA.
The antenna has a good chance of fitting in the little space between
the smartphone’s metal frame and display screen because the over-
all design covers 3 mm width. Keep in mind that the open-slot
antenna’s impedance matching may be enhanced by the presence

of the metal frame. This antenna can act as a good candidate for
smartphones that are metal-rimmed.

Antenna design

The tri-band (3.4–3.6 GHz/3.6–3.8 GHz/5.15–5.8 GHz) MIMO
antenna array for 5G cell phones withmetal rim is presented Fig. 1.
The FR4 substrate (tan 𝛿 = 0.02, 𝜀r = 4.4) is used for smartphone’s
circuit board that has a size of 150 mm × 75 mm × 0.8 mm. On
the back side, metal ground is present. Two side frames that rep-
resent the metal rims are positioned on the two longer sides of the
circuit board, and they are electrically joined to the ground plane’s
boundaries.The frames’ inner sides are copper plated tomirror the
smartphone’s metal rims.The thickness (0.8 m) and height (7 mm)
of these metal rims are fixed, and they are attached with the main
substrate such that the metal rims are 1 mm lower than the ground
plane. It is important to add a slot in themetal frame, whichwill not
only avoid electromagnetic coupling but also improve the radiation
performance of the antenna array. Hence, as shown in Fig. 1(a), the
metal frame is separated into sections of fivemetal rims, with a gap
of 2 mm. FR4 material is injected into the gap to retain the frame’s
mechanical strength. The spacing between radiating components
is maintained at 26 mm. A rectangular defect in the ground struc-
ture (i.e., the part of single antenna element) is composed of two
L-shaped slots. The overall dimension of this defect is 14 × 3 mm2.
Figure 1(b) includes the remaining design parameters for the radi-
ating element where L1 = 12.3 mm, L2 = 12 mm, L3 = 1 mm,
L4, = 3 mm LF = 7 mm, LF1 = 1.5 mm, and LF2 = 5.25 mm.
A microstrip line is soldered to the inside edge of the metal rim
that provides the feeding to the antenna element. On the feeding
line, a stub is added parallel to the metal rims for tuning, which
may be thought of as a capacitive loading. A small meandering line
with a width of 0.3 mm is connected to the straight microstrip at
points “a” and “d”. It serves as an impedance transformer in this
configuration [28]. To keep the mechanical strength to the over-
all structure intact, a significant amount of metal rim is electrically
connected to the ground plane.

Simulated results

The suggested slot antenna’s reflection coefficients are displayed
in Fig. 2. The suggested antenna array covers the LTE 42/43 band
while resonating at 3.6 GHz with reflection coefficient less than

Figure 5. The simulated input impedance of the proposed metal-rimmed antenna design: (a) real and (b) coefficient of the evolution of the proposed antenna.
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Figure 6. (a) Current distribution at 3.6 GHz; (b) current distribution at 5.5 GHz; (c) effect of changing length L1; (d) effect of changing length L2 when length L1 is 12.3 mm;
(e) effect of changing stub length LF2 when length L1 is 12.3 mm and L2 is 12 mm.

−10 dB, which is rarely observed in the state-of-the-art MIMO
antenna designs for smartphone. Along with this, the antenna
array also covers 5.1–5.8 GHz, which is a part of LTE 46 band
with −6 dB impedance bandwidth. The suggested MIMO antenna
system achieves a minimum isolation of 12 dB.

Design evolution

Design evolution of the antenna structure is divided into four steps
and is shown in Fig. 3. In step 1, only the open slot is present along
with the feed line. In step 2, an impedance transformer is added.
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Figure 7. The fabricated prototype of the proposed metal-rimmed antenna array: (a) side view, (b) back view, and (c) setup for measurement.

Figure 8. The measured (a) reflection coefficient of the proposed metal rim antenna array and (b) transmission coefficient of the proposed metal rim antenna array.

