
REVIEW

Mobile Networks and Applications
https://doi.org/10.1007/s11036-025-02464-7

capable of data transmission rates far beyond the existing 
figures and achieving a global coverage with extremely low 
latencies [3–5]. This will afford a variety of complex appli-
cations ranging from fully autonomous real-time systems to 
high levels of Augmented Reality (AR) and Virtual Real-
ity (VR) interactivity [6, 7]. Nonetheless, achieving these 
capabilities means that there has to be a radical rethinking 
of the architecture of the network, introducing new con-
cepts – especially in respect to cooperative communication 
networks. This approach necessitates the concerted effort of 
multiple devices and network elements to enable reliable 
signal transmission over Long distances, enhance service 
delivery, and improve the overall efficiency of the system. 
In the context of 6G, where network conditions will be more 
challenging than ever before, cooperative communication is 
expected to play a crucial role in establishing stable, high-
quality connections. It will serve as one of the core elements 
to ensure the performance and reliability of future networks.

In this context, antennas emerge as fundamental ele-
ments of 6G networks. As the primary interfaces for sig-
nal transmission and reception, antennas play a critical 
role in managing the data flows central to cooperative 

1  Introduction

The rapid and notable advancements in wireless commu-
nication networks have not only introduced new modes 
of connectivity but also created fertile ground for the next 
generation of networks, known as Sixth Generation (6G). 
The capabilities of 6G are expected to revolutionize current 
technology by delivering features that were previously con-
sidered extraordinary and unattainable [1, 2]. The goals of 
6G networks are to realize ultra-wideband communication 
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Abstract
Sixth Generation (6G) networks target minimal latency, elevated data throughput, and uninterrupted connectivity. Coop-
erative communication improves reliability via collaborative devices and networks. Antennas are pivotal signal interfaces 
in these complex systems. This paper presents an exhaustive analysis of antenna design and its appropriateness for 
cooperative communication in 6G and future advancements. The study addresses the essential conditions requisite for 
6G communication. These conditions primarily involve the utilization of higher-frequency bands, an increased number of 
connected terminals, and advanced beamforming techniques. It examines antennas such as the Multiple-Input-Multiple-
Output (MIMO) and Reconfigurable Intelligent Surfaces (RIS) to assess their role in meeting 6G requirements. The article 
further reviews high-frequency communication phenomena like path loss, which intensifies with frequency, and improved 
transmission direction accuracy. It explores innovative antenna designs that alleviate these issues through developments in 
materials, configurations, and adaptability. Additionally, the importance of these antennas for prospective 6G applications, 
including autonomous vehicles, smart cities, and the Internet of Things (IoT), is analyzed.
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communication. Given 6G’s reliance on higher frequency 
bands, such as the Terahertz (THz) spectrum, anten-
nas must also contend with unique challenges, includ-
ing increased path loss, propagation constraints, and the 
need for precise directional transmission [8–11]. These 
conditions necessitate advanced antenna designs that can 
deliver robust performance under 6G’s demanding opera-
tional conditions. Thus, exploring and optimizing antenna 
technologies for 6G is essential to meeting the network’s 
performance targets and enabling effective cooperative 
communication [12–14].

This article has three objectives. First, it aims at an in-
depth study of Various antenna technologies that can play 
a very crucial role in the advancement of 6G communica-
tion in terms of design architectures, performance standards 
and possible shortfalls. Second, and on the same scope, 
how these antenna technologies, for example, the emerg-
ing Multiple-Input-Multiple-Output (MIMO) systems and 
Reconfigurable Intelligent Surfaces (RIS) address the high-
frequency particularities of 6G and beyond [15–19]. Thirdly, 
moving beyond the participatory focus, these implications 
carry for critical 6G applications such as self-driving cars, 
smart cities, Internet of Things (IoT) and most importantly, 
advancements in antennas to facilitate all these superior 
applications.

In summary, this paper contributes a comprehensive 
analysis of the design, selection, and suitability of antenna 
technologies for cooperative communication in 6G and 
beyond. By evaluating the technological adaptations needed 
to meet 6G’s requirements, this study provides valuable 
insights for researchers and engineers aiming to advance 
antenna capabilities in support of the next generation of 
wireless networks.

