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ABSTRACT

The implementation of 5G networks has required the creation of sophisticated antenna systems that can function in the
millimeter-wave (mm-Wave, 24-100 GHz) and sub-millimeter-wave (sub-mm-Wave, >100 GHz) frequency ranges. The high-
frequency bands provide broader bandwidths, enabling ultra-fast data transfer and minimal latency, essential for 5G applications
such as augmented reality, driverless cars, and the Internet of Things (IoT). Designing antennas for these frequency bands has
considerable obstacles, such as elevated route loss, atmospheric absorption, and the need for miniaturisation. To address these
challenges, researchers have investigated several antenna topologies, including phased arrays, meta surface-based antennas, and
substrate-integrated waveguides (SIWSs), which provide high gain, beam-steering capabilities, and integration flexibility for 5G
systems.

The efficacy of mm-Wave and sub-mm-Wave antennas is assessed according to critical criteria such as gain, radiation efficiency,
bandwidth, and beamforming capabilities. Recent breakthroughs include the utilization of metamaterials to improve directivity
and diminish side lobes, alongside with manufacturing methods like as 3D printing for compact, high-efficiency systems.
Moreover, multiple-input multiple-output (MIMO) topologies are used to enhance spectrum efficiency and network
dependability. Notwithstanding these advancements, issues like temperature management, manufacturing tolerances, and
interaction with RF front-end components remain. Simulation technologies such as HFSS and CST Microwave Studio are
essential for optimizing antenna designs prior to prototyping, assuring adherence to 5G requirements while reducing real-world
testing expenses.

In conclusion, mm Wave and sub-mm Wave antennas are essential for unlocking the whole capabilities of 5G networks,
providing unparalleled data speeds and connectivity. Despite substantial advancements in antenna design, further research is
required to tackle issues like as signal attenuation and hardware integration. Future research may concentrate on hybrid antenna
systems, Al-driven optimization, and innovative materials to improve performance. As 5G transitions to 6G, the advancement of
efficient, scalable, and economical antenna technologies will continue to be a pivotal focus of innovation in wireless
communication.
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1. INTRODUCTION

The rapid advancement of wireless communication technology has initiated the fifth-generation (5G) networks, necessitating
unparalleled data speeds, very low latency, and extensive connection. To fulfil these needs, researchers and engineers have used
the mostly underexplored millimeter-wave (mm-Wave, 24-100 GHz) and sub-millimeter-wave (sub-mm-Wave, >100 GHz)
frequency ranges. The high-frequency bands have far broader bandwidths than traditional microwave frequencies, allowing
multi-gigabit-per-second data transmission crucial for upcoming applications like augmented reality, driverless cars, and ultra-
high-definition video streaming. The use of these frequency bands poses distinct challenges, such as increased free-space path
loss, atmospheric absorption, and susceptibility to obstructions, requiring advanced antenna designs to address these issues while
ensuring high performance and energy efficiency.

The design of mm-Wave and sub-mm-Wave antennas for 5G systems requires meticulous attention to many essential parameters.
The diminutive wavelengths at these frequencies (e.g., 5 mm at 60 GHz) facilitate the creation of tiny antenna arrays suitable for
integration into small form-factor devices. Advanced antenna technologies, including phased arrays, meta surface-based
antennas, and substrate-integrated waveguides (SIWs), have emerged as viable options, including functionalities like as
beamforming and beam-steering to alleviate signal obstruction and enhance connection dependability. The use of multiple-input
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multiple-output (MIMO) methods at these frequencies may substantially improve system capacity and spectral efficiency.
Nonetheless, obstacles remain in heat management, fabrication accuracy, and integration with radio-frequency (RF) front-end
components, necessitating innovative materials and manufacturing methods to guarantee maximum performance in practical
deployment situations.

The advancement of mm-Wave and sub-mm-Wave antennas is expected to be crucial in the evolution from 5G to forthcoming
6G wireless technologies.  Research endeavours are progressively concentrating on novel methodologies, including
reconfigurable intelligent surfaces, holographic beamforming, and the use of artificial intelligence for antenna optimisation. The
investigation of terahertz (THz) frequencies over 100 GHz introduces new possibilities and problems that will influence the next
generation of wireless communication systems. This review paper seeks to deliver a thorough examination of contemporary mm-
Wave and sub-mm-Wave antenna technologies, their performance attributes, and integration challenges, while also emphasising
emerging trends and prospective research avenues that will propel the advancement of high-frequency wireless communication
systems in the forthcoming years.

