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ABSTRACT: In order to meet the current demand for 5G smartphone antennas, this paper introduces a six-port dual-band multiple-input
multiple-output (MIMO) antenna designed for 5G smartphones. Based on multimode, the antenna achieves multiple band coverage in a
limited space, making it of significant practical value in 5G cell phone antenna applications. The antenna features a structure comprising
a modified L-shaped patch antenna, a gun-shaped slot in the ground plane, and two small stubs extending from the metal ground. This
configuration creates a multimode antenna that is excited by two coupled feed loop modes and two slot modes. The feeder strips, which
have been enhanced with L-shaped slots, form tuned branches, enabling the co-excitation of multiple modes. The MIMO system can
operate within the frequency range of 3.3-3.8 GHz and 4.4-7.5 GHz (S11 < —6dB), covering the 5G communication bands including
n78 (3.3-3.8 GHz)/n79 (4.4-5.0 GHz) and the LTE Band 46 (5.15-5.925 GHz). Additionally, the antenna exhibits an envelope correlation
coefficient of less than 0.18, antenna efficiency ranging from 60% to 93%, and isolation between adjacent antenna elements better than

12.9dB.

1. INTRODUCTION

5 G has revolutionized data transmission rates, latency, mass
connectivity, network reliability, and energy efficiency
compared to its predecessors. The emphasis has been placed
on the development of communication technologies for 5G
terminals [1]. Multiple-input multiple-output (MIMO) system
technology is an advanced method to meet the demand for high
data rates because it transmits and receives signals through
multiple antennas, realizing the improvement of channel
capacity and spectral efficiency [2]. Since the realization of
MIMO technology requires multiple antenna elements to be
configured on the mobile device, this can be limited by the size
of the antenna and the space of the mobile device, which affects
the bandwidth and element isolation of the MIMO antenna
and leads to a decrease in the transmission rate, reducing the
effectiveness of the MIMO antenna. Therefore, the design of
the MIMO antenna that maintains wide bandwidth and good
isolation within the limited space of mobile devices is gaining
more attention.

Different countries are focusing on various spectrums for de-
ploying 5G communication bands. For instance, the U.S. has
adopted 3.55-3.7 GHz and 3.7—4.2 GHz as the future 5G com-
munication bands, while China has opted for 3.3-3.6 GHz and
4.8-5 GHz. Moreover, the frequency bands ranging from 5170
to 5835 MHz have been designated as the spectrum for 5G wire-
less local area network (WLAN). Currently, numerous stud-
ies are being conducted on antennas for 5G smartphone termi-
nals, aiming to accommodate various frequency bands. Among
them, MIMO antennas are being developed to support a single
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LTE band 42 (3.4-3.6 GHz) [3-14]. However, the bandwidth
provided by these antennas is too narrow to meet the increasing
demand for practical applications. Consequently, multiband
antennas are being further explored to address the requirements
of practical applications [15-22] and achieving excellent isola-
tion levels exceeding 10 dB. In these designs, monopole, slot,
loop mode, and inverted F antenna (IFA) are commonly utilized
to generate multiple resonances. In [17], an antenna consists of
four dual antenna arrays (DAA), each including a two-branch
monopole antenna and a T-shaped decoupling stub. This an-
tenna covers the n77 band (3.3—4.2 GHz) and 5 GHz band (4.8—
5.0 GHz). The antenna proposed in [20] utilizes a combination
of monopole and slot patterns and a high-pass low-rejection fil-
ter in the slot slit to achieve dual-band operation at 3.4-3.6 GHz
and 4.8-5.0 GHz. Nevertheless, these designs typically func-
tion within bandwidths of 3.4-3.6 GHz and 4.8-5 GHz. This
limited spectrum remains insufficient for future 5G commu-
nication deployments, and there is an ongoing expectation for
bandwidth expansion.

