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ABSTRACT: In this paper, a novel multiple-input multiple-output (MIMO) antenna for 5G applications in n77, n78, n79, and 6 GHz bands

is proposed. The antenna structure is compact, measuring 30 X 50 x 1.5 mm

3. The antenna is composed of two microstrip antenna

units, which are formed of two hexagonal rings with lotus and small human, with the floor partially removed. The antenna functions in
a frequency range of 3.3 to 8.7 GHz. The flow of coupling currents is impeded, and the isolation of the antenna is improved by the use
of stepped rectangular slots and the floor of the projecting T-shaped structure, resulting in the antenna having an isolation of less than
—20dB over the entire operating bandwidth. Furthermore, the envelope correlation coefficient (ECC) is less than 0.008, the diversity
gain (DG) greater than 9.95, the total active reflectance coefficient (TARC) less than —30 dB, and the channel capacity loss (CCL) less
than 0.32 bit/s/Hz. The simulations and measurements of the antenna demonstrate its reliability and stability, thus indicating its potential

for significant applications in 5G wireless communications.

1. INTRODUCTION

In the current trends of communication technology devel-
opment, 5G communication has been widely deployed and
adopted due to its advantages of high speed, low latency, and
large capacity. As the core component of electromagnetic wave
transceivers in communication networks, antennas play a cru-
cial role in ensuring signal transmission, network coverage, and
multi-device cooperative communication. Consequently, 5G
antenna design has become a research hot spot in the field of
communications. Although millimeter-wave (mm Wave) tech-
nology offers significant bandwidth advantages, its large-scale
commercial deployment is hindered by substantial propagation
losses, insufficient omnidirectional coverage, and high equip-
ment costs. Therefore, current research efforts are primarily
focused on designing and optimizing sub-6 GHz antennas for
5G applications. Most existing 5G communication systems op-
erate in the n77 (3.3—4.2 GHz), n78 (3.3-3.8 GHz), and n79
(4.4-5 GHz) frequency bands. In 2023, China’s Ministry of In-
dustry and Information Technology (MIIT) allocated the 6 GHz
band (6.4-7.1 GHz) for 5G deployment [1], providing addi-
tional spectrum resources to alleviate spectrum scarcity and en-
hance network capacity and performance. With the increasing
volume of user data, the adoption of MIMO technology has be-
come essential. The channel capacity of MIMO systems scales
linearly with the minimum number of antennas at the transmit-
ter and receiver. Without requiring additional spectrum, MIMO
enables simultaneous transmission and reception of multiple
data streams over the same wireless channel [2], significantly
improving signal diversity, transmission rates, and link relia-
bility. However, antenna design is challenged by the mutual
coupling between antenna elements and spatial correlation ef-
fects [3]. Article [4] proposed a closed-form expression for es-
timating the average user channel capacity of spread spectrum
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MIMO systems under Rayleigh fading, providing a theoretical
tool for practical system design.

In recent years, planar antennas for 5G wireless communica-
tions and MIMO systems have been extensively investigated.
Several innovative designs have been reported in the litera-
ture [5—-14], employing specially-shaped radiating patches to
achieve operation within 5G frequency bands. Ref. [5] intro-
duced a crescent-shaped radiating patch formed by subtract-
ing two non-concentric circles, achieving an operational band-
width of 3.5-11 GHz, though with limited port isolation below
—17dB. The work in [6] presented a novel flower-shaped patch
antenna composed of four rotationally symmetric concentric
ellipses, demonstrating a broad bandwidth of 3.08-11.5 GHz
but similarly suffering from moderate isolation performance
(< —15dB). A compact tri-band loop antenna was proposed
in [7], featuring resonant frequencies at 2.4 GHz, 3.5 GHz,
and 5.5 GHz; however, the design neither employed MIMO
techniques nor achieved miniaturization (36 mm x 39 mm).
The flag-shaped radiator in [8] exhibited a 2.3-5.6 GHz band-
width, yet isolation remained below —18 dB. A circular floral
fractal antenna was developed in [9], demonstrating six dis-
tinct resonances at 1.79 GHz, 3.84 GHz, 7.34 GHz, 9.08 GHz,
11.44 GHz, and 14.6 GHz, though limited to single-element
implementation without MIMO configuration. A pentago-
nal microstrip antenna in [10] achieved tri-band operation at
4 GHz, 7GHz, and 9.6 GHz, but with a relatively large foot-
print (30 mm x 54 mm). The hexagonal fractal antenna in [11]
provided dual-band resonance at 2.5 GHz and 5.7 GHz, though
again restricted to monopole operation. Lastly, [12] reported
a frog-inspired antenna covering 3.05-13.8 GHz, yet isolation
performance remained below —17dB. Ref. [13] employed a
regular octagonal radiating patch to achieve a bandwidth of 3.7—
11 GHz, but the isolation is only —15 dB. In [14], the radiating
patch consists of a small horizontal ellipse and two larger el-
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lipses intersecting at 60° with a shared center point, achieving
an antenna bandwidth of 4.3—-15.36 GHz; however, the maxi-
mum antenna gain is only 5.35 dBi.

