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Implementing an Al-assisted design framework that combines Bayesian Optimisation (BO) with Artifi-
cial Neural Network (ANN)-based surrogate refinement, a compact four-element MIMO antenna for
sub-6-GHz 5G n78 terminals is presented. In order to improve polarization diversity and reduce mutual
coupling, the design uses an Al-evolved wideband SISO radiator as the unit cell, which is replicated and
arranged in an orthogonal configuration. Performance gains are solely attained through Al-tuned geometry
evolution, including optimized inter-element spacing, feedline angles, and central junction shaping, as op-
posed to depending on DGS, EBG, or parasitic structures. In the 3.0-4.2 GHz band, the resulting
60 x 75 mm? single-layer FR-4 prototype achieves |S;j| isolation better than 20 dB, an Envelope Correla-
tion Coefficient (ECC) below 0.008, diversity gain near 10 dB, and channel capacity loss below
0.15 bits/s/Hz. Additionally, the antenna shows array gains of 13-15 dBi and stable radiation patterns.
These findings show that highly effective, small, and fabrication-friendly MIMO architectures for next-
generation sub-6-GHz 5G devices are made possible by the BO-ANN optimization pipeline.
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1. INTRODUCTION

The rapid rollout of 5G New Radio (NR) networks —
particularly in the n78 band spanning 3.3-3.8 GHz —
has intensified the demand for compact, wideband, and
low-correlation antenna systems suitable for multi-
element integration in user terminals. A variety of
radiator concepts have been introduced to enhance sub-
6-GHz performance, including hexagonal and semi-
hexagonal patches [1], metamaterial-assisted struc-
tures [2], ultra-wideband notched radiators [3], and
high-gain planar elements for emerging mmWave allo-
cations [4]. Additional strategies like EBG-supported
MIMO configurations [6] and BSS-HBM integrated
antennas [5] have increased the number of design op-
tions for 5G devices. Additional information about the
development of wideband solutions is provided by thor-
ough surveys on 5G/6G antenna technologies [7] and
studies on UWB and slotted structures with defective
grounds [8]. Despite these advancements, many cur-
rent methods rely on engineered materials or addition-
al layers, such as metamaterial inclusions [2], EBG
textures [6], or DGS-based miniaturization [8], which
lower structural robustness and increase fabrication
complexity. When antennas are installed on FR-4 sub-
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strates, problems like decreased radiation efficiency,
resonance drift, and strong mutual coupling are com-
monly seen in compact form factors, making these limi-
tations even more noticeable. Previous FR-4-based
wideband antenna investigations [9-12] highlight these
challenges, demonstrating that maintaining bandwidth
and isolation simultaneously on such substrates re-
mains difficult without multilayer designs or surface-
patterning enhancements.

In recent years, artificial intelligence has become a
powerful tool for accelerating electromagnetic design.
Bayesian Optimization has been applied to parameter
extraction and global design tuning [10], while ma-
chine-learning-based approaches for MIMO optimiza-
tion have been explored in [11]. Neural-network-driven
wideband synthesis [12], ANN-based fast prediction of
isolation performance [13], and deep-learning-enabled
geometry evolution for 5G antennas [14-15], However,
most prior work focuses on prediction or surrogate
modeling rather than enabling automated geometric
refinement. Moreover, only a limited number of studies
attempt to co-optimize element spacing, feedline orien-
tation, and surface-wave interactions simultaneously
for compact MIMO arrays.

This paper introduces an Al-evolved, orthogonal 4-
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element MIMO antenna developed specifically for sub-
6-GHz terminals. The proposed design achieves a wide
impedance bandwidth from 3.0 to 4.2 GHz, maintains
isolation above 20 dB, and ensures ECC values below
0.008, all without employing DGS, EBG patterns, met-
amaterials, parasitic components, or multilayer sub-
strates. Using a hybrid Bayesian Optimization-
Artificial Neural Network (BO-ANN) pipeline, key
geometrical parameters-including radiator shape, in-
ter-element spacing, and feedline orientation-are sys-
tematically refined. On a single-layer FR-4 structure,
the Al-driven optimization efficiently reduces coupling
pathways, while the orthogonal arrangement restricts
polarization overlap. Consequently, the antenna offers
one of the n78 band's most compact and easily fabricat-
ed MIMO solutions.

