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In this work, we present a compact four-port MIMO antenna designed for millimeter-wave 5G systems.
The antenna operates across the 34.8 to 48.6 GHz frequency range, providing an impedance bandwidth of
roughly 28.36 %. It was fabricated on a Rogers RT/Duroid 5880 substrate (r = 2.2, thickness 0.787 mm, tan =
0.0009), which keeps losses very low while maintaining strong performance. Our measurements show that
the antenna reaches a peak gain of 9.9 dB and exhibits excellent impedance matching, with a return loss of
—46 dB at 43 GHz. The MIMO configuration performs reliably: inter-element isolation exceeds 20 dB, ECC
stays below 0.05, and the Mean Effective Gain (MEG) is — 3.0103 dB. This confirms that signals are received
consistently and evenly across all ports. One of the things that stands out about this design is its simplicity.
Unlike antennas that rely on multiple layers or decoupling techniques, this planar structure is easy to fabri-
cate and integrate directly into 5G hardware. Even with a compact footprint of just 28 x 36 mm?, it delivers
excellent efficiency and stable broadband performance. Altogether, this antenna provides a practical and reli-
able solution for next-generation mmWave MIMO communication, offering wideband operation, strong isola-
tion, and pattern diversity all packed into a small, easy-to-build design.
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1. INTRODUCTION

The constant drive to improve terminal installations
and infrastructure development has drawn a lot of inter-
est from researchers in Fifth Generation (5G) technology
[1]. Although 5G networks are currently in operation,
continued research and development remain critical to
fulfill the expanding demand For extremely high data
throughput, very low latency, massive device connectivity,
and efficient spectrum utilization [2], the steadily rising
demand for mobile data together with the rapid growth of
platforms offering high-quality video delivery, cloud com-
puting, immersive augmented and virtual reality, and the
Internet of Things (IoT) is creating the urgency for con-
tinual advancement in wireless system architectures [3].
Currently, 5G networks utilize sub-6 GHz frequency
bands to provide broad coverage, and millimeter-wave
(mmWave) bands are being developed to support local
area connectivity and short-range indoor connectivity [4].
The vast bandwidth of mmWave frequencies allows for
the possibility of multi-gigabit data rates, which may
greatly improve the communication performance as com-
pared to traditional sub-6 GHz bands [5]. The mmWave
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region of the electromagnetic spectrum, ranging from 30
to 300 GHz has the largest amount of bandwidth re-
sources available for 5G in the greater range of 5G fre-
quency options [6].In order to develop their national 5G
standards, many countries have selected certain mmWave
frequency bands which include Japan: 27.5-28.8 GHz,
Korea: 28 GHz, and China: 24.2-27.5/37-43.5 GHz [7]. In
October 2015, the Federal Communications Commission
(FCC) recommended the comprehensive study of the 28,
37, 39, and 64-71 GHz bands. Therefore, it has become
essential to design devices to operate in these frequencies
to facilitate the advancement of 5G communication sys-
tems [8]. To satisfy the increasing demand of next-
generation wireless networks, new antenna technology
such as multipleinput multiple-output (MIMO) systems
have emerged as effective options for increasing gift ca-
pacity, reliability, and data throughput [9].

The millimeter wave (mmWave) spectrum is an at-
tractive area for 5G, offering significant bandwidth
assets, while posing unique propagation challenges. As
a key technology in fifthgeneration (5G) mobile net-
works, mmWave is an important enabler for the in-
creasing volume of data traffic. However, mmWave has
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higher carrier frequencies and shorter wavelengths,
leading to greater attenuation through the path loss
and physical barriers than sub-6 GHz bands. Based on
the Friis transmission eq. [10]. Moving communications
to the mmWave frequencies results in greater free-
space attenuation, which presents new challenges;
however, some of these challenges can be solved or
compensated for by using an array of high-gain anten-
nas to improve the signal strength and performance of
the entire system [11].