Recently, several new and promising antenna array struc-
tures have been proposed, and the bandwidth has been further
expanded to increasingly meet the needs of 5G communica-
tions [23-30]. In[23], each antenna unit is a slot antenna, which
consists of an L-shaped slot and a 50 2 microstrip feedline, and
a 10 dB impedance broadband coverage of the 5G NR band and
WLAN 5 GHz band can be realized by loading a tuning stub on
the feedline. Ref. [24] proposes a dual-band 8-port MIMO 5G
smartphone antenna with two open-slot metal frames and cou-
pled feeds, enabling coverage of the n78 and n79 as well as
WIFI 5 GHz bands and excellent isolation of 16.5 dB. In [25],
a small low-profile ultra-wideband MIMO antenna designed to
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contain vertical, horizontal strip lines and diagonal strip line
cross-sections is proposed such that its resonance can cover the
frequency range from 3.20 GHz to 13.40 GHz, and isolation is
greater than 20 dB. The antenna in [28] consists of a monopole
structure, an inverted L-pivot, and an inverted C-pivot, which
allows the antenna to obtain multiple modes and improves
impedance matching by utilizing parasitic elements, open slits,
and stubs. The antenna’s —6 dB impedance bandwidth fully
covers the 5G sub-6 GHz NR bands n77/n78/n79. The single
element of the antenna proposed in [29] consists of both open
and closed slots, based on the simultaneous excitation of mul-
tiple slot patterns acting together to cover a broadband of 3.4—
6.1 GHz, with isolation also reaching 11.7. In [30], three reso-
nant modes (loop mode, slot mode, and PIFA mode) are well ex-
cited by etching a T-slot on the PIFA element. The three modes
work together to achieve an ultra-bandwidth of 3.3—7.5 GHz,
but their isolation is hardly more than 10 dB even with reduced
mutual coupling through grounding piles. Also, the use of new
materials has led to improved antenna performance. In [31],
a superconducting flexible antenna that can be used for wear-
able electronic devices printed using a tri-nanocomposite of
graphene nanosheets/silver/copper (GNP/Ag/Cu) is proposed,
such that the material allows to obtain a high gain without re-
ducing the safety.

In view of the above discussion and in order to overcome the
drawbacks of narrow bandwidth and low isolation present in
the above literature, this paper innovatively proposes the con-
figuration of a six-port dual-band MIMO array using loop and
slot modes. In terms of material selection, copper was chosen
as the antenna conductive material, which is still able to have
a better effect under the condition of not using new conductive
materials. In design, the antenna array incorporates two low-
frequency loop modes at approximately 3.5 GHz and 5.1 GHz,
as well as two slot modes at around 5.8 GHz and 7.1 GHz, po-
sitioned along the perimeter of a gun-shaped slot. In terms of
band selection, the antenna covers the mainstream 5G frequen-
cies (n78 and n79) and LTE band 46. Such a choice of fre-
quencies makes it possible to cope with the configuration of
antennas for 5G smartphones. With such frequency selection,
it can be configured for most of the 5G smartphone terminal
antennas. Therefore, the antenna has research value and is suit-
able for 5G smartphones. To enhance impedance matching, the
feeder structure was adjusted by adding tuned branches. The
—6 dB impedance bandwidths of the four resonances are com-
bined to cover a frequency range of 3.3—3.8 GHz and a wide-
band range of 4.4-7.5 GHz. Both simulated and measured out-
comes demonstrate an isolation exceeding 12.9 dB and an en-
velope correlation coefficient (ECC) below 0.18.

2. ANTENNA DESIGN

2.1. Antenna Construction

Figure 1 illustrates the proposed six-port MIMO array con-
figuration consisting of six antenna elements, labeled ANT1
through ANT6, with a centrally symmetric antenna arrange-
ment mounted on the frame along the two longer sides. An
FR-4 substrate (relative permittivity of 4.4, loss tangent of 0.02)
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FIGURE 1. Construction and detailed dimensions of the MIMO array
and single element (Unit: mm).

is used to simulate the frames with the main board of the sys-
tem, with metal ground etched on the top and bottom sides of
the substrate and on both sides of the frames. The dimensions
of the motherboard are 150 x 75 x 0.8 mm?, and the length of
the frame is 75 mm, with a height of 7mm and a thickness of
0.8 mm.

As illustrated in Figure 1, each individual antenna element
comprises three distinct components: an L-shaped 50 Q2 mi-
crostrip feeding line that has undergone modifications and ad-
vancements, a gun-shaped slot within the metal ground plane,
and two minor metal patches situated on the external surface
of the structure. The microstrip feed line consists of two parts
joined together on the upper surface of the substrate and the
inner surface of the frame. Below the microstrip line, a gun-
shaped slot is etched into the metal ground plane beneath the
substrate. Two small metal pieces etched on the outer surface
of the frame act as upward extensions of the ground plane, con-
nected to enhance the impedance-matching effect of the an-
tenna elements. Each antenna element is fed by a folded 50 (2
microstrip feeding strip coupled with a Super Miniature A ver-
sion (SMA) connector.