In step 3, both stub and impedance transformer is present. In step
4, another slot is added to form the proposed tri-band MIMO
antenna system. Figure 4 represents the reflection coefficient of all
the design steps. In step 1, only the open-slotmode is generated and
there is resonance at 4 GHz. In step 2, the impedance transformer
is added, which acts as an LC tank and transforms the impedance
to reduce the resonance to 3.8GHz. A new resonance can be seen at
around 8GHz, and it is due to the IFAmode excitation by themetal
rim and feed line. In step 3, a stub is added to the transmission line,
and hence it led to capacitance between transmission line and the
metal rim.This stub excites the IFAmode at 5.5 GHz; however, the
design still does not cover both the lower and higher desired bands.
Finally another slot is created, which helps in shifting the resonance

frequency to the desired bands. One more resonance appears at
7.5 GHz, but that is not the region of interest for this work.

Figure 5 shows the input impedance of the evolution steps.
At step 1, only one mode is excited and that is open-slot mode
at 4 GHz, and at this frequency, the real part (see Fig. 5(a)) is
around 50 Ω and imaginary part is around 0. In step 2, due to
LC loading, the input impedance gets compensated and the res-
onance frequency at lower band shifted downwards. In step 3, due
to the capacitance, the imaginary part reduces and the IFA fre-
quency shifted to 5.4 GHz, but as still, the design does not cover the
desired bands. Hence, slot 2 is added in the final step.This helps in
properly tuning the IFAmode to the desired frequency bands with
approximately 50 Ω real input impedances at 3.6 and 5.5 GHz.
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Figure 9. The simulated total efficiency of the proposed antenna array.

Operating principle and parametric analysis

Single antenna array generate two modes. First is the slot mode
and other is the IFA mode. For the resonant frequency point
of 3.6 GHz, the current path mainly focuses on the left side of
the slot. Small current at the open end of the slot and large
current at the closed edge of the slot 1 is visible in Fig. 6(a),
which is a 0.25-wavelength resonant mode (open-slot antenna
works for 0.25) and the length (L) of the current path is
ABCD = 5.5 mm + 3 mm + 12.3 mm = 20.8 mm ≈ 0.25𝜆. The
second resonance is due to 0.25𝜆 IFA mode as can be seen from
Fig. 6(b). The current path includes points EAF. Current vectors
move from the feed line to the metal rim and then toward the open
end of the metal rim.

It is important to understand the influence of design parameters
on the performance of the antenna array. Hence, the parametric
analysis of the proposed design must be performed. Figure 6(c)
presents the effect of varying length L1 of slot 1 (i.e., L1 + L3).

As the length L1 increases, the resonance frequency moves to
the lower side of spectrum, which was expected as first resonance
depends on the open-slot mode generated by the slot 1. Open
slot resonates at 0.25𝜆. However, as in this design, the open slot
is filled with the FR4 substrate; therefore, due to loading effect,
the slot resonates at 0.16𝜆. Figure 6(d) presents the effect of vary-
ing length of slot 2 (i.e., L2 + L4). Slot 2 works in cooperation
with the metal rim and feed line that are the integral part of the
IFA mode. Slot length L2 controls the impedance of the second
resonance. Hence, the effect of varying the length L2 on second res-
onance can be seen in Fig. 6(d). As length of the metal rim is fixed,
hence the stub length is varied instead of the length and width of
the metal rim. Changing the stub length will increase the capaci-
tance between the metal rim and the stub (see Fig. 6(e)). Hence,
increasing the stub length will increase the capacitance and sec-
ond resonance frequency shifted downwards.This design is able to
tune the two frequencies without making significant influence on
the other resonant frequency.

Result and discussion

A prototype is made on a 0.8-mm-thin FR-4 sheet using Printed
Circuit Board (PCB) technology to verify that the simulated results

are designed as revealed in Fig. 7. In an anechoic chamber, the con-
structed prototype’s radiation performance is examined as shown
in Fig. 7(c). Figure 8 displays the constructed prototype’s measured
reflection coefficient. The MIMO antenna design that is proposed
here can cover a bandwidth range from 3.4 to 3.8 GHz with a
reflection coefficient of less than −10 dB (2: 1 VSWR), and it can
cover 5.19 to 5.8 GHz with reflection coefficient less than −6 dB
(3: 1 VSWR). The measured results agree well with the simula-
tions; however, a slight variation in the resonance frequencies can
be observed, which is caused due to mismatch and fabrication
tolerance.