5G technology is critically advantageous, but a notable
challenge is signal degradation during communication
since it can have a limited penetration ability. A solution
to the penetration issue is to use multiple input multiple
output 2 (MIMO) technology, where multiple antenna
elements are used at the transmitter and receiver to im-
prove the rate of data transmission and communication.
Here the research community continues to focus on im-
proving radiation characteristics and developing perfor-
mance metrics for the massive MIMO mmWave antenna
and it has yielded many benefits for 5G systems [12]. In
[13], A dielectric resonator antenna (DRA) was proposed
for MIMO-based 5G millimeter-wave (mmWave) systems,
showing improved port isolation. The configuration utiliz-
es two rectangular DRA elements on a dielectric sub-
strate, excited by microstrip-fed slots to achieve efficient
coupling and optimized radiation. In [14], the authors
proposed a new technique to enhance isolation by adding
two orthogonal cross-shaped apertures in the ground
plane. Additionally, a decoupling structure with slotted
rings placed between the radiating elements was used to
reduce mutual coupling, achieving significantly improved
isolation. The authors in [15], to improve isolation, slot-
ted-ring decoupling structures were positioned between
the radiating elements, and two orthogonal cross-shaped
apertures were added to the ground plane. The authors in
[16], a single-layer MIMO antenna for the 28 GHz 5G
band is proposed. It uses a Rogers5880 substrate, achieves
about 6.1 dBi gain with over 90 % efficiency, and has a
low ECC (<0.16). The authors in [17], for mmWave
MIMO systems, a multi-arc radiating element was pro-
posed. It provides 23.5-38 GHz impedance bandwidth and
23 dB isolation through an orthogonal setup, though the
overall antenna size is still relatively oversized. In sum-
mary, MIMO technology presents a number of obstacles
in addition to its many advantages. Optimizing several
MIMO performance parameters is necessary to achieve
the best results.

In contrast to many previously reported designs, the
proposed four-port MIMO antenna offers a compact, low-
cost, and fabrication-friendly solution tailored for 5G
mmWave applications. The antenna is fabricated on a
Rogers RT/Duroid 5880 substrate, featuring a relative
permittivity of & = 2.2 and a thickness of 0.787 mm, and
an overall footprint of 28 x 36 mm?2. It operates across the
34.8-48.6 GHz frequency range, achieving a wide imped-
ance bandwidth of 28.36 %. The design attains a peak
gain of 9.9 dB and exhibits excellent matching perfor-
mance, with a return loss reaching — 46 dB at 43 GHz.

The proposed MIMO configuration ensures superior
diversity performance, with inter-element isolation con-
sistently greater than 20 dB and an Envelope Correla-
tion Coefficient (ECC) below 0.05, guaranteeing minimal
coupling and enhanced channel capacity. Moreover, the
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Mean Effective Gain (MEG) =-3.0103 dB), indicating
well-balanced signal reception across all ports.

Unlike previously reported works relying on multi-
layer structures, metamaterials, or decoupling networks,
the proposed antenna employs a simple planar geometry.
This approach simplifies fabrication and facilitates seam-
less integration into 5G hardware platforms. The combi-
nation of wideband operation, high gain, and compact
structure underscores its potential integration into up-
coming mmWave MIMO communication platforms.

2. PROPOSED ANTENNA DESIGN AND
METHODOLOGY

The study addresses three architectures: a
standalone antenna element, a dual-element MIMO
arrangement, and a configuration incorporating four
MIMO elements. As the antenna’s complexity increas-
es, this methodical methodology makes it possible to
systematically assess important performance metrics,
including aspects such as impedance bandwidth, mu-
tual coupling, and isolation.

2.1 Single Element Antenna

The configuration of the designed antenna element is
shown in Fig. 1. The antenna is printed on a Rogers
RT/duroid 5880 substrate, characterized by a dielectric
constant of &r = 2.2, a loss tangent of 0.0009, and compact
overall dimensions of 12 x 18 x 0.787 mm3. The structure
consists of a modified rectangular radiating patch with
several etched slots to improve impedance bandwidth and
radiation performance. A microstrip feed line of optimized
dimensions is used to excite the patch. The ground plane,
shown in Fig. 1(b), is a full metallic conductor covering the
entire backside of the substrate.