2. REVIEW OF THE AI-EVOLVED SISO UNIT
CELL

The essential component of the suggested four-
element MIMO antenna is the Al-evolved SISO radia-
tor employed in this work. Its geometry was created
using a hybrid optimization framework that combined
an Artificial Neural Network (ANN) surrogate model
for quick local refinement with Bayesian Optimization
(BO) for global design exploration, as opposed to tradi-
tional parameter sweeping or manual slot tuning. The
multi-resonant behavior and impedance uniformity
needed for continuous wideband operation across the
3.0-4.2 GHz band were absent from this original struc-
ture, despite its ease of fabrication. In order to over-
come these constraints, a high-dimensional design
space comprising important geometrical parameters
like feedline taper angle, corner truncation proportions,
polygonal slot profile, slot length, and slot width was
explored using BO.

The simulation data produced during the BO phase
was then used to train the ANN surrogate model.
Therefore, the final Al-evolved radiator consists of
three key components: a tapered feedline transition
that reduces current crowding at the input and stabi-
lizes the impedance; a centrally engraved polygonal slot
that increases the effective electrical length without
increasing the physical footprint.

No standalone SISO performance results are pro-
vided because the multi-element MIMO configuration
is the main focus of this paper. The orthogonal four-
port MIMO architecture incorporates only the final
optimized geometry. The Al-assisted geometry evolu-
tion process is shown in Fig. 1. To find promising patch
and slot patterns for wideband behavior, the algorithm
first conducts a thorough investigation of candidate
radiator shapes. In the second step, an ANN surrogate
that has been trained on global search samples refines
the geometry by effectively predicting electromagnetic
responses. The objective function assesses each candi-
date and directs the optimization towards a compact,
stable, and broadband radiator geometry in the last
stage, which incorporates ANN predictions into the
Bayesian Optimization loop.
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Fig. 1 — Al-assisted antenna geometry evolution: (a) global
patch exploration; (b) ANN-based local refinement; (c) optimi-
zation and evaluation stage

3. AI OPTIMIZED MIMO CONSTRUCTION

Four identical copies of the Al-optimized SISO radi-
ator are arranged on the same FR-4 substrate while
upholding strict geometric symmetry and orthogonal
orientation to create the final MIMO configuration. to
maintain the design's compactness within the sub-
strate's 60 x 75 mm? footprints. Equal electrical path
lengths and sufficient spatial separation are guaran-
teed by the diagonal feedline configuration. Fig. 2. The
suggested 4-element orthogonal MIMO antenna's anno-
tated geometry Every parameter matches Table 1.
While Dy specifies the vertical distance between the
lower pair of radiators, Dx controls the horizontal cen-
ter-to-center spacing between opposing radiators.

Sw
Dx 114

Sl

Fig. 2 — Annotated geometry of the proposed 4-element or-
thogonal MIMO antenna

A measure of neck width In order to maintain well-
controlled characteristic impedance and prevent mutual
ground coupling, Nw controls the merging region where
the angled feedlines meet the feed stem. The feedline
inclination angles, represented by the angle parameters
A1l and A2, were designed to minimize coupling currents
that normally travel through the ground plane by rerout-
ing surface currents away from the central region. A
50 Q impedance is maintained by the trunk feedline,
denoted by Fw (width) and FL (length).

3.1 Isolation Techniques

Achieving high isolation among the four radiating
elements is one of the most critical requirements in
MIMO antenna design where the proposed MIMO con-
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figuration attains isolation levels exceeding 20 dB
across the 3.0-4.2 GHz band. The 2 main contributor
for high isolation are through Orthogonal placement
and AI-Tuned Inter Element Spacing.