Recent studies [15-21] have systematically investigated
ground plane modification techniques using parasitic elements
to enhance port isolation in MIMO antenna systems. The
research demonstrates that while parasitic patch implemen-
tations effectively improve isolation characteristics, inherent
design trade-offs exist between performance metrics and
physical dimensions. Specifically, [15] achieved a 4-10 GHz
operational bandwidth through a fence-shaped parasitic patch
configuration, though with a moderate isolation of —19dB.
Similarly, the T-shaped ground patch implementation in [16]
yielded a 3.25-7.12 GHz bandwidth while maintaining —17 dB
isolation. A more complex approach employing four centrally
symmetric rectangular strips was presented in [17], yet the
isolation performance remained limited to —15dB. Notably,
[18] demonstrated superior isolation below —27dB via an
interconnecting rectangular strip between ground sections,
albeit with a substantially larger 64 mm x 96 mm footprint.
Alternatively, the dual L-shaped ground patch configuration
in [19] effectively suppressed coupling currents to achieve
—19dB isolation, while requiring a 36 mm X 53 mm board
area. Ref. [20] employed parasitic elements integrated with
metamaterials to achieve antenna isolation and decoupling,
resulting in an isolation level below —22dB. However, the
gain is only 5.5 dBi, and the radiation efficiency is merely 0.7.
Ref. [21] introduced a racket-shaped ultra-wideband MIMO
antenna that utilized a T-shaped ground plane for isolation,
achieving an isolation level of —20dB, but the radiation
efficiency is only 0.74. Ref. [22] presented an antenna incor-
porating a fork-shaped isolation structure, yet the isolation
level was only —17 dB.

Recent studies [23-28] have explored ground plane slotting
techniques as an effective approach to reduce current coupling
between ports in antenna systems. The implementation of two
concentric annular slots in the ground plane [23] achieved en-
hanced isolation of —20 dB, albeit with a relatively large form
factor of 50mm x 65 mm. Ref. [24] introduced a stepped T-
shaped slot configuration at the ground plane’s base, which
successfully altered current distribution patterns but yielded
only —15.5dB isolation. More significant improvement was
demonstrated in [25], where dual circular slots positioned be-
neath the radiating patches substantially suppressed inter-port
coupling, resulting in exceptional —28 dB isolation, though re-
quiring a 50mm x 76 mm footprint. An alternative droplet-
shaped slot design in [26] effectively redirected current paths
to attain —25 dB isolation while maintaining a 50 mm x 50 mm
dimension. Ref. [27] proposed a fractal snowflake-symmetric
MIMO antenna incorporating a centrally truncated slot ground
structure at the bottom, achieving an isolation level below
—22.5dB. However, the antenna exhibits relatively large di-
mensions of 32mm x 64 mm. In [28], T-shaped and I-shaped
slot structures were implemented on the ground plane, obtain-
ing an isolation level of —30dB, but the radiation efficiency
was only 0.75-0.97. However, these studies collectively ex-
hibit several limitations, including suboptimal physical dimen-
sions, absence of MIMO implementation, restricted operational
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bandwidth, and potential for further isolation enhancement,
suggesting opportunities for future optimization in antenna de-
sign methodologies.