The etched slots in the patch significantly alter the
surface current distribution, enabling the antenna to
achieve resonance in the millimeter-wave band with en-
hanced matching. The simulated reflection coefficient
(S11) of the proposed antenna is shown in Fig. 2. The
results reveal a sharp resonance at 43 GHz with a mini-
mum return loss of approximately —50 dB. In addition,
the antenna a broad impedance bandwidth from 33 to 48
GHz is obtained, covering the entire frequency range
required for 5G millimeter-wave applications.

Overall, the proposed single-element antenna com-
bines,compact geometry, wideband operation, and ex-
cellent impedance matching, which makes it a suitable
candidate for integration into multi-element MIMO
configurations.

wSs
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Fig. 1 — Geometry of the proposed patch antenna (a) Front (b)
Back
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Fig. 2 — Reflection coefficient (S11) response of the designed
element

2.2 MIMO System with Two Integrated Elements

The proposed antenna design was further devel-
oped into,a dual-element MIMO configuration measur-
ing 12 x 36 x 0.787 mm? overall. Two matching patch
elements are arranged side-by-side, with a 12.6 mm
gap, a spacing selected to suppress mutual interaction,
as depicted in Fig. 3. A Full ground plane covers the
underside of the substrate, helping maintain radiation
symmetry and consistent performance.

As illustrated in Fig. 4, the simulated S-parameter re-
sults reveal that the two-port structure operates across
33-48 GHz. Moreover, the transmission coefficients stay
below — 35 dB, confirming excellent port isolation and
very low coupling, which is summarized in Table 1.

Ws1

v

Fig. 3 — Geometry of the two-port MIMO antenna system

Table 1 — Antenna design parameters

Parameter Value Parameter Value
(mm) (mm)
WS 18 WP 9
LS 12 LP 5
WF 2.4 LF 4.5
L1 0.9 Wi 1.5
We 18 Le 12
WS1 36 LS1 12
WS2 36 LS2 28

2.3 Four-Unit MIMO Antenna Structure

After designing the single-element and two-element
antenna configurations, the design is extended to a
four-element MIMO antenna system, as shown in
Fig. 5. In this configuration, the dimensions of each
individual antenna element remain the same, while the
overall size of the structure is 28 x 36 x 0.787 mm?.
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Fig. 4 — S-parameter analysis for the dual-element antenna

The four antenna elements are arranged orthogo-
nally, to achieve polarization diversity, and reduce
mutual coupling. A full ground plane is employed on
the backside of the substrate, to enhance isolation, and
improve radiation efficiency, while maintaining com-
pact dimensions suitable for 5G integration.

The simulated scattering parameters (S-parameters),
shown in Fig. 6, indicate that the proposed four-element
MIMO antenna covers the wide operating band of 34.8—
48.6 GHz. In particular, the reflection coefficient (S11)
achieves a minimum value below — 46 dB, confirming
excellent impedance matching. Furthermore, the trans-
mission coefficients (Sj, i & j) remain below —20 dB
across the band, demonstrating strong isolation, and
minimal coupling between the antenna elements.

Fig. 5 — Proposed four-antenna MIMO arrangement

S-parameters

.50 1 1 1
30 35 40 45 50

Frequency (GHz)
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S-parameters

30 35 40 45 50
Frequency (GHz)

Fig. 6 — Reflection coefficient and S-parameter of the proposed
4-port MIMO antenna

Therefore, the proposed four-element MIMO anten-
na offers a compact size, wide impedance bandwidth,
and excellent isolation performance, making it a strong
candidate for millimeter-wave 5G wireless communica-
tion systems.

The voltage standing wave ratio (VSWR),of the pro-
posed four-element MIMO antenna was evaluated for
all four ports, as presented in Fig. 7. The results show
that the VSWR values for Ports 1, 2, 3, and 4 remain
consistently below 2 across the entire 34.8-48.6 GHz
operating band. This indicates excellent impedance
matching, and efficient power transfer for each anten-
na element. Moreover, the nearly identical behavior
across all ports, confirms the structural symmetry and
balanced performance of the proposed design.