The commercialisation of mm-Wave and sub-mm-Wave antenna technologies is accelerating as worldwide 5G deployments
increase, with industry leaders making substantial investments in small, high-performance solutions for consumer and industrial
applications. Recent breakthroughs in semiconductor technology, especially in 111-V compound materials like as GaN and InP, are
facilitating enhanced power efficiency and improved thermal management for high-frequency systems. Standardisation
organisations are diligently addressing interoperability issues, while the advent of Open RAN architectures is fostering new
possibilities for novel antenna designs. The automobile industry is especially focused on these technologies for vehicle-to-
everything (V2X) connectivity, whereby high-frequency antennas provide real-time sensor data exchange among autonomous
cars. Simultaneously, the defence industry is investigating their capacity for secure, high-bandwidth tactical communications. As
manufacturing methods like as heterogeneous integration and wafer-scale packaging progress, we may expect wider usage across
several industries, eventually reducing prices and expediting the development of more sophisticated antenna systems for next-
generation wireless networks.

2. LITERATURE REVIEW

Chen et al. (2024) Chen's innovative research on meta surface-based mmWave antennas signifies a substantial advancement in
5G/6G integration. Their team created an innovative 28/38 GHz dual-band antenna design using phase-gradient meta surfaces to
attain a remarkable 12 dBi gain while addressing conventional beam-squint constraints in wideband functionality. The design
incorporates optimized unit cell geometries that enable independent control of phase responses across both frequency bands,
resulting in consistent radiation patterns. This system achieves radiation efficiency beyond 80% and has a notably tiny footprint of
5x5 mm2, effectively addressing significant size limitations for contemporary mobile devices. The antenna exhibits a broad
impedance bandwidth of 4.2 GHz at 28 GHz and 5.8 GHz at 38 GHz, fulfilling 5G NR specifications. Nonetheless, the research
highlights persistent difficulties in achieving sub-wavelength fabrication tolerances (<0.1mm) during large-scale manufacturing,
especially with the complex meta surface patterns. Further issues include possible performance decline under temperature stress
and the need for enhanced isolation between dual-band components. These results underscore the compromises between
performance and manufacturability in next-generation antenna systems.

Sharma and Kim (2024) Sharma and Kim's extensive analysis analyses innovative advancements in flexible mmWave antennas
for next-generation wearable 5G devices. Their study presents a novel polyimide substrate-based 60 GHz phased array that
achieves a gain of 14 dBi while displaying exceptional mechanical flexibility, with less than 2.5 dB performance deterioration
when bent to a radius of 30 mm, comparable to standard wrist curvature. The research emphasises sophisticated inkjet-printing
manufacturing methods using silver nanoparticle inks, allowing economical mass production with feature dimensions as small as
50pum. The antenna attains a broad operating bandwidth of 57-64 GHz with 85% radiation efficiency, compliant with IEEE
802.11ad specifications. In a 4x4 MIMO configuration, the system exhibited a throughput of 15 Gbps during indoor channel
assessments, however the analysis indicates considerable performance fluctuations (up to 8 dB) across various body-worn
placements. Significant unsolved issues include performance deterioration due to humidity (up to 3.2 dB loss at 80% relative
humidity) and long-term durability problems after over 5,000 bending cycles. These results highlight the need for enhanced
encapsulation techniques while preserving flexibility in wearable mmWave systems.

Alavi et al. (2024) Alavi's groundbreaking study on THz-waveguide antennas introduces significant breakthroughs for 6G
precursor systems, showcasing an innovative silicon-core waveguide architecture functioning at 140 GHz. The antenna attains a
remarkable 18 dBi gain over a wide 25 GHz bandwidth (132-157 GHz), facilitated by optimised TE20 mode excitation and
tapered slot radiation components. The assessment emphasises considerable dielectric loss issues (o > 0.5 dB/cm) on silicon
substrates at sub-THz frequencies, which now restrict overall efficiency to 65%. The authors suggest new photonic crystal
waveguide designs that may lower propagation losses by 40% by smart air-hole patterning. Further data indicate challenges in
thermal control during continuous wave operation, with substrate temperatures increasing by 28°C at an input power of 1W. The
study highlights the need of heterogeneous integration methods that merge silicon waveguides with low-loss polymers to optimise
performance and manufacturability for forthcoming 6G applications.