Building upon these existing solutions, this paper proposes a
novel wideband MIMO antenna structure and design method-
ology specifically tailored for 5G band applications, featuring
an operational bandwidth of 3.3—8.7 GHz that fully covers n77,
n78, n79, and 6 GHz frequency bands. The antenna features
an innovative structural design, yielding superior performance
parameters. The innovative design incorporates hexagonal ra-
diators on the substrate’s top layer, each embedded with circu-
lar slots and centrally positioned unique parasitic elements — a
lotus-shaped patch and an anthropomorphic patch — to ensure
optimal performance across 5G frequency bands. The ground
plane integrates a sophisticated decoupling structure compris-
ing stepped rectangular slots, an inverted T-shaped slot config-
uration, and a complementary T-shaped parasitic patch, achiev-
ing remarkable port isolation below —20 dB throughout the op-
erational bandwidth. Extensive evaluations demonstrate the an-
tenna’s exceptional performance in key 5G broadband appli-
cations, exhibiting superior gain characteristics, excellent di-
rectional radiation patterns, ultra-low ECC, and minimal CCL,
making it an ideal solution for advanced MIMO communica-
tion systems.

2. SINGLE-ELEMENT ANTENNA DESIGN

2.1. Antenna Structure

In this paper, a compact wideband MIMO antenna design for
5G is proposed for 5G applications in n77, n78, n79 and 6 GHz
bands. The antenna is fabricated using a substrate with dimen-
sions of 22 mm x 30 mm and a thickness of 1.5 mm, which is
made of standard FR4 material with a dielectric constant (,)
of 4.4 and a loss angle tangent (tan §) of 0.02. The front of the
substrate incorporates a square hexagonal radiator and a rectan-
gular microstrip feeder with a circular slot etched in the centre
of the radiator. It also features a lotus-shaped patch and a small
human-shaped patch embedded to allow free radiation of the
antenna signal. The rear of the substrate features a partial base
plate and a rectangular slot, which are designed to enhance the
impedance matching of the antenna. Figure 1 shows the form
factor of the designed antenna, where 61 is 45°; 2 is 30°; and
03 is 20°. The structural dimensions of the designed antenna
are shown in Table 1.