2.2. Antenna Evolution and Analysis

The evolution of the antenna design is depicted in Figure 2
while Figure 3 displays the reflection coefficients for the vari-
ous schemes mentioned.

In [1], Figure 2(a) shows an L-shaped feedline, which is a
simple etch on the upper surface of the substrate. However,
it does not create an effective impedance match with the T-
shaped slot in the ground. In [2], two small rectangular patches
are introduced from the floor towards the outside of the frame
to achieve good impedance matching. Additionally, the mi-
crostrip feedline is extended over the inner surface of the frame,
as illustrated in Figure 3. Ref. [2] achieves good resonance
in the high-frequency range. As illustrated in Figure 2(c) to
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FIGURE 3. Comparison of reflection coefficients of the reference an-
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FIGURE 5. Reflection coefficients of antenna elements for different
lengths of d in proposed antenna (Unit: mm).

enhance the bandwidth, the feeder line was modified with L-
slotting as described in [3]. Figure 4 shows the changes in the
reflection coefficient due to adjustments in the horizontal length
(L) of the slotted line, varying from 7.8 mm to 3.8 mm. The
bandwidth gradually widens, and the low-frequency range is
covered as the horizontal length L increases. In order to meet
the performance requirement of wide bandwidth and coverage
of 3.5 GHz band, the value of L is selected as 7.8 mm. This
leads to a significant improvement in the performance of the
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FIGURE 4. Reflection coefficients of antenna elements for different
lengths of L in Ref 3 (Unit: mm).
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FIGURE 6. Reflection coefficients of antenna elements for different
widths of W in proposed antenna (Unit: mm).
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antenna element. The blue curve in Figure 3, representing the
reflection coefficient in [3], indicates three resonances in the
3-8 GHz range. However, [3] falls short in providing coverage
for n79 and LTE band 46.

Further modifications were made to the grounded slot by
adding a rectangular slot next to the T-slot, as shown in Fig-
ure 2(d), which represents the final model of the antenna con-
struction. Figure 5 shows the effect of the length of the
rectangular slot (denoted by d) on the antenna performance.

Www.jpier.org



PIER C

Lin et al.

FIGURE 7. Simulated vector current distribution at four resonant frequencies. (a) 3.5 GHz, (b) 5.1 GHz, (c) 5.8 GHz, (d) 7.1 GHz.

The rectangular slot with a length of 3.4mm has an excit-
ing effect on the antenna performance, obtaining a wide band-
width and good impedance matching, much better than the an-
tenna performance of [3]. This modification shifts some of
the resonance points of the antenna element from 4.5 GHz to
6 GHz towards lower frequencies, which greatly enhances the
impedance matching.

In addition, the width of the left metal patch on the outer sur-
face of the frame of the antenna unit has a significant effect on
the antenna performance. Figure 6 depicts the reflection coeffi-
cients of the antenna when the width of the patch, W, is varied
from 0.5 mm to 1.5 mm. The smaller patch size instead widens
the bandwidth of the antenna, and W is finally optimized to
0.5 mm.

The above design, dependent on the modification of three
elements in each antenna, results in a configuration that is su-
perior in performance while not being overly complex and easy
to work with. Each step of improvement to the design process
results in enhanced antenna performance, and the proposed an-
tenna has a large band coverage that can be well suited for 5G
smartphone applications.

In Figure 7, the simulated vector current distributions at the
four resonances are depicted to understand the mechanism of
operation.