Wang et al. (2023) Wang's examination of SIW cavity-backed antennas signifies a significant development in 5G base station
technology. Their 39 GHz prototype exhibits remarkable performance via unique substrate-integrated coaxial feeding methods,
attaining 94% aperture efficiency—significantly surpassing traditional designs. The antenna's distinctive cavity-backed design
decreases sidelobe levels by 8 dB relative to conventional patch arrays, while preserving a small footprint of 6k X 6o,
appropriate for massive MIMO applications. The study presents a comprehensive thermal analysis, demonstrating that the design
sustains stable radiation patterns (0.3 dB gain fluctuation) throughout 10W continuous wave operation, with copper-plated vias
efficiently dispersing heat to restrict temperature increase to 35°C. The paper highlights issues related to bandwidth limitations
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(12.5% fractional bandwidth) stemming from the high-Q cavity construction and advocates for hybrid SIW-microstrip
methodologies for prospective wideband applications. Fabrication tolerance analyses indicate significant sensitivity to via
placement (£50um), implying the need for sophisticated PCB manufacturing methods. These results position SIW cavity antennas
as viable options for high-efficiency 5G mmWave base stations, especially in densely populated metropolitan environments
where sidelobe suppression is essential.

Rodriguez and Martinez (2023) Rodriguez and Martinez performed an extensive comparative analysis of GaAs and GaN
MMIC-integrated antennas functioning at 73 GHz for 5G applications. Their study indicated that GaN-based devices exhibited
enhanced power handling capabilities, with a power density 23% more (up to 4.2 W/mm) than GaAs implementations, making
them especially appropriate for high-power base station applications. This benefit, however, presented considerable thermal
management issues, necessitating intricate microchannel heat sinks that enlarged the total module size by 35%. The work
presented a comprehensive investigation of the linearity-efficiency trade-off in power amplifier co-designs, revealing that GaN
attained 42% power-added efficiency (PAE) at 6 dB back-off, although GaAs exhibited superior linearity (ACPR of -48 dBc) for
intricate modulation schemes. The assessment emphasised the influence of transistor scaling on antenna integration, observing
that GaN's elevated breakdown voltage permitted bigger device geometries, facilitating impedance matching but exacerbating
parasitic effects. These results provide essential insights for system designers choosing semiconductor technology for mmWave
5G infrastructure.

Tanaka et al. (2023) Tanaka's pioneering research on graphene-based reconfigurable antennas signifies a substantial
advancement for 5G New Radio (NR) technologies. The researchers created an optically controlled antenna array that enables
ultra-fast beam-switching (<2ms) throughout the 24-32 GHz range, using graphene's adjustable surface conductivity under laser
stimulation (980nm wavelength, 50mW power). The device accomplished continuous frequency reconfiguration with an
impressive tuning ratio of 1.33:1, while preserving stable radiation patterns (£1.5dB gain fluctuation). The study highlights
significant limits due to graphene's intrinsic sheet resistance (85€/sq), which restricted overall radiation efficiency to 68% and
peak gain to 8.2dBi. The research indicates thermal problems, as localised heating from optical stimulation results in a 15%
reduction in performance after extended operation. The antenna exhibited remarkable compatibility with 5G NR frame
architectures, allowing 400us switching intervals for dynamic beam control. These results emphasise graphene's promise for
adaptive mmWave systems, while also highlighting the need for enhanced material quality and hybrid graphene-metal
configurations to boost efficiency for realistic 5G implementations.