2.2. Stages of Antenna Design Evolution

The evolution of the antenna’s design is delineated in six stages,
as illustrated in Figure 2. In the first step, according to Equa-
tions (1)—(4), a rectangular microstrip antenna is obtained as
shown in Figure 2(a). The velocity of light in air (¢), frequency
(f), the length of the patch (L), its width (w), the thickness
of the substrate (h), and the effective dielectric constant of the
dielectric (¢,) are all taken into account in these equations. As
demonstrated in Figure 3, the antenna generates a narrow band-
width within the low 5G frequency band and exhibits resonance
at the 5G frequency point of 3.8 GHz. In the second step, a tri-
angle is excised from each side below the rectangular patch,
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FIGURE 1. Single-element antenna structure.
TABLE 1. Dimensions of single-element antenna structures.
Parameters X1 Y1 fx fy gy al a2 a3 a4 bl b2
Value (mm) 22 30 4 133 125 4 1.7 6 055 35 24
Parameters b3 b4 t sl rl r2 r3 r4 el e2 e3
Value (mm) 0.7 25 79 25 56 13 45 45 3 35 1
and an isosceles triangle is added at the top to form a posi- Figure 2(f) was obtained.
tive hexagonal patch. The antenna depicted in Figure 2(b) is
obtained, thereby significantly expanding the bandwidth of the I = ¢ _9AL (1)
antenna, yet maintaining a single resonance point. In the third 2f \/Eeﬁ»
step, the antenna depicted in Figure 2(c) is obtained by excavat-
ing a circle within the positive hexagonal patch, thereby form- (g +0.3) (y + 0.262)
- L : - e e eal AL = O.412h h )
ing a positive hexagonal ring. The radius of the circle is cal (2o — 0.258) (Q T 0.813)
culated and verified by Equations (5)—(7). At this juncture, the ¢ h
antenna exhibits two discrete resonance points. In the fourth 1
step, a lotus-shaped patch is incorporated within the positive o = & +1 + e — 1 <1 + 12h> 3)
hexagonal ring, and the lotus consists of a crescent shape, three ' 2 2 w
ellipses with an axis ratio of 3 at an angle of 30°, and two el- )
lipses with an axis ratio of 3.5 at an angle of 140°, in order to w = @ (ﬁ") Tz 4)
obtain the antenna shown in Figure 2(d). The bandwidth of the 2 \2
antenna is increased, and one of the resonance points of the an- .
tenna is made to lie in the 6 GHz band. In the fifth step, the _ 2h ol T2
antenna depicted in Figure 2(e) was obtained by the addition of R=T {1 + mTe, In 2h +1.7726 )
a small human patch situated above the lotus flower. The hu-
manoid configuration consists of a circular patch serving as the 8719 x 10°
head, a rectangular patch with width equal to the chord length of T = Ve Fre (6)
the circular patch forming the torso, an orthogonally positioned "
rectangular patch acting as the arms, and two rectangular strips oo c 7
inclined at 45° relative to the vertical axis constituting the legs. T on R\/Eeﬁ,
The enhanced current path has been demonstrated to expand
the bandwidth. In the sixth step, slots were cut into the floor As illustrated in Figure 3, the final design of the antenna
to improve the impedance matching, and the antenna shown in exhibits a bandwidth of 3.3-9 GHz, with resonance points at
3.6 GHz and 6.4 GHz.
161 WWwWw.jpier.org
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FIGURE 2. Design flow of single-element antenna: (a) Ant 1, (b) Ant 2, (c) Ant 3, (d) Ant 4, (e) Ant 5, (f) Ant 6.

TABLE 2. Dimensions of the MIMO antenna structure.

Parameters X Y x1 x2 x3 x4 x5 x6 x7
Value(mm) 50 30 05 1 8 295 545 1 9
Parameters x8 yl y2 y3 y4 y5 y6 y7
Value(mm) 1.5 2 1.5 1 9 85 174 0.1
Antl Ant2 Ant3 antenna exhibits an increase and subsequent decrease with the
—~— Ant4 —+— Ant5 < Ant6

S-Paprmeter(dB)

Freq[GHz]

FIGURE 3. Simulation results of six antennas.

2.3. Antenna Parameter Analysis

The height gy of the floor and the width al of the rectangular
slot of the floor have a significant effect on the performance
of the antenna, and HFSS software is used to optimize these
parameters so that the antenna achieves the best possible per-
formance. As demonstrated in Figure 4, the bandwidth of the
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rise of al, attaining its maximum value when al = 4mm. As
demonstrated in Figure 5, the bandwidth of the antenna ex-
hibits an increase followed by a decrease with an increase in
gy, reaching its maximum value at gy = 12.5 mm.

3. MIMO ANTENNA DESIGN

3.1. Antenna Structure

As illustrated in Figure 6, the geometry of wideband MIMO an-
tenna design for 5G is demonstrated. The antenna is fabricated
on a substrate measuring 30 mm x 50 mm with a thickness of
1.5 mm, using standard FR-4 material. The antenna is com-
posed of two symmetrical radiating patches on the substrate,
and its feeding mechanism is realized through a microstrip line
configuration. In order to enhance the isolation between the
antenna ports, a stepped rectangular slot and a stepped inverted
T-shaped slot were excavated into the base plate and supple-
mented with a T-shaped patch. The structural dimensions of
the designed antenna are shown in Table 2.

3.2. Stages of Antenna Design Evolution

The shape of the floor is continuously refined to optimize the
bandwidth and decoupling design of the MIMO antenna. As
shown in Figure 7, the evolution of the antenna design is di-

Www.jpier.org



Progress In Electromagnetics Research C, Vol. 157, 159-171, 2025

S-Paprmeter(dB)

—=—al=2mm
—e—al=3mm

35 |

L —aal=4mm
40 —~+—al=5mm

F —+—al=6mm
45 . 1 . 1 . 1 . 1 . 1 . 1 .