2  6G Wireless communication: antenna 
perspective overview

The ongoing evolution of communication technologies viv-
idly illustrates how each generation reshapes the core focus 
of network infrastructures and wireless systems. The transi-
tion from the Second Generation(2G) of mobile communica-
tion, to the Fifth Generation(5G),, distinctly illuminates the 
evolving priorities within this domain [20, 21]. Early gen-
erations like 2G and Third Generation (3G) were primarily 
designed for basic communication such as voice calls and 
text messaging. However, with the advent of Fourth Gener-
ation (4G), the focus moved to more advanced, data-driven, 
and multimedia applications. This trend continues with 5G, 
which supports more complex connectivity, including the 
IoT and automation capabilities [22–24]. Figure 1 offers a 
detailed visual timeline tracing the development of wireless 
communication technologies, extending through the antici-
pated arrival of 6G.

The shift to 6G wireless technology is expected to bring 
about an even greater transformation by enabling the seam-
less blending of the digital, physical, and human realms. 
This integration is poised to enhance sensory experiences, 
combining advanced computing capabilities with complex 
knowledge systems to boost human productivity and drive 
innovation across industries and daily life [25–29]. More-
over, 6G aims to go beyond just faster networks; it seeks to 
elevate experiences in areas like VR, AR, and holographic 
communication, while embedding intelligence throughout 
its infrastructure to support automation and the develop-
ment of smart environments [30].

A pivotal element of the 6G epoch will be the imple-
mentation of the Network Operation Support System 

Fig. 1  An illustration of wireless 
communication timeline
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(NOSS), which is anticipated to augment network gover-
nance through the facilitation of sophisticated automation, 
intelligence, and the establishment of digital twins [31, 
32]. These digital representations of tangible systems will 
enable real-time observation, administration, and interac-
tion among interconnected agents, thereby contributing to 
the development of more intelligent and efficient systems. 
In conjunction with advancements in positioning and sens-
ing technologies, 6G networks are poised not only to real-
ize unparalleled communication capabilities but also to 
advance broader objectives of sustainability, inclusivity, and 
trust [33, 34].

Central to the overarching efficacy and operational suc-
cess of the impending 6G technology will indisputably be 
the cutting-edge and innovative antenna technology, which 
will be essential in effectively addressing and accommodat-
ing the escalating demand for not only superior performance 
metrics and enhanced operational efficiency but also designs 
that are aesthetically pleasing and visually appealing to the 
end user [35–37].In this complex landscape of telecommu-
nications, antennas will occupy a crucial and indispensable 
position in enabling the ultra-fast, exceptionally reliable, 
and fundamentally secure communication that is critical for 
the ambitious and transformative applications anticipated 
for 6G technology [38]. Moreover, substantial innovations 
in antenna design, with a specific focus on advancements 
in beamforming technology, will be indispensable and vital 
for the improvement of signal accuracy while concurrently 
striving to reduce latency to levels that are acceptable for 
real-time communication [39–41]. Furthermore, the deploy-
ment of advanced and sophisticated antenna systems will 
be of paramount significance in effectively addressing the 
diverse security challenges that are increasingly prominent 
in our swiftly evolving digital environment, as these sys-
tems must be fortified with robust defenses against the ever-
growing and increasingly intricate nature of cyber threats 

that endanger our information and communication infra-
structures [42].

As 6G pushes the boundaries of wireless communica-
tion, it will rely heavily on operating at higher frequen-
cies, such as millimeter-wave (mmW) and THz bands, as 
depicted in Fig. 2. These higher frequencies promise to 
deliver data rates exceeding 100 Gbps, which will enable 
new applications such as, health monitoring systems, the 
Internet of Nano-Things (IoNT), ultra-fast on-chip commu-
nication, environmental pollution detection, military uses, 
entertainment technologies, AR, satellite communications, 
directional communication links, and heterogeneous net-
works [8, 43]. To enable these THz-based applications, 
new 6G use cases will be developed, as these applica-
tions fall under the emerging 6G scenarios. The future of 
6G will integrate existing use cases from the 5G standard 
with new advancements, such as Mobile Broadband Reli-
able Low Latency Communication (MBRLLC), massive 
Ultra Reliable Low Latency communication (mURLLC), 
Human-Centered Services (HCS), and multi-purpose 
energy services [3]. However, with the shift to higher fre-
quencies comes significant challenges, including increased 
free-space path loss and greater material absorption. These 
challenges will require the development of high-gain 
antenna arrays, intelligent beamforming techniques, and 
multi-frequency band support to ensure robust communi-
cation across longer distances [44].