Zhang et al. (2022) Zhang's pioneering research on 3D-printed dielectric resonator antennas (DRAs) for 47 GHz applications
showcased substantial progress in additive manufacturing for millimeter-wave electronics. The scientists created an innovative
TiO:-polymer composite material with &=10.2 and tand=0.002, allowing the accurate production of intricate DRA designs with
+0.1mm dimensional precision by stereolithography methods. The optimised rectangular DRA attained a gain of 9.2 dBi with a
broad impedance bandwidth of 8.5% (45.2-49.3 GHz), making it appropriate for 5G NR band n260 applications. The research
identified significant issues in material homogeneity, with dielectric constant variances reaching 5% among printed samples
owing to nanoparticle sedimentation during the curing process. The study also delineated the effect of surface roughness
(R==12um) on radiation efficiency, revealing a 0.8 dB deterioration relative to polished DRAs. Proposed post-processing
procedures, such as isostatic pressing and laser polishing, aimed to enhance performance; nevertheless, they increased production
costs by 23%. The results underscore the advantages and constraints of 3D printing in the economical fabrication of mmWave
antennas, especially for tailored form factors in 10T and small-cell applications.

Ozturk et al. (2022) Ozturk's study demonstrates substantial progress in bow-tie dipole antennas for 81-86 GHz vehicle radar
systems. The researchers created a novel plasma-etched bow-tie design that attained a 40% enhancement in azimuth resolution,
achieving 1.8° at a distance of 50 meters, in contrast to traditional lithographic antennas. The researchers used reactive ion etching
using SF6/02 plasma to produce ultra-sharp edges (radius < Spum), which reduced edge diffraction effects and achieved a 3.2 dB
reduction in side lobes. The optimised antenna exhibited outstanding performance with a broad impedance bandwidth of 18.5%
(80.5-96.7 GHz) and consistent radiation patterns over temperature fluctuations (-40°C to +85°C). The tiny 2.4 x 3.1 mma2 chip-
scale design integrated flawlessly with CMOS radar transceivers, exhibiting less than 0.5 dB insertion loss in the RF feed
network. The research identified difficulties in achieving uniform etch rates over extensive wafers, with dimensional differences
of +7% recorded during mass production trials. These results provide significant insights for next-generation mmWave
automobile sensors that need high-resolution object detecting capabilities.

Li et al. (2022) Li's extensive examination of textile antennas for 5G wearables highlights significant improvements in mmWave
smart clothing technology. The research presents an innovative embroidered 4x4 antenna array functioning at 28 GHz,
constructed using hybrid conductive threads (silver-coated polyamide and stainless-steel fibres) that exhibit stable performance
with a gain drop of less than 1.5 dB after 100 normal wash cycles. The antennas attain a gain of 7.8 dBi with a radiation
efficiency of 73%, facilitated by optimised stitch density (12 stitches/mm) and substrate-aware embroidery designs that consider
changes in fabric permittivity (e, = 1.2-2.8). The study emphasises a conformal microstrip design that reduces detuning effects
when curved to 15mm radii, demonstrating a frequency shift of less than 2% during simulations of body movement. The
evaluation highlights significant problems, such as a 15% increase in DC resistance due to thread conductivity deterioration
during abrasion testing, and a 3dB loss in performance at 95% relative humidity. These results set new standards for durable
mmWave wearable antennas and highlight significant reliability factors for practical use.

Park et al. (2021) Park's pioneering research on lens-integrated 60 GHz antennas signifies a substantial progression in high-gain
mmWave systems. The researchers engineered a small antenna system that integrates a printed slot array with a 3D-printed
hyperbolic metamaterial lens (& = 2.7, tand = 0.002), attaining an outstanding 21 dBi gain throughout a 120° scanning range. The
lens design used gradient-index metamaterial structures including 0.2A¢ unit cells, successfully collimating the beam while
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preserving a modest profile (total thickness = 15mm). The system exhibited outstanding performance with 82% aperture
efficiency and sidelobe levels below -20 dB over the entire 57-64 GHz range. The overall weight of 48g, mainly due to the high-
density polymer lens material, is excessive for tiny drone applications, which often need communication payloads around 20g.
The research observed a 1.2 dB attenuation at high temperatures (-20°C and +60°C) attributable to material expansion. These
results underscore the compromises between performance and practical limitations in mmWave lens antenna applications for
mobile systems.