3 4 5 9 10

6 7
Freq[GHz]

FIGURE 4. Effect of al parameter on antennas S11.
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45 R 1 R 1 R 1 R 1 R 1 R 1 R
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FIGURE 5. Effect of gy parameter on antennas S11.

FIGURE 6. MIMO antenna structure.

vided into four stages. In the first step, the unit antenna is
positioned in a symmetrical manner on both sides of the sub-
strate, thereby resulting in the antenna depicted in Figure 7(a).
At this juncture, the antenna Sy, is situated at a level exceeding
—10dB at 4.7-5.1 GHz, and the isolation has been determined
to be —12 dB. It is imperative to further reduce the coupling. In
the second step, a stepped rectangular gouge treatment is taken
in the middle of the floor to obtain the antenna shown in Fig-
ure 7(b). The operating bandwidth is widened, and the coupling
in most of the operating bands is reduced, but the isolation re-
mains at a level of below —12 dB. In the third step, the decou-
pling effect between neighboring antennas is promoted by us-
ing a T-shaped plate, and the antenna shown in Figure 7(c) is
obtained. At this step, the antenna bandwidth remains largely
unaltered. However, the isolation falls short of the requisite
benchmark, registering at below —16 dB. This necessitates a
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further optimization of the antenna structure to enhance its per-
formance. In the fourth step, a stepped inverted T-shaped gouge
is made to the bottom of the floor to obtain the antenna shown in
Figure 7(d). This is done in order to make the overall antenna
isolation less than —20dB. It is important to note that this is
done without varying the antenna bandwidth.

The final antenna exhibits an operating bandwidth of 3.3—
9 GHz, with resonance points at 3.7 GHz, 6 GHz, and 8.4 GHz,
as illustrated in Figure 8(a). The antenna demonstrates an isola-
tion rating of less than —20 dB across the entire operating band-
width, as depicted in Figure 8(b).

3.3. Antenna Parameter Analysis

The dimensions of the stepped rectangular slot width =5 in the
middle of the floor, the width x6 of the T-shaped plate, and
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FIGURE 7. Design flow of MIMO antenna: (a) Ant I, (b) Ant I, (c) Ant IIL, (d) Ant IV.
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Freq[GHz]
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=t Ant [I === Ant [V
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6 7
Freq[GHz]

10

FIGURE 8. Simulation results of four antennas: (a) S11, (b) Si2.

the length =7 at the top have a significant effect on the antenna
performance. These parameters were optimized using HFSS
software to achieve the best performance of the antenna. As
demonstrated in Figure 9(a) and Figure 9(b), the antenna band-
width initially increases and subsequently decreases with the
rise in parameter =5, and the isolation degree also increases and
then decreases. It can be concluded that the antenna exhibits
an enhanced operating bandwidth and isolation decoupling at
the x5 value of 5.45 mm. As demonstrated in Figure 10(a) and
Figure 10(b), both the antenna bandwidth and isolation degree
initially increase and subsequently decrease with the rise of pa-
rameter 6. The antenna performance attains its optimal state
when the value of x6 is designated as 1 mm. As demonstrated
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in Figure 11(a) and Figure 11(b), the operating bandwidth of the
antenna is observed to increase with an increase in the value of
parameter 7. However, the isolation degree initially increases
and subsequently decreases. It is evident that the antenna ex-
hibits optimal operating bandwidth and isolation degree when
the value of 7 is 9 mm.