In summary, 6G will not only revolutionize wire-
less communication with its intelligent, immersive, and 
ultra-fast connectivity but will also depend Heavily on 
advanced antenna technologies to support its ambitious 
vision. From enabling digital twins to facilitating next-
generation applications, antenna systems will be pivotal 
in overcoming the technical challenges posed by high-fre-
quency operation and ensuring the success of 6G across 
diverse sectors.

Fig. 2  An illustration of THz band 

1 3



Mobile Networks and Applications

Increased antennas correlate with enhanced speeds. For 
instance, a three-antenna wireless adapter can attain 600 
Mbps, whereas a two-antenna Variant reaches 300 Mbps 
[53]. Nevertheless, achieving these speeds necessitates a 
router with multiple antennas that fully complies with the 
802.11 n standard. Legacy wireless devices utilize Single-
Input-Single-Output (SISO) technology, which permits 
the transmission or reception of only one spatial stream at 
any given time [53]. An example of MIMO technology is 
depicted in Fig. 3.

MIMO will see enhanced capabilities in 6G networks, 
building on its current use in 5G. massive MIMO (mMIMO) 
utilizes extensive antenna arrays to boost spectral effi-
ciency and capacity by serving multiple users concurrently. 
Cooperative Full-Duplex MIMO (CF-MIMO) integrates 
full-duplex communication with MIMO, thereby enhanc-
ing spectral efficiency and potentially doubling capac-
ity compared to half-duplex systems. Extra-Large MIMO 
(XL-MIMO) extends mMIMO by significantly increasing 
antenna numbers, facilitating higher capacity and broader 
coverage in densely populated areas [54, 55].

Multiband MIMO further enhances wireless communica-
tion by allowing the simultaneous use of multiple frequency 
bands [56, 57]. This enables the system to cover multiple 
applications while reducing interference and device size 
[58]. Multiband antennas provide a significant advantage 
by eliminating the need for separate antennas for different 
wireless applications. The design of a multiband antenna 
begins with the careful selection of the patch, followed by 
numerous iterative simulations and optimizations to achieve 
the desired operating frequency [59]. A common method for 
realizing multiband antennas is through the use of multiple 
branches, with each branch acting as a resonating element. 
Additional methods for achieving multiband functionality 
are outlined in Fig. 4.

3  Antenna technologies for 6G

The 6G communication network must be precisely designed 
for various applications requiring ultra-high data rates, 
potentially reaching terabits per second, while ensuring 
broad coverage and high reliability [45]. Advanced multi-
antenna technologies, such as MIMO and RIS, are essential 
for enhancing the network’s functionality [46, 47]. The next 
subsection will provide a detailed explanation of MIMO 
and RIS.

3.1  MIMO

MIMO enables simultaneous data stream transmission and 
reception through multiple transmitters and receivers in a 
single channel. MIMO devices, particularly those compli-
ant with the 802.11 n standard, demonstrate increased data 
transfer rates relative to non-MIMO counterparts [48, 49]. 
Successful MIMO performance requires both the mobile 
device (station) and the Access Point (AP) to have MIMO 
capabilities. To achieve optimal performance and extended 
range, both the station and the AP must be designed to be 
MIMO-compatible [50].

MIMO technology takes advantage of a radio-wave 
phenomenon called multipath, where transmitted signals 
bounce off surfaces such as walls and ceilings, arriving at the 
receiver at different angles and times. Previously, multipath 
caused interference and degraded signal quality, but MIMO 
leverages it by using multiple intelligent transmitters and 
receivers. This introduces a spatial dimension that enhances 
performance and range. By combining data streams from 
different paths and times, MIMO improves signal reception. 
It utilizes spatial diversity technology, allowing additional 
antennas to boost signal strength and extend range when 
there are more antennas than spatial streams [51, 52].

Fig. 3  An illustration of MIMO 
technology
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key feature is the ability to modify its interaction with elec-
tromagnetic waves, enabling dynamic control over commu-
nication channels between transmitters and receivers. This 
adaptability enhances signal strength at receiving devices, a 
capability that sets RIS apart from traditional wireless sys-
tems, where channel conditions are static [61]. An illustra-
tion of RIS is provided in Fig. 5.

