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Abstract

Millimeter-wave (mmWave) bands i.e.30 GHz to 300 GHz is the key for 6G wireless systems,
that offers ultra-wide bandwidths, low latency and very high data rates. However, the design
of mmWave antennas have many challenges like propagation losses, beamforming, cost,
efficiency, size and many more. This paper is a survey that focusses on mmWave antenna
design, design approaches to overcome challenges in antenna design and some simulation
results for mmWave antenna design. There are various approaches for antenna design like
using metamaterials/ metasurfaces, defected ground structures (DGS) and antenna-in-package
(AiP) technology to realize a compact antenna array with high gain, wide bandwidth and
reconfigurable beam-steering functionalities.

Keywords—6G, mmWave, antenna array, metamaterials, defected ground structure, antenna-
in-package (AiP), MIMO, ultra-wide band, ISAC, LCP.

INTRODUCTION

The emergence of 6G wireless systems promises in paradigm shift in existing wireless systems
moving towards very-high data rates, seamless connectivity, immersive user experience and
integrated sensing capabilities. To realize these goals the key will be utilization of millimeter-
wave (mmWave) frequency bands (30-300 GHz) Terrahertz (THz) frequency bands. These are
unused spectrum which can be used for multi-Gbps throughput and ultra-low latency, but it also
brings new challenges in antenna design, propagation, integration and implementation.

This paper tries to address the design, challenges and innovations in mmWave antennas
specifically for 6G wireless systems. The ffundamental design criteria for antennas and arrays
operating at mmWave frequencies—including wide bandwidth, high gain, beamforming,
element isolation, polarization diversity, and compact form factors will be discussed. The main
challenges that must be addressed are path loss, blockage and atmospheric absorption: mutual
coupling and efficiency degradation, power consumption, material losses, complexity etc.

The recent technological advancements offer some solutions, which include use of metasurfaces
and reconfigurable intelligent surfaces (RIS), hybrid MIMO architectures, antenna-in-package
and other integration technologies and AI/ML assisted design and beam control. These
approaches help to solve many of the above-mentioned challenges, resulting in better
performance, high efficiency, and more reliable connectivity specifically in non-ideal, mobile,

or obstructed scenario.
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I. BACKGROUND

A. Propagation and channel characteristics

The mmWave band suffers from high path loss as evident from Friis transmission equation
which says that the received power is inversely proportional to the square of the frequency and
as the frequency increases the free-space path loss also increases. [1]

The mmWave frequencies have very small wavelengths (a few millimeters) that is why objects
and edges don’t bend the wave much results in minimal diffraction and barriers like walls,
foliage, human bodies act almost like solid blocks [2]. Even the penetration through materials
is much worse as standard walls can cause tens of dB attenuation. [3]

Atmospheric absorption by gases in the air specifically water vapor and oxygen of mmWave
frequencies are significant and shows its peak at around 60 GHz[4]. Rain droplets scatter and
absorb mmWave signal , adding loss, especially in heavy rain.[4] Foliage, humidity, fog also
add to scattering/absorption losses.[2]

Due to the intense research carried out through the years in mmWave frequency bands the
challenges discussed in previous paragraphs have somewhat being answered by researchers and
they have come up with solutions like Beamforming and Beam management. Beamforming is
a process of shaping and directing radio signals using an array of antennas, on the other hand
beam management is dynamic control of beam directions to optimize communication quality,
particularly in mobile and heterogeneous network environments [5]. Advantage of beamforming
is its ability to increase signal strength, extend coverage and reduced interference in high
frequency bands like mmWave.

This article covers three types of beamforming namely Analog beamforming, Digital
beamforming and Hybrid beamforming. In analog beamforming phase shifters are used to adjust
the phase of each antenna element, aligning the signal in a specific direction without the need
of any complex signal processing at each antenna. This process is simple but restricted in terms
of flexibility and precision. On the other hand, in digital beamforming the signal is processed
digitally before being transmitted to the antenna, allowing more flexible and adaptive beam
steering. This allows adaptive beamforming, here the system dynamically adjusts the direction
based on changing conditions, such as user mobility or interference. Hybrid beamforming
combines both analog and digital beamforming to take the advantage of the low power
consumption and simplicity of analog one while providing the flexibility and accuracy of digital
processing. Beamforming offers solutions to many issues but have its own limitations which
include hardware limitations, feedback delays and complexity of handling dynamic interference
in real-time. As the technology advances much more AI/ML based beamforming algorithms
and hardware design are expected to find solution of these issues and enable more efficient
beamforming techniques in the future [5][6].