Table 1 — Physical dimensions of the proposed MIMO antenna

Parameter | Description Value
(mm)

Sw & Sl Substrate width & length 60 & 75

P1 & S1 Patch & Slot height 22

Al & A2 Feed-angle (upper & lower) 45°

Dx & Dy Horizontal & Vertical spacing | 14 &11
between radiators

Nw & N1 Neck width & length 3.5&4

FL &Fw Feedline length &width (50 Q) | 24 & 3
for each radiator

Lx & Ly Patch chamfer width &height | 6 & 4

SlotW & L | Slot width 7&9

4. RESULT AND DISCUSSION
4.1 MIMO S-Parameters

The S-parameter characteristics of the four-element
orthogonal MIMO antenna are evaluated. The strong
port-to-port isolation (> 20 dB) and uniform matching
among ports demonstrate that the proposed MIMO
architecture is well-suited for high-capacity MIMO
operation in 5G n78 terminals.

4.1.1. Input Matching Performance (S11, S22, S33, S14)

Fig. 3 shows the combined return-loss plot for all
four ports. Each element exhibits nearly identical im-
pedance responses due to the symmetric orientation
and identical feedline geometry. All ports successfully
maintain | Sii| <— 10 dB over the 3.0-4.2 GHz band.

4.2 Mutual Coupling Analysis (Si2, S13, S14)

The isolation characteristics, shown in Fig. 4, reveal
the degree to which energy couples from the excited
port to the inactive ports. Because of the orthogonal
orientation and Al-guided spacing, the antenna
achieves > 20 dB isolation across the entire 3.0-4.2 GHz
operating band.

Return Loss of 4-Port MIMO Antenna
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Fig. 3 — Combined return-loss plot for all four ports

4.3 Radiation Characteristic

4.3.1 Gain Performance
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The simulated gain response of the proposed 4-
element MIMO antenna is shown in Fig. 5. Across the
entire 3.0-4.2 GHz operating band, the gain remains
within 13.5-15 dBi, aligning well with the expected
performance of compact FR-4 radiators.

4.4 Radiation Characteristics

The efficiency plot in Fig. 6 shows that the antenna
maintains 78-87 % radiation efficiency throughout the
3.0-4.2 GHz band.

Mutual coupling (S12, S13, S14)
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Fig. 4 - Combined Mutual Coupling Plot
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Fig. 5 — Gain response of the proposed 4-element MIMO antenna
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Fig. 6 — Efficiency plot

4.5 MIMO Performance Metrics

The diversity performance and multi-port behavior of
the proposed four-element orthogonal MIMO antenna
were evaluated. The corresponding performance curves
are presented in Fig. 7(a)-(d). The ECC, shown in Fig. 7(a),
remains consistently below 0.008 over the entire 3.0-
4.2 GHz band. The Diversity Gain (DG) results are illus-
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trated in Fig. 7(b) which remains extremely close to the
theoretical upper limit of 10 dB, with simulated values in
the range of 9.98-10 dB throughout the operating band.
The CCL, plotted in Fig. 7(c), stays within 0.15 bits/s/Hz
across the band, which falls well below the acceptable
threshold of approximately 0.4 bits/s/Hz for high-quality
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MIMO systems as seen in Fig. 7(d), the TARC stays below
— 13 dB. The suggested orthogonal 4-element MIMO an-
tenna demonstrates outstanding diversity performance,
meeting the demanding specifications of contemporary 5G
n78-band wireless terminals, according to the overall
performance across these four metrics.