RIS can be realized using either metamaterial-based 
or patch-array technologies. When built with metamate-
rials, RIS is referred to as a metasurface. Based on their 
deployment, RIS can act as reflecting or refracting surfaces 
between the Base Station (BS) and the user or serve as 
waveguides directly at the BS. RIS can be tuned through 
various mechanisms—electrical, mechanical, or thermal—
to achieve reconfigurability [62]. Based on their energy 
consumption, RIS are categorized as passive-lossy, passive-
lossless, or active, with the active/passive nature influencing 
their performance potential. However, it is important to note 
that RIS cannot be completely passive due to the inherent 
requirement for reconfiguration [62, 63].

The electromagnetic properties of RIS, such as phase 
discontinuity, can be fine-tuned by adjusting the surface 
impedance through several approaches [64, 65].Besides 
electrical voltage, other methods like thermal excitation, 
optical pumping, and physical stretching can be employed. 
Among these, electrical control is the most convenient and 
practical, as electrical voltage is easier to quantify and con-
trol through Field Programmable Gate Array (FPGA) chips. 
Common materials used in RIS construction include semi-
conductors and graphene, which support efficient tuning 
[64].

In recent years, RIS technology has gained signifi-
cant attention in both academia and the wireless industry 
due to its wide-ranging benefits for modern mmW and 

3.2  Reconfigurable intelligent surfaces

RIS are two-dimensional structure composed of materials 
with large-scale programmable physical properties [60]. Its 

Fig. 5  An illustration of RIS 

Fig. 4  A list of techniques to gain multi band funtionality in MIMO 
antennas
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4.1  High-frequency bands (THz frequencies) and 
their challenges

One of the most salient characteristics that distinguishes 6G 
is its innovative and strategic utilization of high-frequency 
electromagnetic bands, particularly the THz frequency 
range, which encompasses a spectrum from 0.1 to 10 THz. 
The frequencies employed in this advanced communication 
paradigm are markedly higher than those used in 5G, which 
predominantly operates within sub-6 GHz frequency ranges 
and mmW bands. This presents an extraordinary augmenta-
tion in bandwidth availability. However, engaging with THz 
frequencies brings forth a multitude of intricate technical 
challenges that profoundly impact the design and optimiza-
tion of antennas, necessitating innovative solutions and a 
reevaluation of existing methodologies in antenna engineer-
ing [44].

4.2  Path loss and signal attenuation

THz waves experience significantly elevated levels of path 
loss when compared to their lower frequency counterparts, 
particularly when traversing extended distances, which 
presents a notable challenge in communication technolo-
gies. This heightened level of attenuation necessitates the 
implementation of highly directional antennas that possess 
the capability to effectively concentrate the signal, thereby 
reducing the extent of dispersion that occurs during trans-
mission. In the absence of such specialized directional 
antennas, engaging in effective communication within the 
THz frequency range would be rendered impractical, as the 
rapid degradation of the signal would ultimately inhibit reli-
able data transfer [8].

4.3  Material considerations

Materials, along with Various environmental factors, exert a 
considerable influence on the overall effectiveness and effi-
ciency of THz communication systems, which are increas-
ingly being explored for advanced telecommunications. It is 
noteworthy that certain materials exhibit a higher propensity 
to absorb THz waves compared to others, and additionally, 
atmospheric conditions, including but not limited to humid-
ity levels, can profoundly affect the quality and reliability of 
signal transmission, potentially leading to significant deg-
radation of communication performance. As a direct result 
of these observations, it becomes imperative that antennas 
designed for the upcoming 6G communication systems are 
meticulously engineered with careful consideration of these 
environmental variables, potentially necessitating the inte-
gration of innovative materials or the implementation of 

traditional sub-6 GHz communication systems. These 
benefits include enhanced radio coverage and reduced 
energy consumption for radio subsystems [66]. RIS tech-
nology presents a viable solution to coverage issues by 
enabling configurable reflection, refraction, and scatter-
ing of radio signals, particularly in the mmW range. For 
example, RIS can assist radio signals from BS in reaching 
mobile devices more efficiently and vice versa [67]. Addi-
tionally, RIS improves multipath propagation, leading to 
better spatial multiplexing and higher network through-
put. Moreover, RIS can be strategically used to create 
intentional dead zones, minimizing interference or pre-
venting eavesdropping by unauthorized devices. Given 
these advantages, RIS has numerous potential applica-
tions in wireless networks [68].