Beam management is the process of controlling, maintaining, and optimizing the direction of
the beams during a communication session. This process is crucial for mobile users who have
changing environment conditions like motion, blockage, or interference. Efficient beam
management ensures that the communication link remains stable, high-quality and free from
disruptions. The key components of beam management are beam initialization, beam tracking,
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beam switching and handover and beam reconfiguration. Beam initialization identifies the most
appropriate beam direction at the start of a communication. This process involves scanning the
environment for detection of optimal beam that offers highest signal strength or lowest
interference. Beam tracking is continuous monitoring and adjusting the beam in real-time,
ensuring that the signal remains strong and stable. Beam switching and handover happens in
high-speed mobile environments like vehicular communications or drones where user moves
out of the coverage area of the current beam, at this time system needs to seamlessly handover
the communication link to a new beam. This process is essential for maintaining uninterrupted
service. Beam reconfiguration is the ability to adapt the beam’s direction and shape based on
changing conditions for optimizing signal quality. There are some challenges regarding beam
management that is beam reconfiguration for high-speed mobile users [6].
Il. CHALLENGES IN MMWAVE ANTENNA DESIGN

A. Propagation losses and blocking

Both mm Wave and THz frequencies suffer from much larger free-space path loss than lower
bands. In the THz region especially, absorption by atmospheric molecules (e.g.water vapor,
oxygen) can severely attenuate signals. This reduces transmission ranges and imposes
requirements of high-gain, highly directional antennas. Physical obstacles (buildings, foliage,
human bodies) block or scatter high-frequency waves more strongly; diffraction (bending
around edges) is less effective. This makes line-of-sight (LOS) or quasi-LOS paths more
important. Dynamic environments (mobile users, moving obstacles) make the problem worse.
At very high frequencies, the multipath richness tends to reduce; there may be fewer dominant
paths. This reduces spatial multiplexing gains unless antenna arrays are cleverly designed
(e.g.widely spaced subarrays) to reduce correlation. Also, wide bandwidths lead to channel
variation in frequency (frequency-selective fading) and phase errors (channel “squint”) in
beamforming [7].

B. Antenna Array Design and Beamforming

The wavelengths of mm Wave and THz are small, so, more antenna elements can be packed
into a given aperture. But integrating thousands of elements brings its own set of challenges like
mutual coupling, element isolation, precise element placement and feed network complexity.
To compensate for the losses during communication narrow beams are required and these beams
must be aligned, tracked and adjusted as per the movement of the user. Initial access (beam
training) and continual beam tracking are more complex with narrow beams, high mobility, and
dynamic environments this increases overhead. In wideband systems, steering with traditional
phase shifters may lead to beam directions shifting with frequency (beam squint). For large scan
angles and wide fractional bandwidths this becomes pronounced, degrading performance. True
time delay (TTD) implementations or other compensation schemes are needed [7].

C. Materials, Fabrication, and Physical Realization

Dielectric materials tend to have higher loss tangent at mmWave/THz frequencies; conductor
losses increase due to skin effect and surface roughness. Efficient antenna designs need low-
loss dielectrics, good conductor surfaces, and minimal parasitic effects [8]. Since, physical
dimensions are small (fraction of millimeter down towards micron or even sub-micron),
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fabrication tolerances become critical. Surface roughness, misalignment, inconsistent

metallization, etc., can cause significant losses or degrade radiation/pattern properties. Many of

the current techniques (e.g., high-resolution lithography, 3D micromachining, additive printing)
are still expensive, or difficult to scale to large production volumes. Also, the associated
measurement and metrology tools are costly and less mature in THz bands [9][10][11][12].

D. Integration & Packaged Systems

Antenna-in-package (AiP), on-chip/on-array integration: As arrays grow, integrating the

antenna elements with RF electronics (amplifiers, phase shifters, LO, mixers) becomes

necessary. Interconnect losses, coupling between elements, impedance matching, thermal

issues, and aligning electrical behavior with mechanical layout are complex [8][13][14].

Power efficiency, heat dissipation & power amplifiers: PA design at mm Wave/THz is

challenging: efficiency, linearity, output power are worse than at lower bands. When many PAs

or active devices are close, heat dissipation becomes a serious concern. Also, battery-powered

or portable devices must manage power and thermal constraints [8].

E. Measurement, Standardization, and Testing

e Lack of mature measurement infrastructure: Calibrated measurement for S-parameters,
radiation patterns, gain, beamforming performance at THz is more difficult because of the
need for specialized probes, waveguides, optical components, and limited availability of
standard testbeds [15].

e Standards, reference models, benchmarking: Without agreed-upon standards and
practices, comparing designs becomes harder; channel models in realistic environments
(urban, indoor, mobility) are still under development [8].

F. System-Level & Operational Constraints

e Mobility, alignment, tracking overhead: As noted, moving users or devices (e.g. in
vehicles, drones, handhelds) introduce misalignments, beam switching; fast beam
training/tracking is required, which adds overhead and latency [16].

e Environmental sensitivity and robustness: Rain, humidity, temperature variations,
vibrations, mechanical tolerances — all can impact antenna performance, especially gain,
pointing accuracy, polarization. THz wavelengths are so small that even small mechanical
changes can matter [17][18].

I11. FUTURE ASPECTS IN ANTENNA DESIGN

e ISAC: Integrated Sensing and Communication is reconfigurable, large-scale, and high-
frequency systems that can sense their environment while transmitting data. It can overcome
high-frequency propagation losses (mm Wave and THz) and utilizes the spatial information
provided by large antenna array [19][20].

