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Abstract. The shift to sixth-generation (6G) networks is about to go beyond the communication-
centered model and become integrated infrastructures that combine sensing, computation, and
intelligence. Multi-source sensing fusion is essential to this vision, as it seeks to integrate data from
different nodes (satellites, aerial, and terrestrial) to create a comprehensive digital representation of
the real world. Although current literature analyzes the technological landscape, a rigorous
evaluation of the intrinsic tensions and operational impediments is rare. This paper not only
examines important technologies such as Space-Air-Ground-Integrated Networks (SAGIN), cell-free
Massive MIMO, and Al-driven algorithms, but also critically evaluates their challenges in terms of
scalability, energy efficiency, and interoperability. It contends that the principal obstacles to realizing
transformative applications (e.g., autonomous systems, digital twins) are not solely technical but
systemic, including gaps in standardization, security vulnerabilities, and sustainability issues. The
conclusion stresses that to overcome these problems, policies, security frameworks, and green
technologies must all change simultaneously, along with hardware and algorithmic improvements.
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1. Introduction

Wireless networks have evolved, continually adding new features. Each new generation introduces
new ways to connect and utilize the network. The anticipated sixth-generation (6G) technology
substantially advances beyond this trajectory. It is expected to transition from predominantly data
transfer systems to intelligent platforms that seamlessly integrate communication with sensing,
computing, and artificial intelligence (AI) [1]. This concept is known as Integrated Sensing and
Communication (ISAC). Its goal is to create a network of connections that are aware of their
surroundings, respond to them, and understand their context, ultimately bridging the physical and
digital worlds [2].

The ability to fuse data from multiple sources is at the heart of the ISAC paradigm. This technology
is necessary to overcome the inherent limitations of single-source sensing, such as restricted coverage,
blind spots, and vulnerability to interference, by intelligently amalgamating various data streams from
a broad and dispersed network of sensors [3]. The possible uses are significant, ranging from creating
high-fidelity digital twins for city management to the ultra-reliable, low-latency control required for
fully autonomous transportation and remote surgery [4,5].

However, numerous problems arise when attempting to implement ideas on a large scale. People
are discussing various possible architectures and algorithms, but there is a significant gap in
addressing trade-offs and systemic problems. This paper, therefore, goes beyond a simple descriptive
survey to provide a critical analysis. It is set up to investigate the following main questions:

We need to consider is it reasonable to think that the suggested foundational architectures, such as
SAGIN, will provide the promised seamless integration and scalability; how can we ensure that Al-
powered fusion algorithms use minimal power while still being able to run on edge devices; what
legal, moral, and financial problems could keep people from using the planned apps and what are the
main issues with standardization, security, and sustainability that could stop the 6G vision from
becoming a reality.
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This paper aims to provide a balanced view that recognizes the transformative power of multi-
source sensing fusion while carefully considering how to implement it.

2. Literature Review

Research on sixth-generation (6G) wireless technology has swiftly evolved from initial concepts
to detailed examinations of the facilitating technologies and prospective applications. As Tataria et
al. (2021) demonstrated, preliminary foundational research was crucial in defining the primary
objectives, requirements, and potential challenges for 6G systems. This study laid the groundwork
for future research [1]. One significant concept that has emerged since then is the profound integration
of communication and sensing functions, surpassing the discrete tasks of previous generations [2].
Finding architectural frameworks that can support pervasive sensing has been a primary goal. The
Space-Air-Ground-Integrated Network (SAGIN) model is often recommended as a foundational
framework because it can provide seamless, multidimensional coverage, which is essential for
collecting data from various locations [3]. Research has demonstrated the crucial role of 5G
technologies in establishing intelligent transportation systems as fundamental components of smart
city infrastructure [4]. Recent surveys explore the potential of 6G networks to enable advanced smart
city applications through integrated communication and sensing capabilities [5]. Comprehensive
studies further document the key technological enablers and development roadmap driving the
evolution toward 6G wireless systems [6]. At the same time, distributed paradigms like cell-free
Massive MIMO have gained popularity because they are considered suitable for communication
services and fine-grained environmental sensing [7]. Reconfigurable Intelligent Surfaces (RIS) are
examined at the component technology level for their programmability in manipulating
electromagnetic waves [8]. Concurrently, the terahertz (THz) band is studied for its capacity to
facilitate exceptionally high-resolution sensing, notwithstanding significant propagation challenges
[9]. People often associate artificial intelligence (Al) and machine learning with the most significant
technologies for data processing. Deep learning techniques are highlighted for handling complex,
non-linear relationships in multi-modal sensor data [10]. Reinforcement learning is often
recommended for enhancing system-level parameters, including resource allocation and trajectory
planning for mobile sensing agents such as UAVs [11].