The long-term vision for RIS technology is to create 
intelligent radio environments where wireless propagation 
conditions are co-engineered with physical-layer signaling 
to fully leverage this new capability. Traditionally, wireless 
technology focuses on the first three layers of the protocol 
stack: physical, Link, and network. Typically, the design 
process starts at Layer 1, where physical signals are gener-
ated by the transmitter, then measured and decoded by the 
receiver. The wireless medium between the transmitter and 
receiver, known as Layer 0, has traditionally been viewed as 
uncontrollable and governed by Natural conditions. How-
ever, RIS technology revolutionizes this concept by extend-
ing the protocol design to Layer 0, offering unprecedented 
control over the wireless environment. This development 
could significantly advance wireless systems beyond 5G, 
unlocking new possibilities for optimized communication 
networks, more specifically for cooperative communication 
scenarios [69].

4  Antennas requirements: a 6G-enabled 
cooperative communication vision

As we transition from 5G to 6G wireless communication, 
it is crucial to acknowledge the expected revolutionary 
enhancements in transmission speed, latency, and con-
nectivity. These improvements will significantly alter the 
global communications framework. Key innovations in 6G 
systems include the use of high-frequency bands, extensive 
connectivity capabilities, and advanced antenna technolo-
gies that improve network efficiency. This section provides 
an in-depth analysis of essential aspects of 6G technol-
ogy, focusing on challenges related to high-frequency THz 
bands, the implications of massive connectivity, advanced 
beamforming techniques, and the unique requirements for 
cooperative communication strategies [70].
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particularly at elevated frequency ranges where signal 
degradation presents significant challenges. Sophisticated 
beamforming methodologies shall employ directional 
antennas to concentrate signal energy, thereby enhancing 
transmission range and mitigating interference [72]. Hybrid 
beamforming, which integrates both digital and analog pro-
cessing approaches, will be instrumental in the effective 
modulation of both signal amplitude and phase, facilitating 
adaptable and precise beam steering to optimize coverage 
while concurrently reducing energy expenditure and signal 
attenuation. Furthermore, RIS will augment beamforming 
capabilities by leveraging intelligent surfaces to dynami-
cally reflect and redirect electromagnetic waves, thereby 
bolstering signal strength and surmounting obstacles in 
environments characterized by physical impediments, such 
as metropolitan settings [75].

4.6  Cooperative communication perspective

Cooperative communication in 6G is crucial for improv-
ing signal quality and coverage, particularly when direct 
communication links are obstructed. Figure  6 illustrates 
the complexities involved in cooperative communication 
dynamics. In cooperative systems, various devices or BSs 
work together to relay information, enhancing system reli-
ability and throughput [76, 77]. Effective cooperative com-
munication requires the use of distributed antennas that can 
transmit and receive signals simultaneously across inter-
connected nodes. This may involve designing antennas that 
can swiftly switch between modes or create multifunctional 
antennas capable of efficiently performing various coopera-
tive tasks. In cooperative communication systems, beam-
forming can be improved through precise synchronization 
of multiple antennas in different locations, optimizing net-
work performance. This approach can greatly enhance signal 
quality in adverse conditions by allowing multiple devices 
to create and sustain a focused communication beam [70].

5  Antenna suitability for cooperative 
communication-enabled 6G applications

The evolution of 6G wireless networks about to occur will 
bring a jump in many aspects such as self-driving cars, 
smart cities, and the IoT devices [78]. Such improvements 
would be gotten owing to the advances in the technology of 
the communication systems as particularly diverse antennas 
since, without them, the speed, reliability and the smooth-
ness of the connection would have been impossible [79]. 
In the context of cooperative communication, wherein 
multiple devices and systems operate in concert, the appro-
priateness of antennas becomes increasingly vital. This 

adaptive technologies that could effectively counteract or 
mitigate the adverse impacts posed by such factors [43].

4.4  Massive connectivity needs and antenna design 
implications

The 6G of wireless communication is anticipated to enable 
the concurrent connectivity of an extraordinary number of 
devices, thereby delivering vital support for a multifac-
eted array of applications, which encompasses, but is not 
confined to, the IoT, the conceptualization and administra-
tion of smart cities, alongside a myriad of additional tech-
nological advancements and services that are surfacing in 
our progressively interconnected global framework [71]. 
The projected density of interconnected devices that 6G is 
expected to accommodate will necessitate, and in turn cata-
lyze, significant advancements and innovations in antenna 
design, which must adapt to effectively address the exten-
sive connectivity demands engendered by such a substantial 
volume of simultaneously connected devices. In consider-
ation of this transformative capacity, the ensuing updates 
and developments are crucial factors that must be meticu-
lously assessed and analyzed in order to comprehensively 
grasp the ramifications of 6G technology on our societal and 
technological ecosystem [54].