Diversity Gain vs Frequency (MIMO)
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Fig. 7- (a) ECC; (b) DG; (c) CCL; (d) TARC

4.6 Comparison with Literature

To evaluate the competitiveness of the proposed an-
tenna, its performance is compared against representative
Sub-6 GHz / n78-band MIMO antennas reported in recent
literature. Table 2 summarizes the key parameters

Table 2 — Comparison with Existing systems

Ref. Band | Size Isolation | ECC Gain
(GHz) |(mm?) |(dB) (dBi)
[1] 3.3-3.7 |70 x 75 |15-18 <0.12 4.8-5.2
[3] 3.4-4.0 |65 x 70 |17-20 <0.05 5.0-5.5
Proposed |3.0-4.2 |60 x 75 |>20dB |<0.008 |13-15
dBi

5. CONCLUSION

This work presented a compact, wideband, and
high-isolation four-element MIMO antenna specifically
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Buporapkyroun cucreMy IpOeKTYBaHHSI HA OCHOBI IIITYYHOTO 1HTEJIEKTY, SIKA MIOEIHYE 0AECIBCHKY OITH-
wmizamio (BO) 3 cyporatauM yTouyHeHHSM Ha OCHOBI IITy4HOI HefiporHoi mepe:xi (ANN), mpencrasieHo Kom-
makTHy yorupuesementHny MIMO-aureny mis tepminanis 5G n78 3 yacrorowo mHmkde 6 [T, Jma moxpa-
LIEHHS MOJISPU3ALIITHOT0 PO3HECEHHs TA 3MEHIIeHHS B3A€MHOTO 3B'A3KY B KOHCTPYKINI SK eJIeMEHTApHY
KOMIPKY BHKOPHCTOBYETHCS IMporocMyroBuit SISO-BunpomMiHioBad, po3pobIeHuil 3a JOIMOMOIO0 IITYYHOTO
1HTEJIEKTY, KU PEIUIIKYeThCs Ta PO3TAIIOBAHO B OPTOTOHAJIBHIN KoH(iryparii. [linBuienss mpogyKTus-
HOCTI1 JIOCATAETHCS BUKJIIOUHO 32 PAXYHOK €BOJIIOIIT reoMeTpii, HaJIamToBaHoI 3a JIOIIOMOT0I0 IIITYYHOTO 1HTe-
JIEKTY, BKJIIOYAIOYN OIITUMI30BaHy BIICTAHb MK €JIEMEHTAMU, KyTH SKUBUJIBHUX JIHIN Ta (DOPMY II€HTpaJIb-
HOTO IIepexoidy, Ha BimMiny Bix sasesxHocti Big DGS, EBG a6o mapasuranx crpykryp. ¥ miamasoni 3,0-4,2
I'T1 orpumanuit mporoTun oxHomrapoBoro FR-4 mmromero 60 x 75 mm2 mocsarae | Sjj| Isomsimia kpama 3a 20
1B, roedimient xopessamii 06sigHol (ECC) Husxue 0,008, koedirienT posuecenus 6iauapko 10 1B Ta BTpaTa
TIPOITyCKHOI 3MaTHoCTi KaHaty Huskde 0,15 6it/c/I'm. Kpim Toro, anTtena geMoHCTpYe KOeIIIEHTH TOCHIICHHS
pemritku 13-15 gbBi Ta crabiieHi giarpaMu cupsamoBaHocTi. L1 pesybTaTi MOKA3yI0Th, IO 3aBOSKNA KOHBEE-
py omrumisariii BO-ANN crasm MOKIMBAME BHCOKOe(EKTHBHI, KOMIIAKTHI Ta 3py4HI y BUPOOHHUIITBI apXi-
texTypu MIMO nsa opuctpois 5G HACTYIIHOTO HOKOJIIHHS 3 4acToTomo 10 6 [T

Kmiouosi ciosa: Hiamason 5G n78, MIMO-aurena cy6-6 I'T'i, Battecisebka onrumisarria, tyuni meiipon-
Hi Mepexi, [IpoekTyBaHHSA aHTEHW 3a JOIOMOIOK INTYYHOIO 1HTEJIEKTY, 3MEHIIeHHs B3aeMHOTO 3B'A3KY,
Tlonspusariitae posuecenns, Ilinknaaka FR-4, [llupokocmyrosmit sBunpomiriosay, Onrumisais BO-ANN.
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