¢ Antenna-on-Chip (AoC) & Antenna-in-Package (AiP): To save the space and to reduce
the loss of signal, nowadays the external antennas are becoming obsolete and instead of this
the antennas are built directly within the RF chip called antenna-on-chip or antenna-in-
package. This could eliminate the signal loss that occurs when it propagates through the
medium to the feed of the external antenna[14].
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¢ Filtering Antennas (Filtennas): These are antennas which have the combined functionality
of filtering and radiating. Thus instead of having separate modules for filtering the signals
and radiating them in the environment, a single module would be able to do both the tasks
and may reduce the size and cost of the antenna. It also drastically improves noise
performance of the antenna and reduces the overall footprint[21].

e Green Antennas: These antennas are made using low-carbon, recyclable materials. This also
uses solar or RF energy harvesting features that can power low-energy IoT devices without
needing batteries[22].

e Flexible and Wearable Designs: Groundbreaking breakthroughs in nanomaterials and
advanced printing techniques have enabled antennas that can be printed onto textiles or skin
patches. These antennas are designed to withstand bending and stretching while remaining
safe for the human body[23].

e Movable and Fluid Antenna Systems:

Dynamic Spatial Optimization: Emerging Movable Antennas (MA) and Fluid
Antennas (FAS) can physically or virtually adjust their positions within a small area to
exploit the best channel conditions [24].

e MIMO Enhancement: By optimizing antenna placement in real-time, these systems can
achieve the performance of traditional massive MIMO with fewer active radio frequency
(RF) chains, reducing cost and power consumption [16].

e Smart and Reconfigurable Systems: The next generation antennas would be "smart," and
they can automatically adapt to their surrounding environment very easily.

e Dynamic Reconfigurability: Through integrated mechanisms like PIN diodes or tunable
materials, a single antenna can change its operating frequency, polarization, or radiation
pattern in real-time.

e Interference Mitigation: Smart antenna arrays use advanced algorithms to steer signals
away from interference sources, enhancing network flexibility in noisy urban environments
[25].

e Al and Machine Learning Integration

As Manual optimization is an impossible task as antenna complexity grows. Machine Learning

(ML) is now a core part of the antenna design cycle.

e Automated Optimization: Al-driven frameworks, such as those using CatBoost
algorithms, can predict performance metrics like return loss with high accuracy, drastically
reducing the time spent on iterative simulations.

e Real-time Adaptation: In the field, Al helps manage massive MIMO arrays (often with
hundreds of elements) by predicting channel conditions and optimizing beam patterns on
the fly.

IV. CONCLUSION

mm Wave antennas are essential for providing the massive bandwidth required for Terabit-

per-second speeds and high-resolution ISAC (Integrated Sensing and Communication)

capabilities, such as centimeter-level localization. However, these systems face

884
Special Issue - VVol. 14 No. S1 (2026) www.ijrt.org


http://www.ijrt.org/
https://link.springer.com/article/10.1007/s43926-025-00126-4
https://link.springer.com/article/10.1007/s43926-025-00126-4

Conference Proceedings: “Sustainability Through Digital Transformation: Insights from Management,
Humanities, and Sciences” SDT- Insights 2026, Organized by- The Ashoka Institute of Technology and
Management, Varanasi (30-31 January 2026) In IJRT ISSN: 2321-7529

severe propagation loss, high sensitivity to physical blockages, and significant power
consumption in dense hardware arrays. To solve this, design approaches are shifting
toward Massive MIMO with beam-focusing to concentrate signal energy, Reconfigurable
Intelligent Surfaces (RIS)to bypass obstacles via smart reflections, and Lens
Antennas or Movable Antenna systems that maximize spatial efficiency while reducing the
complexity of the radio frequency front-end.
mm Wave ISAC systems can now achieve multi-gigabit data rates and centimeter-level
localization accuracy in controlled line-of-sight environments using massive MIMO and
advanced beamforming. However, achieving consistent performance in the real world remains
difficult due to severe blockage sensitivity, where even a human body can cause a 20-30 dB
signal drop, leading to frequent link failures. Furthermore, the high cost of RF components and
the thermal management required for dense antenna arrays make large-scale commercial
deployment expensive, while the energy-efficient integration of high-resolution sensing into
mobile devices without draining battery life remains a significant engineering hurdle.

Realizing the full potential of 6G ISAC and beyond requires a deep coordination

between antenna design, material sciences, and signal processing, as no single area can solve

the mm Wave constraints alone. While material sciences give low-loss substrates like Liquid

Crystal Polymer (LCP) to minimize the signal attenuation, antenna design must focus on highly

integrated arrays that fit within compact, thermal-constrained devices. Simultaneously,

advanced signal processing algorithms are necessary to dynamically manage the dual functions
of sensing and communication, using Al-driven beamforming to compensate for hardware
imperfections and environmental blockages.
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