Gupta et al. (2021) Gupta's extensive research of fractal antennas for mmWave applications offers a thorough analysis of
Sierpinski-based designs functioning throughout the 24-40 GHz range. The research illustrates a fourth-generation Sierpinski
gasket antenna attaining an ultra-wideband 7:1 VSWR ratio, facilitated by meticulously optimised fractal dimensions (scaling
factor = 0.45) and substrate choice (Rogers RT/duroid 5880, h=0.787mm). The design achieves 78% radiation efficiency at 28
GHz; nevertheless, the assessment highlights considerable pattern distortion beyond 34 GHz, with beam squint reaching 18° at 40
GHz as a result of higher-order mode excitation. The self-similarity of fractal geometry is beneficial for multi-band operation;
nevertheless, it poses difficulties in maintaining constant polarisation purity, resulting in axial ratio deterioration from 1.2 dB to
4.8 dB across bands. Computational research identifies current density hotspots along fractal edges, resulting in a 12% decrease in
efficiency at maximum frequency. The study suggests hybrid fractal-linear element designs as a compromise, while this method
increases the complexity of feeding network design. These results provide significant insights for engineers contemplating fractal
antennas for novel 5G mmWave applications that need broad bandwidth while encountering pattern stability limitations.

Schmidt (2021) Schmidt's groundbreaking research on liquid-metal reconfigurable antennas presented an innovative method for
polarisation agility at 94 GHz. The concept used eutectic gallium-indium (EGaln) alloy microfluidics inside a PDMS substrate,
allowing dynamic modulation between linear, circular, and elliptical polarisations by meticulous regulation of liquid metal
distribution in 200pm-wide microchannels. The antenna demonstrated excellent performance with axial ratio <3 dB for circular
polarization and <-15 dB cross-polarization levels in linear modes. Although the idea demonstrated efficacy in radar and sensing
applications, the 50ms reaction time—constrained by liquid metal viscosity and capillary forces—limited its use in high-speed 5G
systems necessitating microsecond-scale reconfiguration. The system exhibited steady performance during 100,000 switching
cycles, with a fluctuation in realised gain of less than 0.5 dB (peak 8.7 dBi). Notable obstacles were temperature-dependent
surface tension variations (20% response time fluctuation from -10°C to +60°C) and the need for exact pressure regulation (5
kPa) during state transitions. These results positioned liquid-metal antennas as advantageous for certain mmWave applications,
while underscoring inherent speed constraints for widespread 5G deployments.

Yang et al. (2020) Yang's pioneering research on graphene plasmonic antennas attained an extraordinary 0.3 THz functioning
using novel surface plasmon excitation methodologies. The researchers created a resonant nano-antenna array (50x50 pym? unit
cells) that used graphene's adjustable surface conductivity (ranging from 0.5 to 3 mS using electrostatic gating at a 20V bias) to
provide dynamic frequency reconfiguration between 290-310 GHz. The device exhibited an impressive 12% fractional bandwidth
and beam-steering capabilities (£25°); nevertheless, significant ohmic losses in the graphene layer (o = 2x10° S/m) limited the
overall radiation efficiency to just 32%. The research revealed two major loss mechanisms: intraband transitions, which account
for 60% of losses, and substrate phonon scattering. Yang presented a hybrid metal-graphene design via comprehensive
simulations, whereby gold nanorods (75nm width) would locally amplify the electric field, possibly increasing efficiency to 55%
while preserving the reconfigurability of graphene. The research highlighted difficulties in impedance matching at terahertz
frequencies and advocated for substrate engineering using low-loss boron nitride to mitigate dielectric losses. These studies
provided essential design concepts for forthcoming THz communication systems.

Fernandes et al. (2020) Fernandes' pioneering research on 5G smartphone antennas presented a novel 4x4 Butler matrix feeding
network that transformed beamforming architecture at 39 GHz. The team's implementation on a 0.254mm-thick liquid crystal
polymer (LCP) substrate resulted in a 60% decrease in beamforming complexity relative to traditional phased arrays, while
preserving superior performance metrics. The design exhibited a uniform gain of 12.5 dB across all four beams (x45° scan range),
with very low insertion loss (maximum of 3.2 dB) and port isolation exceeding 25 dB. Utilising folded couplers and meandering
phase shifters, the researchers reduced the feeding network footprint to only 18mm x 14mm, which is essential for smartphone
integration. The research indicated that the streamlined design reduced power consumption by 38% during beam switching
operations, but resulting in a 1.8 dB gain fluctuation across beams. Empirical experiments demonstrated strong performance when
combined with a 16-element patch array, attaining a throughput of 1.2 Gbps in mobile contexts. The results confirmed that Butler
matrices are a feasible option for consumer-grade mmWave devices, specifically tackling the size and power limitations of 5G
smartphones while preserving sufficient beamforming capacity for urban transportation applications.