	– Multi-Antenna Arrays: To handle the Vast number of 
devices, 6G antennas must be designed to support mMI-
MO systems. This involves large arrays of antennas that 
can transmit and receive data from many devices simul-
taneously, increasing system capacity without consum-
ing excessive bandwidth [55].

	– Beamforming and Spatial Division: Efficient beam-
forming will be essential in managing massive con-
nectivity. By focusing energy in specific directions, an-
tennas can simultaneously communicate with multiple 
devices while minimizing interference. This requires 
complex antenna architectures that can dynamically ad-
just beam patterns and direct transmission toward spe-
cific users [72].

	– Dense Network Infrastructure: Massive connectivity 
also demands a dense deployment of BSs, which will 
likely need to be equipped with advanced antennas ca-
pable of handling high traffic loads. The design must 
balance power efficiency, scalability, and spatial reuse to 
ensure these dense networks operate efficiently [73, 74].

4.5  Advanced beamforming techniques and 
directional antennas

Beamforming constitutes an essential technological 
advancement within the domain of 6G communications, 
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antennas with high directional gain to reduce interference 
and enhance communication efficiency. Beamforming tech-
niques, which allow antennas to direct the communication 
signal towards a specific target, are critical in high-mobility 
environments like highways or urban settings with heavy 
traffic [83].

Recommended antenna types and configurations for reli-
able vehicular connectivity  The most suitable antenna 
types for AV include phased-array antennas and MIMO 
configurations [18]. Phased-array antennas offer flexibil-
ity by electronically steering the beam, allowing continu-
ous connectivity as vehicles move through different areas. 
This adaptability is essential for AV, which frequently shift 
between communication nodes, such as other vehicles or 
roadside infrastructure. MIMO antennas use multiple data 
transmission streams at once, thus adding to the communi-
cation system’s capacity and reliability. This, in turn, guar-
antees higher throughput which is very important for the 
extensive data produced from autonomous driving sensors, 
cameras, and lidar systems [84, 85].

Another promising antenna configuration for AV involves 
the integration of mmW technologies. The mmW spectrum, 
which offers higher bandwidth and faster data rates than cur-
rent sub-6 GHz frequencies, will play a pivotal role in 6G. 
However, due to its shorter range and higher susceptibility 
to obstacles like buildings and vehicles, advanced antenna 
designs that can mitigate signal blockages, such as RIS, will 

section examines the specific antenna specifications and 
recommendations for Various 6G applications, encompass-
ing AutonomousVehicles (AV), smart cities, and IoT, while 
also addressing future considerations for antenna design and 
implementation within the 6G framework [71].

5.1  Autonomous vehicles: antenna requirements 
for real-time communication and high mobility

For efficient and safe operation AV require a stable and 
efficient communication systems. A major challenge is 
however providing real time low latency communication 
to the moving vehicles. The antennas in such systems 
must be able to withstand varying environmental speeds, 
different ranges of the target and most importantly a net-
work topology that is very fluid. The broadband commu-
nication between autonomous cars implies that vehicle 
to Vehicle (V2V), Vehicle to Infrastructure (V2I) and 
Vehicle to Everything (V2X) modes of communication 
work constantly and information is exchanged quickly 
and continuously.

For AV, the antennas must support multiple features 
simultaneously. First, the antennas must provide a wide 
coverage area to maintain stable connectivity over long dis-
tances, enabling the vehicles to communicate with nearby 
infrastructure or other vehicles in the network [80–82]. 
Moreover, they must achieve low latency to enable the quick 
decision-making required for tasks such as obstacle avoid-
ance, route planning, and accident prevention. This requires 

Fig. 6  An illustration of cooperative communication
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5.3  Antenna demands for massive IoT: efficient, 
low-latency, and resilient communication

A key challenge in the 6G era is managing the vast scale 
of IoT, which will encompass billions of devices operating 
in a wide range of environments. From wearables to indus-
trial sensors, these devices need to communicate efficiently 
and reliably. Antennas for massive IoT must be optimized 
for high-density networks while minimizing power con-
sumption, as many IoT devices will depend on batteries or 
energy-harvesting technologies. The antenna requirements 
vary based on the application. For instance, Industrial IoT 
(IIoT) antennas need to withstand interference and support 
long-range communication, while those in healthcare IoT 
must deliver ultra-low latency and high reliability for real-
time data from medical devices [20].