Radiation performance

Figure 9 displays the total efficiency, and the graph shows that
the range of simulated antenna efficiency is 80%–91% in LTE
42/23 band, which is good in comparison to recent state-of-the-
art methods. The simulated total efficiency for LTE 46 band is
in between 70% and 92%. In an anechoic chamber, the proposed
MIMO antenna system’s radiation capability was assessed.

Since the antenna array components are symmetrically posi-
tioned along the boundaries of the FR4 substrate, therefore, the
findings for the antenna elements Ant 1 to Ant 4 are provided for
the sake of simplicity.

Figure 10 shows the radiation patterns of Ant 1, Ant 2, Ant 3,
and Ant 4 in the xy plane at 3.6 and 5.5 GHz, respectively. The
suggested antenna elements exhibit nearly omnidirectional radia-
tion properties in the xy plane. Additionally, the observed findings
of the antenna components vary somewhat in various directions
when compared to the results of the simulation. The major causes
of this are test environment faults and a few outside perturbations,
although the general patterns of the two outcomes are comparable.
The suggested antenna array offers a promising radiation perfor-
mance in mobile communication applications according to these
data.

MIMO performance

Diversity and multiplexing application are the principal applica-
tions of the MIMO antenna array, in addition to the reflection,
isolation, and radiation performance. In this article, the envelope
correlation coefficient (ECC) of various antenna pairs is investi-
gated and is presented in Fig. 11 to assess the suggested MIMO
antenna array’s diversity performance. The observed complex far
field results of each antenna element are used to calculate the ECCs
[29]. The simulated and estimated ECC values for Ants 1 and 2 are
less than 0.05 and 0.15, respectively. The simulated and computed
ECC values for Ants 2 and 3 are less than 0.05 and 0.1, respectively.
Overall, ECC of all elements is less than 0.15.Thus, it is evident that
the suggested structure has low correlation levels, which results
in favorable spatial diversity properties throughout the operating
frequency bands.

The ergodic channel capacity is explored here under high
signal-to-noise ratio (SNR), that is, 20 dB, to validate themultiplex-
ing performances of the suggested array under certain propagation
scenarios. These scenarios include assumptions such as channels
are identically distributed, transmitter side with full efficiency and
with Rayleigh Fading environment. The ergodic channel capacity
C is described as follows.

C = E{log2 [det (IN + 𝜌
NnT

HHH)]} (1)
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Figure 10. The simulated and measured 2D radiation pattern of the proposed antenna array: (a) Ant 1 at 3.6 GHz, (b) Ant 2 at 3.6 GHz, (c) Ant 3 at 3.6 GHz, (d) Ant 4 at
3.6 GHz, (e) Ant 1 at 5.5 GHz, (f) Ant 2 at 5.5 GHz, (g) Ant 3 at 5.5 GHz, and (h) Ant 4 at 5.5 GHz.

where E is the expectation with respect to distinct channel realiza-
tions, H is a channel matrix (N × N), 𝜌/N is the average SNR, IN
is the identity matrix, and nT is the total number of transmitting
antennas.

In lower band, the channel capacity is 39.8 bps/Hz as shown in
Fig. 12. In higher band, it is 40 bps/Hz. As a result, the necessary
performance is delivered in both resonating bands.

Hand effect

The antenna array can be influenced by the presence of
user’s hand. Hence, the effect of the user’s hand on the sug-

gested antenna array is studied for practical applications. There
are varieties of ways in which a user can hold the mobile
phones, but here only the single-hand mode is discussed (see
Fig. 13). The Ant 5 and Ant 6 are very close to the antenna
array.

Therefore, their performance is greatly affected as shown in
Fig. 14. Although the thumb of the hand is near the Ant 2, but as
neither themetal rim slot nor the open slot is covered by the thumb,
hence, its performance remains intact. Rest of the antennas are not
covered by the user’s hand, so they are able to maintain the dual-
band characteristics. Isolation provided by the design is still better
than 13.5 dB.
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Figure 11. The simulated and measured ECC variations with
frequency.