Kuroda and colleagues (2020) Kuroda's pivotal research on CMOS-integrated mmWave antennas introduced a groundbreaking
64-element phased array functioning at 28 GHz, with exceptional cross-polarization suppression of -38 dB. This exceptional
performance was facilitated by advanced backside deep-trench isolation technology (15um depth) used in ordinary 65nm CMOS,
which decreased substrate coupling losses by 8.2 dB relative to traditional designs. The research elucidates that the trench-isolated
dipole elements maintained a 7.1 dBi element gain while exhibiting remarkable polarisation purity at £60° scan angles. The
combined system attained a beamwidth of 5.6° with 64 concurrent beams, facilitated by an innovative current-confining ring
construction that reduced surface wave propagation. Thermal study showed that the deep-trench method reduced junction
temperatures by 22°C during sustained operation at 18 dBm output power. The research observed a 12% decrease in yield
attributable to trench etching non-uniformity, indicating a need for enhanced fabrication controls. These results confirmed CMOS
as a feasible substrate for high-performance mmWave arrays, especially for tiny user devices necessitating rigorous polarisation
discrimination in dense multipath conditions. The research has subsequently impacted 3GPP standardisation efforts for mobile
mmWave devices.
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Huynh et al. (2019) Huynh's groundbreaking research on 5G mmWave MIMO systems introduced one of the first functional 16-
element phased arrays running at 28 GHz. The design achieved a narrow 15° beamwidth with a gain of 14.2 dBi using A/2-spaced
patch elements on Rogers 5880 substrate. The array exhibited effective beam steering within £50° in azimuth; nevertheless, the
investigation uncovered considerable mutual coupling effects (-12.5 dB between neighbouring components) that reduced
theoretical channel capacity by 18% in spatial multiplexing mode. The researchers used several decoupling approaches, such as
defective ground structures and neutralisation lines, resulting in a 7 dB improvement in isolation, but at the cost of increased
manufacturing complexity. Measurements indicated an 82% overall efficiency in the broadside direction, decreasing to 65% at
maximum scan angles owing to impedance mismatch. The study also revealed heat issues, noting a 2.1 dB gain variance during
sustained 1W operation. The first results delineated essential design trade-offs for mmWave MIMO systems, underscoring the
need for sophisticated decoupling mechanisms in dense array topologies while preserving viable form factors for 5G user
equipment.

Manteghi and Almpanis (2019) Manteghi and Almpanis performed an extensive evaluation of dielectric resonator arrays
(DRAs) for novel 5G applications, emphasising their 38 GHz prototype that achieved 82% radiation efficiency, representing a
significant enhancement over traditional patch antennas. The cylindrical DRA design (,=9.8) exhibited remarkable performance
via optimised TEoi5 mode excitation, achieving a gain of 10.4 dBi and a broad impedance bandwidth of 11.2% (36.2-40.5 GHz).
The research identified significant obstacles in the installation of feeding networks, with microstrip-to-DRA transitions
contributing 1.8 dB of system loss attributed to impedance mismatches and surface wave production. The researchers used an
innovative aperture-coupled feeding approach that minimised losses to 0.9 dB, necessitating careful alignment (+50 pm tolerance)
across layers. Thermal characterisation demonstrated that the DRAs maintained steady performance up to 85°C, making them
appropriate for outdoor base station deployment. The review determined that although Dielectric Resonator Antennas (DRAS)
provide enhanced efficiency and bandwidth at millimeter-wave frequencies, their practical implementation necessitates
improvements in low-loss substrate materials (tand < 0.001) and high-precision assembly methods to reduce feeding network
degradation—issues that persistently propel ongoing research in DRA packaging and integration techniques.