26 e \/ SWR 1
—  <VSWR2
24 - = VSWR3

22

20
18
16
14

12

Voltage Standing Wave Ratio (VSWR)

1.0

08 1 1 1
30 35 40 45 50

Frequency (GHz)

Fig. 7—- VSWR of the proposed four-element MIMO antenna
for all four ports

—— E-plane

—— H-plane

180

Fig. 8 — Simulated port 1 Radiation at 43 GHz for Principal
Planes ¢ = 0° (red) and ¢ = 90° (green)
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—— E-plane
——— H-plane

180

Fig. 9 - Simulated port 2 radiation at 43 GHz for principal
planes ¢ = 0° (red) and ¢ = 90° (blue)

To gain deeper insight into the antenna’s radiation
behavior, far-field patterns were examined at 43 GHz.
Measurements for ports 1 and 2 were extracted across the
E-plane and H-plane, as demonstrated in Fig. 8 and Fig.
9. These patterns demonstrate consistent radiation per-
formance, exhibiting low side-lobe levels and a well-
defined main lobe, characteristics that are particularly
advantageous for 5G millimeter-wave operation.

3. GAIN AND EFFICIENCY OF THE PROPOSED
MIMO ANTENNA

A key feature of the proposed design is its high real-
ized gain,and efficiency. The antenna, fabrication em-
ploys Rogers RT/Duroid 5880 substrate, characterized
by & = 2.2, and a loss tangent of 0.0009, exhibits excel-
lent radiation performance.

The proposed four-element MIMO antenna
achieves, a maximum realized gain of 9.9 dB within the
34.8-48.6 GHz operating band, as illustrated in Fig. 10.
Moreover, the simulated total efficiency is consistently
above 90 % across the band, confirming the low-loss
substrate characteristics and the functional behavior of
the antenna.

100} —— Gain

Gain (dB)

7.0 : : -

30 35 40 45 50
Frequency (GHz)

Fig. 10 - Simulated Realized Gain Performance of the Four-
Antenna MIMO Configuration

4. EVALUATION PARAMETERS FOR MIMO
OPERATION

To comprehensively evaluate the performance of the
proposed pattern-diverse quad-element antenna MIMO
featuring enhanced isolation for millimeter-wave 5G
deployments, several diversity performance metrics are
investigated through full-wave simulations in CST
Studio Suite.
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4.1 Investigation of Envelope Correlation Coef-
ficient (ECC)

The envelope correlation coefficient (ECC) is an im-
portant parameter that represents the level of correlation
between signals received by different antenna elements in
a MIMO system. Lower ECC values, ideally approaching
zero, correspond to improved diversity performance and
increased channel capacity, while higher ECC values
imply stronger signal correlation and degraded diversity.
In practice, ECC values below 0.05 are generally consid-
ered acceptable [18-19]. In the case of the proposed four-
element MIMO antenna, the simulated ECC values re-
main below this limit across the 34.8-48.6 GHz operating
band, as illustrated in Fig. 11. Mathematically, the ECC
is defined according to Eq (1) [19]:

ECC = |[J 4n Mi(0,6)M;(0,6) da*
(S 4m 1M,(0.9)12 d)(J] am |M; 0,0 de2)

@

As depicted in Fig. 11, the simulated envelope cor-
relation coefficient (ECC) for antenna pairs (1,2) and
(1,3) remains consistently below 0.0025 throughout the
34.8-48.6 GHz frequency range. These results indicate
strong inter-element isolation and very low signal cor-
relation, confirming the antenna’s suitability for deliv-
ering efficient and reliable MIMO operation.