3.4. Antenna Current Analysis

Figure 12 illustrates the surface current distributions of four an-
tennas. The purpose is to enhance the decoupling performance
of the MIMO antennas by analyzing their surface currents. As
depicted in Figure 12(a), a rectangular patch links the ground
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—+—x5=5.45mm

—— x5=6.45mm
—+— x5=7.45mm

-10 - ik —E~ N 10 -10 b

@ -20 o -
) o
7} 2
-30
—a—x5=3.45mm
—e— X5=4.45mm
40 —a— x5=5.45mm
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50 1 1 1 1 1 1 .50 1 1 1 1 1 1
3 4 5 6 7 8 9 10 3 4 5 6 7 8 9 10
Freq[GHz] Freq[GHz]
FIGURE 9. Effect of 5 parameter on antennas S11 and Si2: (a) Si1, (b) S12.
@ © (b) o x6=0.5mm

0 —e— Xx6=1mm
—a— x6=1.5mm

—+— X6=2mm

S,,(dB)
S,,(dB)
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FIGURE 10. Effect of 6 parameter on antennas S11 and S12: (a) S11, (b) Si2-
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FIGURE 11. Effect of 7 parameter on antennas S11 and S12: (a) S11, (b) S1a.
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FIGURE 13. MIMO antenna fabrication prototype: (a) Front of the antenna, (b) back of the antenna.

planes of two single-element antennas, creating a new defec-
tive ground plane. The antenna is excited at Port 1. Simula-
tions conducted using ANSY'S HFSS software reveal that a sig-
nificant amount of current couples to Port 2. In Figure 12(b),
a stepped rectangular groove is introduced. Most of the cur-
rent is blocked, and only a small amount of current couples to
Port 2. For Figure 12(c), a T-shaped ground plane is employed.
Although a large amount of current is present on the isolation
structure, there is still a relatively small amount of coupled cur-
rent at Port 2. In Figure 12(d), a stepped inverted T-shaped
groove is utilized. The current at Port 2 is minimized, with al-
most no coupled current, indicating an optimized isolation and
decoupling effect. Consequently, the isolation and decoupling
structure shown in Figure 12(d) is ultimately adopted for the
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antenna. This structure effectively blocks the current coupling
between ports, achieving the best isolation performance.

4. RESULTS AND DISCUSSION

4.1. S-Parameters

The proposed wideband MIMO antenna design for 5G was
simulated using ANSYS HFSS software. To validate its prac-
tical performance, a physical prototype was fabricated based
on the antenna model, with the fabricated prototype depicted
in Figure 13. Antenna testing was conducted using a Siglent
SNAG6032A vector network analyzer, and the measurement
setup is illustrated in Figure 14. As shown in Figure 15, the an-
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FIGURE 14. Antenna test environment.
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Freq|GHz]

FIGURE 15. Simulated and measured S-parameters.

tenna exhibits an operational bandwidth spanning 3.3—8.7 GHz,
fully covering the 5G n77 (3.3-4.2 GHz), n78 (3.3-3.8 GHz),
n79 (4.4-5 GHz), and 6 GHz bands. Moreover, the measured
S12 parameters remain below —20 dB across the entire band-
width, demonstrating excellent port isolation. Although minor
discrepancies between the simulated and measured results of
S11 and Sis are observed in Figure 15, which are likely due
to fabrication tolerances and test environment variations, the
overall trends show strong agreement, confirming consistent
antenna performance.

4.2. Radiation Properties

The radiation direction maps of the wideband MIMO antenna in
the XOZ and YOZ directions were measured in a microwave
anechoic chamber. Three resonance points of the antenna were
selected for the measurements, and the results are shown in Fig-
ure 16. Figure 16(a) shows that the antenna achieves omnidi-
rectional radiation in the X OZ plane at a frequency of 3.7 GHz
and maximum radiation gain in the 0° and 180° directions of the
Y OZ plane. From Figure 16(b), it can be observed that at the
frequency of 5.3 GHz, the antenna achieves the maximum radi-
ation gain at 180° and 350° in the XOZ plane, while exhibit-
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ing nearly omnidirectional radiation characteristics in the Y OZ
plane. Figure 16(c) shows that the antenna achieves almost
omnidirectional radiation in the XOZ plane at a frequency of
6 GHz and exhibits bidirectional radiation, achieving maximum
gain in the YO Z plane at 345° and 180°. Figure 16(d) shows
that the maximum radiation direction of the antenna at 8.4 GHz
is distributed as follows: the X OZ plane is mainly distributed
within the 330°-30° and 145°-240° intervals, while the YOZ
plane is mainly distributed within the 330°-45° and 120°-190°
intervals.