At the resonant frequency of 3.5 GHz, the currents are mainly
distributed on the right side of the L-shaped feeder and the slots
on the ground plane. The currents form a coupled loop current
distribution around the tuning branch created by the slots on
the microstrip feeder and the slots on the ground plane. This
distribution is free of current nulls and is excited at a quarter
wavelength. At the resonant frequency of 5.1 GHz, the current
is distributed to the left of the slots in the feeder strip and in the
ground plane, also excited at a quarter wavelength similar to
the case of the resonance at 3.5 GHz. At the resonant frequency
of 5.8 GHz, the antenna element is primarily excited by the slot
mode, as depicted in Figure 7(c). Here, the current is distributed
around the gun-shaped slot, with a current null in the middle,
forming a half-wavelength slot mode structure. At the reso-
nance frequency of 7.1 GHz, as shown in Figure 7(d), the cur-
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rent distribution has two current nulls, which divide the current
loop formed by the microstrip line and the slot into three seg-
ments. All segments are excited by the half-wavelength mode,
leading to the formation of the high-frequency partial resonance
at 7.1 GHz.

2.3. Analysis of Antenna Parameters

As evident from the current analysis, all four resonant modes
are influenced by the slots. This section delves into the impact
of adjusting the slot sizes on the antenna’s performance. We
scanned and analyzed the effects of slot dimension variations,
which include the length of narrow slots on either side of the
ground plane slots (S1 and S2 — representing the left short and
right long slot lengths, respectively, as shown in Figure 2(d)),
to delve into its operational mechanisms

As depicted in Figure 8(a), the transmission coefficient
varies as S1 increases from 3.5mm to 6.5mm. It is evident
that the length of S1 minimally impacts the resonance at the
3.5 GHz frequency. With the gradual reduction of S1, the res-
onance frequencies other than 3.5 GHz (5.1 GHz, 5.8 GHz, and
7.1 GHz) shift towards higher frequencies. This observation
confirms the accuracy of the working mechanism in the current
vector analysis discussed in the previous section. At 3.5 GHz,
the resonance is excited by the loop mode on the right side,
and therefore it is not affected by changes in slot dimensions
on the left side. In Figure 8(b), the transmission coefficient
changes as S2 ranges from 2.5 to 6.5 mm. The low-frequency
resonance (3.5 GHz) shifts to lower frequencies with increas-
ing S2. When S2 is 4.5mm, only one resonance exists in
the middle-frequency band. As S2 increases to 6.5 mm, the
resonance in the middle part splits into two segments. This
phenomenon is likely attributed to the shorter length of S2,
which can only stimulate the loop mode resonance on the left
side of the slot. However, as the slot length increases, it is
separated into loop mode and slot mode, resulting in the lower
frequency resonance (5.1 GHz) being excited by the loop mode
and the higher frequency resonance (5.8 GHz) being excited
by the slot mode.
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FIGURE 9. Photos of the measured MIMO array. (a) Overhead view. (b) Side frame view. (c) Back view.
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FIGURE 10. Simulated S-parameters versus measured S-parameters of the proposed MIMO array. (a) Simulated reflection coefficients of ANTs 1-3.

(b) Measured reflection coefficients of ANTs 1-3.

3. RESULTS AND DISCUSSION

In order to verify the effectiveness of the antennas, a physi-
cal model of the proposed antenna array was fabricated and
tested in the laboratory. The proposed antenna is designed us-
ing HFSS simulation software, and the printed circuit board
(PCB) is fabricated based on the design model. The antennas
are clad with copper, punched and etched on the main substrate

35

and frame substrate made of Fr-4 material. Finally, the sub-
strate and frame are connected, and the SMA connectors as well
as the antenna units are soldered to obtain the finished product
for antenna testing.

As shown in Figure 9, a fabricated prototype of a six-port
MIMO antenna system is demonstrated with six SMA connec-
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FIGURE 12. The environment of the antenna measurement. (a) Measurement of S-parameters. (b) Measurement environment for radiation direction.

tors under the metal ground feeding each of the six antenna el-
ements.

3.1. S-Parameters and Antenna Efficiency

Due to the centrosymmetric structure of this MIMO antenna,
simulations and measurements of reflection coefficients and
efficiencies are provided for one side port only. The S-
parameters of the antenna were measured using an N5247A
PNA-X network analyzer. Figure 10 illustrates the simulated
and measured values of the reflection coefficient. The simu-
lated and measured results are similar, and the proposed MIMO
antenna has —6 dB impedance bandwidths of 14.28% (3.3—
3.8 GHz) and 52.10% (4.4-7.5 GHz) covering both n78/n79
and LTE Band 46. The isolation of the neighboring antenna
elements is better than 12.9 dB, and the isolation of the relative
antenna elements is better than 25 dB, as shown in Figure 11.