Figure 12. Ergodic channel capacity of the proposed antenna dual
band MIMO array.

Comparison

State-of-the-art techniques are comparedwith the proposed design
in Table 1 to showcase the advantages provided by the pro-
posed design for future 5G metal-rim smartphones. References
[20, 21, 30, 31] and [32] propose designs that can generate a multi-
band response. However, reference [20] does not focus on cov-
ering the LTE 46 band. Although [21] and [32] cover the LTE
42 and 46 bands, it fails to cover LTE 43 band. All the three
bands are the crucial bands for future 5G phones. Also these
designs ([20, 21] and [32]) are not suitable for 5Gmetal-rim smart-
phones as they are not designed for metal rim cell phone. All the

antenna designs except these two are suitable for 5G metal rim
smartphones. References [33] and [34] have only four antenna ele-
ments; hence, these designs may not be able to fulfil high data
rate demands in future. References [30] and [35] are only work-
ing on single 5G band. Although reference [31] covers all the
bands and is designed for metal rim, the proposed design pro-
vides higher efficiency.Theproposed design covers the LTE42/LTE
43 bands with −10 dB impedance bandwidth, which is rare in
the state-of-the-art work. Also, the antenna efficiency of the pro-
posed design is more than that of the rest of the work presented in
Table 1.
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Conclusion

In this study, a metal rimMIMO antenna array that provides good
total efficiency and has the ability to cover the 3.4 to 3.8 GHz

Figure 13. A single-hand mode scenario: (a) top view and (b) side view.

and 5.1 GHz to 5.8 GHz spectrum is presented. In the suggested
MIMO system design, the coupling between two antenna com-
ponents is caused by the current flowing across the surface on a
metallic frame. As a result, two antenna elements were discon-
nected by a groove carved on ametal frame, and a special U-shaped
slot was employed to bound the surface current. This U-shaped
slot boosts the isolation to 12 dB. This configuration extends the
antenna’s free surface, but it successfully reinforces the isolation
of the antenna components. The suggested antenna assures the
ECC level to be less than 0.15. Antenna performance in the vicin-
ity of handset was evaluated to see how well the suggested system
performs. For a 5G MIMO antenna application, the suggested
tri-band MIMO antenna device exhibits relatively high efficiency
and a low ECC. The suggested configuration’s study demonstrates
that it may be applied to modern metal-rimmed 5G smartphone
applications.

Figure 14. Simulated S-parameters in single hand usage scenario: (a) reflection coefficients and (b) transmission coefficients.

Table 1. State-of-the-art comparison of the proposed antenna

Reference Metal frame Working band (GHz)
MIMO
order

Antenna
efficiency (%) ECC Isolation (dB)

Peak channel
capacity (b/s/Hz)

[20] Without 3.1−3.85, 5.6−7.20 (−6 dB) 14 >41, >61 <0.15 >10 60.6

70.5

[21] Without 3.3−3.55, 4.2−6.2 (−10 dB) 8 >58 <0.1 >15 40.2

[33] With 3.4−5 (−6 dB) 4 >31.6 <0.11 >12 –

[30] With 2.496−2.69, 3.3−3.7 (−6 dB) 8 >41 <0.11 >10.5 38.9

[34] With 3.4−3.6 (−6 dB) 4 >29.2 <0.13 >12.7 –

[31] With 3.3−4.2, 4.4−5, 5.15−5.95 (−6 dB) 8 >40 <0.1 >11 40

[35] With 3.4−3.6 (−6 dB) 8 >42 <0.15 >10 –

[32] Without 3.4−3.6, 5.12−5.925 (−10 dB) 8 >51 0.1 11.2 36.9

>62

Proposed
design

With 3.4−3.6, 3.6−3.8 (−10 dB) 8 >80 <0.15 >11.5 38.8,

5.15−5.925 (−6 dB) >70 <0.13 >12 40
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