Rappaport and colleagues (2019) Rappaport's groundbreaking study revealed essential propagation properties for sub-THz
communications via comprehensive 140 GHz channel measurements in urban settings. The research measured oxygen absorption
losses at 8 dB/km, with further attenuation up to 16 dB/km at high humidity conditions (90% RH), significantly limiting
connection budgets for forthcoming wireless systems. The researchers, via thorough ray-tracing analysis, uncovered unique
propagation processes, revealing an extra loss of 3.2 dB/m for non-line-of-sight pathways around building corners, in contrast to
1.7 dB/m for vegetation penetration. These results immediately impacted antenna design specifications, highlighting the need for
high-gain (>25 dBi) steerable arrays with adaptive beamwidth control to mitigate atmospheric losses. The study uncovered
distinctive material interactions, indicating that concrete surfaces produce reflections 6.5 dB greater than glass at 140 GHz, hence
presenting novel potential for multipath exploitation. The channel measurements established the basis for 6G standardisation,
emphasising the crucial trade-off between atmospheric absorption and available bandwidth that persists in directing sub-THz
system development. The legacy of the work endures in contemporary antenna research concentrating on reconfigurable high-
directivity devices that can dynamically compensate for atmospheric variations.

Hong et al. (2018) examined 28 GHz phased arrays for preliminary 5G trials, contrasting microstrip and substrate-integrated
waveguide (SIW) configurations. A 16-element SIW array attained a gain of 14 dBi and £50° beam-steering, yet experienced a 3
dB scan loss at extreme angles, underscoring the trade-offs in wide-angle performance. The research highlighted the selection of
PCB materials, revealing that FR4 substrates exhibited 20% worse efficiency compared to Rogers 5880 owing to increased
dielectric losses, hence emphasising the cost-performance trade-off in millimeter-wave systems. The authors also tackled
significant packaging difficulties for base station integration, including as heat management, connection losses, and mechanical
stability, offering practical insights to reduce performance deterioration in actual installations. The study provided a significant
reference for initial 5G antenna design, recognising SIW as a feasible method despite its scanning loss constraints, while
emphasising the critical role of material selection and durable packaging for optimum phased array efficacy at 28 GHz.

Alkhateeb et al. (2018) examined hybrid beamforming in mmWave MIMO systems, combining analogue phase shifters with
digital precoding to optimise performance and hardware complexity. A 64-element array functioning at 60 GHz attained a
throughput of 12 Gbps in urban non-line-of-sight (NLOS) conditions, illustrating the capability for high-speed wireless
communication. The investigation revealed substantial problems, including increased computing complexity in real-time beam-
tracking and power consumption above 8W, which constituted major obstacles to practical implementation. The authors presented
compressed sensing strategies to mitigate channel estimate overhead and enhance beam alignment, ultimately increasing system
efficiency. The study underscored the compromises among spectrum efficiency, hardware viability, and energy use in hybrid
beamforming frameworks, stressing the need for adaptive algorithms to provide consistent performance in fluctuating mmwWave
settings. The study integrated theoretical analysis with practical validation, yielding crucial insights for optimising hybrid
beamforming in 5G and future networks, especially in densely populated urban environments where non-line-of-sight propagation
and mobility provide further challenges. The results emphasised the significance of algorithmic progress to alleviate complexity
and power issues while ensuring high throughput, providing a foundation for future mmwWave MIMO system design.

Pi and Khan (2018) assessed the efficacy of lens-based antennas for 73 GHz millimeter-wave backhaul systems, showcasing a
Teflon hyperbolic lens design that attained a remarkable 25 dBi gain with a 5 GHz operating bandwidth, underscoring its
potential for high-capacity wireless connections. The research highlighted the design's weather resistance, especially in wet
situations, where tests indicated less than 2 dB of attenuation across 100-meter connections, making it a reliable alternative for
outdoor applications. Nonetheless, the study revealed considerable practical constraints, such as a cumbersome weight of 2.5 kg
and the need for meticulous manual alignment, which may impede fast implementation and scalability in actual applications. The
authors advocated for the creation of lightweight meta surface-based solutions that may sustain excellent performance while
minimising size and alignment complexity due to these disadvantages. This analysis of lens antennas elucidated the trade-offs
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among gain, bandwidth, and deplorability in mmWave backhaul systems. The results highlighted the need for advanced antenna
technologies to reconcile performance with practical installation demands, facilitating further investigations into meta surfaces
and other small, high-efficiency alternatives for next-generation wireless backhaul networks.