Recommended antenna types for massive IoT networks  The 
use of sub-6 GHz antennas will remain crucial for IoT appli-
cations, especially those requiring wide-area coverage and 
low-power operation. However, with 6G, we can expect the 
proliferation of mmW and THz antennas to handle data-
heavy applications, such as real-time video analytics or 
high-precision location tracking in smart factories or ware-
houses. Antennas utilizing RIS technology will also be ben-
eficial in improving the energy efficiency of IoT networks 
by dynamically adjusting the signal propagation based on 
the surrounding environment [20].

In addition, MIMO configurations and antenna arrays 
will be critical in supporting massive IoT by enabling multi-
ple devices to communicate simultaneously without degrad-
ing network performance. These configurations will help 
reduce latency and improve the overall throughput of IoT 
networks, ensuring reliable communication even in highly 
congested areas [18].

5.4  Future considerations

As we look toward the future of wireless communications, 
antennas are poised to become even more vital to the suc-
cess of 6G networks and beyond. With the rise of immer-
sive technologies like AR, VR, and Extended Reality (XR), 
alongside increasingly complex cooperative communica-
tion systems, the expectations placed on antenna systems 
are evolving rapidly. These emerging applications require 
not only faster speeds and lower latency, but also a higher 
level of responsiveness, reliability, and adaptability from 
the communication infrastructure, starting with the anten-
nas themselves.

be necessary to enhance connectivity in dense urban envi-
ronments [86, 87].

5.2  Smart cities: 6G antennas for urban IoT 
networks, sensor connectivity, and public safety

The apparatuses and systems having sensors and IoT 
devices are further exploited for the management of urban 
engineering structures, improvement of public services, 
and protection of inhabitants is so innate smart cities. In 
the intelligent transport system, all the devices will be con-
nected with high-speed transmission and reception systems 
making it possible to cope with millions of communicating 
devices which will be possible with a 6G network. Antennas 
are very important hardware components of such enormous 
networks, which provide medium for effective communi-
cation between many applications such as managing traf-
fic systems, monitoring the environment, and dealing with 
situations that require urgent reaction [88].

The antennas in smart city IoT networks must accom-
modate dense, urban environments where obstacles such as 
buildings, trees, and vehicles can obstruct signals. To over-
come these challenges, 6G antennas will leverage technolo-
gies such as mMIMO, which offers enhanced capacity by 
simultaneously connecting multiple devices over the same 
frequency band. This is especially important in crowded 
areas where public safety applications, like surveillance 
systems and disaster alert networks, require reliable com-
munication to function effectively [89].

Antenna configurations for public safety and emergency 
applications  In public safety scenarios, where timely data 
transmission is essential, communication must be both fast 
and reliable. Beamforming-enabled antennas play a key 
role in focusing signals for efficient delivery, particularly 
in densely populated urban environments, ensuring robust 
connectivity even in critical situations such as Natural 
disasters. Additionally, the integration of mmW and THz 
frequencies in 6G antennas will offer higher bandwidth for 
applications like high-definition video streaming for sur-
veillance or advanced sensor connectivity for monitoring 
hazardous areas [90–92].

6G antennas in smart cities will also support vehicular 
networks that link public transportation, emergency vehi-
cles, and infrastructure systems to improve traffic flow and 
respond rapidly to incidents. This level of interconnected-
ness ensures smooth communication between vehicles and 
the city’s traffic management system, enhancing overall 
safety and efficiency [93, 94].
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improving link quality. Antennas in such systems must be 
designed to work seamlessly with RIS, adapting in real 
time to changes in the reflective environment.

Cooperative communication and distributed MIMO  6G is 
expected to push beyond traditional cellular architectures 
with the adoption of cell-free massive MIMO and other 
distributed antenna systems. Here, hundreds or even thou-
sands of antennas may be deployed across a large area 
and managed as a single coherent system. This allows for 
higher spatial resolution, better interference management, 
and improved spectral efficiency. Antenna designs for 
such systems must be modular, cost-effective, and energy-
efficient, supporting decentralized control and plug-and-
play deployment. Furthermore, antennas must be able to 
function reliably in a wide variety of physical environ-
ments, from underground smart infrastructure to airborne 
networks supported by drones or high-altitude platform 
Stations.