As illustrated in Figure 17, the maximum gain and radiation
efficiency of the MIMO antenna are demonstrated. As demon-
strated in Figure 17, the antenna gain is 2.5-7.1 dBi. The an-
tenna’s radiation efficiency ranges from 87% to 97%, indicating
optimal radiation performance.

4.3. MIMO Antenna Performance
4.3.1. ECC and DG

Envelope correlation coefficient (ECC) refers to the correlation
coefficient of signal amplitudes received by different antenna
elements, serving as a parameter to evaluate the diversity per-
formance and coupling characteristics of MIMO multi-antenna
systems. A smaller ECC value indicates weaker mutual influ-
ence between antenna elements, leading to better MIMO an-
tenna performance. Typically, for proper antenna operation, the
ECC value must be less than 0.5. The ECC can be derived from
Equation (8) [29]

fl [ 0.0« o 0.9)] 0]
[ |F @) a2 1,

As shown in Figure 18, the maximum ECC of the proposed
antenna within the operating band is approximately 0.008,
demonstrating excellent decoupling capability.

Diversity gain (DG) is another key performance metric for
MIMO antennas, which can be derived from the ECC. A value
closer to 10 dB indicates better antenna performance. The cal-
culation is given by Equation (9) as follows:

DG = 10 x V1 — ECC?

ECC =

A ®

)
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FIGURE 16. Simulated and measured orientation diagrams:(a) 3.7 GHz, (b) 5.3 GHz, (c¢) 6 GHz, (d) 8.4 GHz.
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FIGURE 17. Peak gain and radiation efficiency of the antenna.

As depicted in Figure 19, the proposed antenna exhibits a min-
imum DG of 9.95 dB across its operational bandwidth, demon-

strating superior diversity performance.
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4.3.2. TARC and CCL

Total active reflection coefficient (TARC) serves as a critical
performance metric for MIMO antenna systems. It character-
izes the effective bandwidth of a MIMO antenna when multiple
ports are simultaneously excited and can be derived from S-
parameter measurements. Conventionally, a TARC value be-
low —10dB within the operational frequency band is consid-
ered indicative of an antenna design with low reflection loss
and satisfactory phase stability. In a two-port MIMO antenna
system, Equation (10) for the calculation of TARC is shown
below:

(S11 4 S12)” + (So1 + S22)°

TARC =
2

(10)

Figure 20 presents the TARC characteristics of the proposed
antenna, demonstrating values below —30 dB across the opera-
tional frequency band. This exceptionally low reflection coeffi-
cient confirms excellent decoupling performance in the MIMO
antenna system.

Channel capacity loss (CCL) represents another crucial pa-
rameter in MIMO antenna systems, quantifying the degrada-
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FIGURE 20. Simulating and measuring TARCs.

tion in channel capacity between antenna transceivers. The pro-
posed design demonstrates CCL values below the 0.4 bits/s/Hz
threshold throughout the operational bandwidth, meeting the
acceptable performance criteria for practical implementations.
The comprehensive calculation of CCL involves the coupled
evaluation through Equations (11)—(14), accounting for both
spatial correlation and radiation efficiency effects.

CCL = — log, det (a®) (11)
aR _ [ Q11 (g2 ] (12)
Q21 Q22
2
o= 1— ZSm*Sm' (13)
n=1
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FIGURE 21. Simulating and measuring CCLs.

(14

Figure 21 presents the CCL characteristics of the proposed
MIMO antenna system. The measured CCL remains below
0.32 bits/s/Hz across the entire operational bandwidth, demon-
strating superior channel reliability that satisfies rigorous wire-
less communication requirements. This performance metric
confirms the antenna’s robust capability in maintaining high-
quality signal transmission under MIMO operation conditions.

5. COMPARE WITH EXISTING ANTENNAS

Table 3 systematically compares the measured performance of
the proposed antenna with state-of-the-art designs [13, 16, 30—
36] in terms of key performance metrics including substrate
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TABLE 3. Comparison of the proposed antenna with several existing antennas.