The measured environment is shown in Figure 12. Mean-
while, the values of the respective simulated antenna efficien-
cies of ANTs 1-3 are shown in Figure 13, achieving antenna
efficiencies higher than 60% in the range of bands in which
they operate.

3.2. Radiation Pattern and MIMO Performance

Due to the central symmetry of the antenna, for simplicity, the
simulated and measured normalized radiations of the ANTs 1—
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3 in the XOZ and YOZ planes are plotted in Figures 14,
15, and 16 for each resonant frequency (3.5 GHz, 5.1 GHz,
5.8 GHz, and 7.1 GHz), respectively. The simulated and mea-
sured radiation direction plots are in good agreement, with the
radiation in the X OZ plane indicated by the red curves mostly
pointing towards the X -axis direction and with the effect partic-
ularly pronounced for ANT 1 and ANT 3, whereas the radiation
in the YOZ plane indicated by the blue curves mostly points
towards the Y -axis, and the main radiation direction of the an-
tenna elements of each port is away from the system ground for
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each resonance frequency. In summary, the antenna has good
radiation omnidirectionality.

In addition, the Envelope Correlation Coefficient (ECC) is
also given to evaluate the antenna performance. ECC is a time
series representation of the relativity of the received signals be-
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TABLE 1. Antenna performance comparison.

Bandwidth Isolation Total Size
Ref. ECC . ,
(GHz) (dB) Efficiency (%) (L X W x Hmm)
[3] 3.4-3.6(—6dB) > 16 < 0.05 59-73 28.4 x1x0.8
[11] 3.4-3.6(—10dB) > 12.7 <0.13 41-65 25 X 7x 1.5
[14] 3.4-3.6(—10dB) > 19.1 < 0.0125 60-70 174 x 0.8 X 6
[16] 3.4-3.9,4.5-5.3(—6dB) > 10 < 0.23 50-78 7x2.5X%6.2
[22] 3.3-4.2,4.4-5.0(—6 dB) > 11 < 0.2 38-52 11 x7x5
[24] 3.3-3.6,4.4-5.85(—6dB) > 16.5 < 0.18 41.5-82.4 7x%x0.8%x6.8
[28] 3.1-6.0(—6 dB) > 10 < 0.1 41-69 139 x 08 x7
[30] 3.3-7.5(—6dB) > 10 < 0.05 40-78 15x0.8x7
Pro. 3.3-3.8,4.4-7.5(—6dB) > 12.9 < 0.18 60-93 23 x5 x 2.3
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FIGURE 16. Normalized radiation patterns for ANT 3 simulations and measurements. (a) 3.5 GHz, (b) 5.1 GHz, (c) 5.8 GHz, (d) 7.1 GHz.

tween two antenna elements in an antenna system, and it is a
very important metric for examining the diversity performance
of a MIMO antenna system. According to Equation (1) of
ECC [32], the result of ECC is derived from the measured S-
parameters as shown in Figure 17. The results show that the
ECC is less than 0.18 in all operating frequency bands, which
is better than the operating standard of less than 0.5.

|S12512 + S5, Saa”
(1 — 181l - \521|2) (1 — S22 — |512|2)

ECC = (1

38

3.3. Comparison with Existing 5G Smartphone Antennas

In order to demonstrate the superiority of the antenna designed
in this paper, the previously reported MIMO smartphone an-
tennas are compared. In Table 1, the various performances of
each antenna are demonstrated. Although the antenna designs
in [3] and [14] have high isolation up to 19.1, they only cover a
single frequency band and cannot be used for multi-band appli-
cation scenarios. Both [16] and [22] cover n78 and n79 bands
but lack LTE band 46 and have slightly poorer isolation than
the proposed antenna. The antenna design in [30] relies on its
antenna height of 7 mm to operate from 3.3 to 7.5 GHz. How-
ever, the proposed antenna has a height of only 2.3 mm and still
satisfies most of the bands, and its isolation degree of 12.9 dB is
better than the 10 dB isolation degree of [30]. The proposed an-
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tenna in this paper has the advantages of wide bandwidth, small
size, and better isolation than these designs in the literature.