Integration into emerging applications  The role of 
antennas extends beyond traditional mobile communi-
cations. In autonomous vehicles, antennas will need to 
handle V2X (vehicle-to-everything) communication, 
including vehicle-to-vehicle (V2V), vehicle-to-infra-
structure (V2I), and vehicle-to-network (V2N) links. 
These systems will rely on extremely low-latency and 
high-reliability connections to support critical safety 
and navigation features. Similarly, drones require light-
weight, omnidirectional or beam-steerable antennas that 
can maintain stable links during fast maneuvers and 
changing orientations. In telemedicine and robotic sur-
gery, antennas must support real-time video transmission 
and haptic feedback with near-zero latency and high reli-
ability, a task made more difficult by the need for com-
pact form factors and electromagnetic compatibility in 
clinical settings. In smart cities, millions of connected 
devices will require antennas that are not only compact 
and low-cost, but also rugged and capable of perform-
ing reliably in dense urban environments with significant 
interference and multipath propagation.

Sustainability and energy efficiency  Finally, as the scale 
of connectivity increases, the need for energy-efficient 
and sustainable antenna designs increases. This includes 
using recyclable materials, optimizing radiation effi-
ciency, and minimizing the energy consumption of adap-
tive features. Antennas that can harvest ambient energy 
or support simultaneous wireless information and power 

Multi-band and ultra-wideband operation  A major shift 
in 6G will be the expansion into new spectrum ranges, 
particularly mmW and THz frequencies. These higher 
bands offer immense bandwidth potential, but come with 
propagation challenges such as high path loss and lim-
ited penetration. To bridge this, future antenna systems 
must be capable of multi-band or ultra-wideband opera-
tion, supporting frequencies from traditional sub-6 GHz 
bands up to 300 GHz or more. This will allow devices and 
BS to dynamically switch or aggregate across multiple 
bands to maintain consistent performance. For instance, 
low-frequency bands could be used for coverage and con-
trol signaling, while higher frequencies could provide 
high capacity data channels. Designing antennas that can 
support this kind of frequency agility without sacrificing 
size, cost, or energy efficiency will be a major area of 
innovation.

Reconfigurability and intelligent adaptation  Another key 
direction is the development of reconfigurable and adap-
tive antennas. In future 6G networks, user contexts and 
network conditions will vary widely and change rapidly. 
Antennas will need to autonomously adjust parameters 
such as beam direction, impedance, polarization, and 
operational frequency in real time. This level of adapt-
ability can be enabled through the integration of artificial 
intelligence (AI) directly into antenna control systems. 
For example, intelligent beamforming could allow an 
antenna to track a user’s movement and adjust its radia-
tion pattern accordingly, maintaining a strong link even 
in complex environments such as urban canyons or mov-
ing vehicles. Technologies such as liquid-metal antennas, 
varactor-based tuning, and graphene-based materials are 
being explored to make antennas physically reconfigu-
rable at the hardware level. Meanwhile, software-defined 
antennas may allow unprecedented levels of control over 
antenna behavior, making them responsive to both device-
level and network-level inputs.

Reconfigurable intelligent surfaces and metamateri-
als  Beyond traditional antennas, RIS and metamate-
rial-based designs represent a paradigm shift. These 
technologies allow the wireless environment itself to 
become programmable. For example, RIS panels placed 
on building surfaces could reflect or refract signals intel-
ligently to enhance coverage and capacity, particularly 
in non-line-of-sight (NLoS) conditions. In cooperative 
communicatios, RIS can serve as passive or semi-passive 
relays, significantly reducing energy consumption while 
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transfer may become essential in powering low-energy 
IoT devices distributed across smart environments.

6  Conclusion

This paper presents an overview of antenna suitability for 
6G cooperative communication. It emphasizes the critical 
role of antennas in addressing challenges associated with 
higher frequency bands, extensive device connectivity, and 
advanced beamforming in 6G communication. Effective 
technologies such as MIMO and RIS are noted, alongside 
their challenges including increased path loss and high-fre-
quency directionality. The study highlights innovations in 
antenna design and materials as solutions for applications 
like AV, smart cities, and IoT. These advancements are cru-
cial for ensuring reliable V2X communication, urban sensor 
networks, and supporting large IoT ecosystems. In conclu-
sion, the development of 6G cooperative communication is 
contingent upon advanced antenna technologies optimized 
for high-frequency, high-capacity, and interconnected envi-
ronments. Ongoing research and development in this field 
are essential for realizing the full potential of 6G networks 
and their transformative impact on various industries and 
societal structures.
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