Radiation

Substrate Size Bandwidth Isolation . Gain

Ref . 9 ECC Efficiency .

Material (mm?) (GHz) (dB) %) (dBi)

[13] FR4 16 x 27 3.7-11 < -—15 <0.2 40-75 6.5
[16] FR4 25 x 30 3.12-7.12 < —18 <0.005 94-97 42
[30] RT/Duroid 5880 45 x 95 3.1-55 < —18 < 0.02 - 2
[31] FR4 54 x 54 2.88-6.12 < -15 < 0.005 87-95 5.75

[32] FR4 40 x 40 3.3-6 < -10 < 0.006 60-90 12.25
[33] FR4 135 x 140 3.1-6.5 < =20 < 0.02 - 7.9
[34] FR4 50 x 50.415 3.17-5.36 < —15 < 0.014 75-95 7.2
[35] FR4 140 x 140 2-11.2 < =21 < 0.003 70-90 7.8
[36] FR4 25.5 x 30.5 3.1-11.85 < =20 < 0.02 80-85 3.08
This Work FR4 30 x 50 3.3-8.7 < —20 < 0.008 8797 71

material, size, bandwidth, isolation, ECC, radiation efficiency,
and gain. The proposed antenna exhibits superior perfor-
mance across multiple dimensions. The antenna under con-
sideration in this paper employs FR4 material as the sub-
strate, a choice that aligns with the literature [13, 16,31-36].
This material is notably more economical than the RT/Duroid
5880 substrate utilized in [30]. It achieves a more compact
size than [30-35], demonstrates wider operational bandwidth
than [16,30-34], and shows improved isolation characteristics
relative to [13, 16,30-32,34]. The proposed antenna achieves
a lower envelope correlation coefficient (ECC) than the de-
signs reported in [13, 30, 33, 34, 36], demonstrating superior di-
versity performance and reduced mutual coupling characteris-
tics. Additionally, the design surpasses the radiation efficiency
of [13,31,32,34-36] and delivers higher gain than the anten-
nas reported in [13,16,30,31,36]. These comparative results
show that the proposed antenna significantly improves the over-
all performance with affordability, miniaturization, wide band-
width, high isolation, low ECC, high gain, and radiation effi-
ciency, establishing its advantages in 5G modern MIMO com-
munication applications. The comprehensive performance im-
provements are attributed to the innovative design approach in-
corporating optimized structural parameters and effective de-
coupling techniques.

6. CONCLUSION

This paper presents a compact wideband MIMO antenna de-
sign for 5G, specifically targeting n77, n78, n79, and 6 GHz
frequency bands. The antenna features two hexagonal radiators
with rectangular microstrip feedlines on the top layer, incorpo-
rating circular slots and unique geometric elements: a lotus-
shaped patch and an anthropomorphic patch embedded at the
radiator centers. The ground plane employs a stepped rectan-
gular slot and an inverted T-shaped slot configuration, comple-
mented by a T-shaped parasitic patch to enhance port isolation,
achieving consistent isolation below —20 dB across all opera-
tional bands. The proposed design demonstrates an impressive
operational bandwidth from 3.3 to 8.7 GHz, fully encompassing
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5G NR bands including n77 (3.3—4.2 GHz), n78 (3.3-3.8 GHz),
n79 (4.4-5 GHz), and 6 GHz band (6.4—7.1 GHz). Comprehen-
sive MIMO performance evaluation reveals outstanding diver-
sity characteristics: an ultra-low ECC (< 0.008), high diversity
gain (> 9.95 dB), exceptional TARC performance (< —30 dB),
and minimal channel capacity loss (< 0.32bits/s/Hz). These
superior indicators confirm that the antenna designed in this pa-
per has excellent performance such as high isolation and high
gain in n77, n78, n79, and 6 GHz bands of 5G, which is suit-
able for application in the transmission of signals of the current
5G mobile networks. In the domain of antenna design, while
bandwidth enhancement and high isolation represent the funda-
mental challenges, there are several other key issues in practi-
cal system integration, including multi-band compatibility and
harmonic interference, which will be the focus of subsequent
investigation.
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