4. EFFECT OF USER'S HAND

To further explore the operational performance of the antenna
in realistic scenarios, the influence of the user’s hand is investi-
gated in this section. Two typical 5G usage scenarios, namely,
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single-hand operation mode (SHO) and dual-hand operation
mode (DHO), are depicted in Figure 18.

As shown in Figure 19, the reflection coefficient, transmis-
sion coefficient, and radiation efficiency of each antenna port
are shown for the antenna in SHO mode. Figure 19(a) shows
that the reflection coefficient of ANT 6 is significantly weak-
ened, which is due to the direct contact of the hand type on
ANT 6, making it the most affected; its return loss has a slight
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FIGURE 21. Simulated 1-g-spatial-average Head SAR. (a) The simulated environment. Head SAR-Field at (b) 3.5 GHz and (c) 6.0 GHz.

increase, but still maintains the original operating band; the rest
of the components are not in direct contact; the reflection co-
efficient is almost unaffected. From Figure 19(b), the isola-
tion between ports is still maintained at about 13 dB. From Fig-
ure 19(c), it can be seen that the radiation efficiency of ANT 6
and ANT 5, which are covered by the hand to the largest extent,
decreases to less than 50%, while the efficiency of the rest of
the antenna elements is still maintained at more than 50%.

The reflection coefficient, transmission coefficient, and ra-
diation efficiency of each antenna port in the DHO mode are
shown in Figure 20. The ports are distributed on the two long
side edges of the frame, while DHO mode covers the two short
edges and does not directly cover the antenna. As a result,
the reflection coefficients of the ports are not greatly affected
and remain in their original operating bands, as shown in Fig-
ure 20(a). The isolation is not affected as shown in Figure 20(b).
Figure 20(c) shows that the radiation efficiency of each antenna
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element is weakened to different degrees, and ANTs 1-3 near
the index finger are more efficient, which are all between 50%
and 70%. However, the efficiency of ANTs 4-6 near the palm
drops from 40% to 60%.

5. SAR ANALYSIS

Specific Absorption Rate (SAR) is used to describe the effect
of electromagnetic radiation on the human body. The European
standard [33] states that the maximum value of any 1-g-spatial-
average head SAR for mobile phone antennas should not ex-
ceed 2 W/kg. 1-g-spatial-average head SAR of the proposed
antenna is simulated at the respective central frequencies of the
two frequency bands (3.5 GHz and 6 GHz) as shown in Fig-
ure 21. The simulation environment is shown in Figure 21(a),
and the simulation is strictly based on the Cellular Telecommu-
nications Industry Association (CTIA) test plan [34] with an

WWwWw.jpier.org



Progress In Electromagnetics Research C, Vol. 148, 31-42, 2024

PIER C

input power of 23 dBm. The SAR-Field at the two frequencies
is shown in Figures 21(b), (c), and it can be seen that the simu-
lated head SAR maxima at 3.5 GHz and 6 GHz are 1.825 W/kg
and 1.055 W/kg, respectively, which are compliant with the Eu-
ropean standard.

All the above simulation results were obtained using the
HFSS 19.2 version except for the SAR analysis. The SAR anal-
yses were performed using CST Studio Suite version 2024.

6. CONCLUSION

A six-port dual-band antenna with high isolation for 5G smart-
phone applications is proposed in this paper. The broadband
characteristics are achieved through the combination of two
coupled feed loop mode resonances (3.5 GHz and 5.1 GHz) and
two slot mode resonances (5.8 GHz and 7.1 GHz). The pro-
posed antenna covers both ends of the operating band, ranging
from 3.3-3.8 GHz to 4.4-7.5 GHz, encompassing both n78/n79
and LTE band 46. The proposed antenna system is character-
ized by suppressed mutual coupling (< 12.9dB), high over-
all antenna efficiency (60-93%), and good MIMO performance
(ECC < 0.18). The simulated and measured results of this new
antenna are consistent and perform well enough to be used in
real-world production, providing a new option for 5G smart-
phone antennas. The ECC value in handheld mode is less af-
fected, and the antenna’s head SAR value complies with EU
standards, combining stability and safety. However, the choice
of materials and the integration of various antennas inside the
phone still pose challenges to the commercialization of this an-
tenna promising subsequent in-depth research. In conclusion,
the proposed antenna demonstrates superior performance and is
better suited to meet the requirements of future 5G smartphone
application development.
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