0,0025 -

——ECC 12
——=ECC 13

0,0020

0,0015

0,0010

0,0005

0,0000

30 35 40 45 50
Frequency (GHz)

Fig. 11 — Simulated ECC outcomes for antenna pairs (1,2) and
(1,3) within the four-element MIMO arrangement

4.2 Investigation of Diversity Gain (DG)

Diversity Gain (DG) is a significant metric that
evaluates the capability of a MIMO antenna system to
mitigate multipath fading and enhance link reliability.
It expresses the improvement achieved when multiple
antennas are utilized instead of a single one. There
exists a direct relationship between DG and ECC,
where the DG can be calculated through the equation
given below. [19]:

DG = 10,/1 — |ECC|? (2)

The simulated DG values of the proposed four-port
MIMO antenna remain near the optimal reference
value of 10 dB over the operating frequency range,
demonstrating excellent diversity performance, as
illustrated in Fig. 12.

As illustrated in Fig. 12, for element pairs (1,2) and
(1,3), the diversity gain (DG) remains above 9.988 dB
throughout the entire operating band, demonstrating
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the outstanding diversity capability of the proposed
MIMO antenna configuration.

10,000

9,998

9,996

9,994

DG (dB)

9,002 Div_Gain from port 1 to port 2
Div_Gain from port 1 to port 3

9,990

9,988

1 1 " 1

30 35 40 45 50
Frequency (GHz)

Fig. 12 — Four-element MIMO simulated DG comparison for
the (1,2) and (1,3) radiator pairs

4.3 Mean Effective Gain (MEG)

The Mean Effective Gain (MEG) quantifies the av-
erage gain of a MIMO antenna relative to an isotropic
antenna, providing a measure of how effectively the
antenna receives signals in a multipath environment.
For optimal performance, MEG values should be below
— 3 dB. For a MIMO system with N antenna ports, the
MEG of the i-th port is calculated as [20]:

MEG; =3 (1-ZL[sy]") ®)

where Sii denotes the reflection coefficient of port i, and
Sij (i #J) represents the mutual coupling between ports.
The proposed 4-port MIMO antenna demonstrates
excellent MEG performance, as illustrated in Fig. 13.

-3,0 7
31k
o 32|
w
]
=
33+ = Gain, 3D, Mean Effective Gain for port (1):-3.0103
jmme Gain, 30, Mean Effective Gain for port (2):-3.0103
jem Gain, 3D, Mean Effective Gain for port (3)--3.0103
34 feme G2in, 30, Mean Effective Gain for port (4):-3.0103
-3,5
30 35 40 45 50

Frequency (GHz)

Fig. 13 — Simulated mean effective gain of the presented four-
port MIMO antenna

5. COMPARATIVE STUDY WITH ADVANCED 5G
MIMO ANTENNAS

The four-port MIMO antenna presented here
demonstrates distinctive features that set it apart from
recently published designs. A detailed comparison with
several contemporary MIMO configurations is given in
Table 2, evaluating key factors such as port count,
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operating bandwidth, and peak gain. To further gauge
MIMO behavior, additional aspects — physical foot-
print.

In addition to evaluating the Envelope Correlation
Coefficient (ECC), the investigation highlights inter-
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element isolation. The outcomes confirm that the an-
tenna maintains a compact profile while delivering
broad operating bandwidth, considerable gain, and
reliable MIMO functionality, positioning it as a strong
candidate for mmWave 5G implementations.

Table 2 — Comparative analysis of the presented 5G MIMO antenna with reported 5G designs in the literature

Ref Ports Size (mm?3) Bandwidth Max.Gain | Isolation (dB) ECC
(GHz) (dB)
[14] 4 158 x 77.8 27.5-40 7.2 > 17 <0.03
[15] 2 35 x 35 25.5-40 4 28 0.004
[16] 4 30 x 30 27.5-29.5 6.1 26 0.16
[17] 4 11.6 x 12 26.2-27.6/47-50 6 28/25 0.001
[21] 4 25 x 15 26-30 7.8 > 17 < 0.0001
[22] 4 24 x 24 25-40 7 26 <0.05
This Work 4 28 x 36 34.8-48.6 9.9 > 20 <0.05

Overall, the proposed antenna design achieves an
excellent balance between performance efficiency and
practical implementation considerations. The antenna
exhibits high interelement isolation, elevated gain, and
wide impedance bandwidth, making it superior or high-
ly competitive compared to most contemporary designs
across all key performance metrics. Its simple planar
geometry and compact substrate integration facilitate
practical fabrication and seamless deployment in com-
pact 5G mmWave systems, particularly those requiring
high data throughput, multi-channel support, and
reliable operation in challenging propagation environ-
ments. The combination of high performance, efficien-
cy, and robust isolation establishes the introduced
antenna demonstrates outstanding performance char-
acteristics candidate for nextgeneration ultrafast, high-
capacity wireless communication networks.