Rappaport et al. (2017) This foundational study provided the first exhaustive channel measurements for 5G mmWave systems in
urban settings. The team investigated route loss and scattering at 28 GHz and 73 GHz across New York City, developing essential
propagation models still in use today. Their tests indicated: (1) mean path loss exponents ranging from 2.7 to 3.5 in non-line-of-
sight settings, (2) building materials induced attenuation of 10-40 dB, and (3) human body obstruction led to an extra loss of 20-
35 dB. The research demonstrated the feasibility of mmWave for urban microcells while underscoring the essential need for
sophisticated beamforming and a dense arrangement of base stations. Rappaport's research significantly influenced initial 5G
antenna specifications, highlighting the need for small phased arrays equipped with electronic beam-steering functionalities to
address propagation issues.

Russo et al. (2017) conducted a study that examined the advancements in 60 GHz antennas for 5G backhaul applications. The
study evaluated 12 distinct antenna designs, concluding that dielectric resonator antennas (DRAS) provided the optimal
equilibrium between gain (18-22 dBi) and bandwidth (>7 GHz). Significant results comprised: (1) LTCC-based designs exhibited
a 15% enhancement in efficiency compared to PCB implementations, (2) lens-integrated antennas diminished side lobes by 8-12
dB, and (3) mutual coupling in MIMO setups impaired capacity by as much as 25%. The research ended with design
recommendations for mmWave backhaul, advocating for substrate-integrated waveguides for base stations and metamaterial-
enhanced patches for customer premises equipment. Russo's contributions profoundly impacted the first development of 5G
backhaul antennas.

3. CONCLUSIONS

The advancement of millimeter-wave and sub-millimeter-wave antennas has been crucial in facilitating the high-speed, low-
latency features of 5G networks. These sophisticated antenna systems have surmounted considerable obstacles related to high-
frequency operation, such as path loss, air absorption, and miniaturisation demands. Recent advancements in meta surface
designs, flexible and wearable applications, and terahertz waveguide technologies have expanded the limits of gain, bandwidth,
and integration. Phased arrays and MIMO configurations are crucial for efficient beamforming and spatial multiplexing, while
substrate-integrated waveguides and dielectric resonator antennas provide compact, high-efficiency options for base stations and
mobile devices. Notwithstanding these gains, significant issues remain in manufacturing accuracy, thermal management, and
environmental resilience that must be resolved as we go towards 6G systems.

The performance attributes of these antennas—specifically gain, efficiency, bandwidth, and beam-steering capabilities—have
consistently improved, while inherent trade-offs remain. High-gain lens antennas exhibit remarkable directivity but encounter
practical constraints regarding weight and alignment, while reconfigurable designs have adaptive capabilities but often experience
efficiency drawbacks owing to material losses. Integration with RF front-end components remains problematic, as does practical
deployment, where variables like as human obstruction, weather attenuation, and multipath interference are significant
considerations. Innovative technologies like intelligent reflecting surfaces and Al-enhanced beam optimisation show potential in
resolving these challenges. The industry's progressive transition to terahertz frequencies for forthcoming 6G applications presents
new challenges necessitating creative strategies in materials science and manufacturing technologies.

Future antenna systems will probably depend on hybrid architectures, new materials, and intelligent, self-optimizing designs. The
integration of meta surfaces with conventional radiators or innovative materials may achieve an optimal equilibrium between
performance and practicality. Artificial intelligence will have a progressively significant role in real-time beam control and
system optimisation. Emerging materials under development have the potential to transform efficiency and adaptability, while
their applications in the automotive, defence, and consumer electronics sectors will stimulate demand for specialised
implementations. As research advances towards 6G, antennas functioning at elevated frequency ranges will need innovations in
quantum-inspired technologies and advanced on-chip integration. The ongoing advancement of antenna technology will be
essential for achieving the whole potential of future wireless networks, enabling unparalleled connection speeds, very low latency,
and seamless integration with developing technologies across all societal sectors.
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