6. CONCLUSION

In this work, a compact four-port MIMO antenna
for 5G mmWave applications has been designed, simu-
lated, and analyzed, demonstrating wideband opera-
tion across 34.8-48.6 GHz with a peak gain of 9.9 dB
and excellent matching performance (return loss of
— 46 dB). The antenna is implemented on a Rogers
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Yorupuenementaa MIMO-aureHna 3 po3ueceHHAM JiarpamM CIpsIMOBAHOCTI Ta MOKPAIIEeHOIO
isonamiero aya misimerpoBux xBuib 5G
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¥V pobori mpezcraBieHo koMnaxkTHy yorupunoproBy antery MIMO, pospobiieHy 1uist cucreM MiTIMETPOBHUX
xBmiib 5G. AHTeHa mpairioe B miamas3oHi yactor Big 34,8 no 48,6 'y, sabesneuyoun cMyTy MpOITyCKaHHS iMITe-
naucy mpubiamauo 28,36 %. Boma Oysa BuroroBsiena ma mgkiami Rogers RT/Duroid 5880 (r = 2,2, ToBmmmaa
0,787 mm, tan = 0,0009), 1o 3abe3medye Ay:xe HU3BbKI BTpaTH, 30epiraodn Ipyu IIbOMY BUCOKI XapaKTEPUCTUKH.
BumiproBanHs moKa3yoTh, 10 aHTEHA JI0CATaE MKOBOT0 Koedirrienra mijcrmienas 9,9 nb 1 memoHcTpye uymose
Y3TOKeHHs IMIIeJaHCy 3 BTpaTaMu Ha BigouTra — 46 n1b Ha uactoti 43 [T, Kondiryparmia MIMO mpatrioe
HAIMHO: MikeJleMeHTHA i3osaiia nepesuirye 20 1B, ECC sammumaerses msxde 0,05, a cepenHiin edpeKTUBHIM
koedimient macmieruas (MEG) cranosuts — 3,0103 ab. Ile miarsepmkye, 1110 CUTHAIN IPUAMAIOTHCA CTAOLIIE-
HO Ta pIBHOMIPHO HA Beix moprax. OmHien 3 ocobauBocTel mMiel KOHCTPYKINI € ii mpoctota. Ha BimMiny Bim aH-
TEeH, SIKl BUKOPUCTOBYIOTh KUJIBKA IIAPIiB 400 METOIM PO3B'SI3KH, 110 IUIAHAPHY CTPYKTYPY JIETKO BUTOTOBUTH TA
iHTerpyBatu Oesmocepentro B obimanHauus 5G. Hagite 3 kommakTHEM poamipom e 28 x 36 mm2, BoHA 3a-
Oesrreuye 4ynoBy epeKTUBHICTD Ta CTAOLIbHY IIMPOKOCMYIOBY IIPOAYKTHUBHICTB. 3arajioM, I aHTeHA € IpaK-
TUYHUM Ta HATIUHUM pieHasM s 38'ss3ky mmWave MIMO HacTyImHOrO HOKOJIIHHS, IIPOIIOHYIOYH IIIMPOKO-
CMyT0OBY PO0OOTY, MIIIHY 130JIAIiI0 TA PISHOMAHITHICTD JiarpaM CIPAMOBAHOCTI, BCe I B KOMIIAKTHOMY Ta IIPOC-

TOMY y CKJIAJAHHI TU3ANHI.

Kmiouori cmosa: MIMO, PisnomawmitHicTs miarpamu crpsimoBamocti, Murimerposi xBumi (mmWave),
Bucoxra izossrist, Koucrpyxiisa anrenu, [Tsare mokomuasa (5G).
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