Additionally, semantic communication, which involves sending useful information rather than just
raw data, is gaining popularity to reduce network congestion [12]. The literature demonstrates the
application of artificial intelligence of things in developing smarter healthcare systems [13]. Research
has identified new security and privacy challenges emerging in 6G networks [14]. Studies have
examined potential health effects of wireless communications operating in the 6 to 100 GHz
frequency range [15]. Comprehensive surveys have documented emerging trends and technological
requirements for 6G frontiers [16]. Network architecture research has explored cooperative non-
terrestrial networks for extending coverage to extreme areas [17]. Implementation challenges of ultra-
reliable low-latency communication in IoT ecosystems have been investigated [18]. Innovative
architectural trends and applications in the 6G era have been systematically surveyed [19]. Dynamic
resource optimization strategies have been proposed for energy-efficient 6G-IoT ecosystems [20].
Specialized 6G applications have been explored specifically for healthcare scenarios [21].
Interoperability issues pose significant challenges for implementing 6G networks [22]. The
convergence between artificial intelligence and 6G technologies has been comprehensively examined
[23]. Quantum machine learning applications have been envisioned for future 6G communication
networks [24]. Ultra-low-latency communications have been investigated for enhanced augmented
and virtual reality experiences [25]. Research has explored the potential of 6G technologies in
promoting environmental sustainability [26]. Autonomous intelligent transportation systems have
been reviewed for their mechanisms and implementation challenges [27]. Blockchain technology has
been integrated with 6G-enabled Internet of Things applications [28]. Critical challenges facing 6G
wireless systems have been identified along with potential solutions [29]. Comprehensive analyses
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have been conducted on the requirements and research directions of 6G systems [30]. While the
existing literature provides an extensive analysis of the components constituting the 6G vision, a
comprehensive synthesis that critically assesses the interdependencies and practical feasibility of
integrating these elements within real-world constraints remains absent. This review aims to
contribute by providing a coherent and analytical viewpoint.

3. Architectural Foundations: The Problem of Scalability and Integration

The feasibility of suggested foundational architectures, such as SAGIN, delivering their promised
seamless integration and scalability remains to be thoroughly evaluated. There is no denying that
architectures like SAGIN are interesting in theory. SAGIN promises to provide the widespread
coverage needed for continuous sensing by connecting non-terrestrial networks (NTNs) with
terrestrial systems. Cell-free Massive MIMO, where a distributed array of access points coherently
serves users, also supports dense, fine-grained sensing [7]. Reconfigurable Intelligent Surfaces (RIS)
and other technologies enable dynamic control over the wireless environment, thereby improving
both sensing accuracy and communication links [8]. The investigation of the Terahertz (THz)
frequency band is motivated by its capacity for ultra-high-resolution sensing, which is attributed to
its extensive bandwidth [9]. However, a critical perspective reveals that there are significant problems.
The "integration" in SAGIN is primarily an idea that conceals very complex technical issues. It is
very challenging to manage smooth handovers between network domains, such as satellite to UAV
to terrestrial, that utilize different protocols and exhibit varying latency characteristics [17]. Fusion
algorithms must address the fundamental asymmetry in the resource disparity between powerful
satellite nodes and IoT sensors that lack sufficient energy. Cell-free MIMO eliminates cell edges, but
it requires a substantial amount of fronthaul/backhaul capacity and centralized processing, which can
slow down the large amounts of data generated by sensing [7]. The practical feasibility of THz
communications is uncertain due to significant atmospheric attenuation and restricted range, possibly
confining its application to particular, short-range sensing contexts [9]. Although RIS technology has
considerable potential, it is still relatively new, and concerns persist about its practical application
and cost-effectiveness on a large scale [8].

The proposed architectural paradigms provide a requisite yet insufficient foundation. We must
progress in cross-domain interoperability, efficient resource management across different nodes, and
create scalable fronthaul solutions to make theoretical models usable systems. The real test is not just
coming up with these designs, but also making them work in real life.

4. Core Fusion Algorithms: The Challenge of Computational Efficiency

Balancing the substantial computational demands of Al-powered fusion algorithms with the
stringent energy efficiency objectives and inherent limitations of edge devices presents a critical
engineering challenge. Deep learning (DL) and reinforcement learning (RL) are two types of Al that
are rightly considered the brains behind multi-source fusion. DL models are very good at identifying
features and patterns in complex, multi-modal data, such as combining radar, LiDAR, and visual
streams [10]. RL can improve system-level settings, such as dynamically assigning resources or
planning the optimal paths for UAVs to collect data [11]. The transition to semantic communication,
which emphasizes the conveyance of meaning over mere bits, has the potential to significantly
alleviate the data burden [12]. However, the most important thing is the distinction between the power
of algorithms and the limitations on how they can be applied. Deep learning models are known to
consume a significant amount of processing power and energy, which is the opposite of what edge
devices require, namely, low-latency processing [18, 20]. Edge Al and federated learning are
suggested solutions, but they present challenges in synchronizing models, achieving convergence,
and handling non-1ID data across devices. Moreover, the "black-box" characteristic of numerous
intricate AI models generates significant apprehensions regarding interpretability and trust [23]. In
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safety-critical applications, such as autonomous driving or remote surgery, understanding the
rationale behind a fusion algorithm is as crucial as the outcome itself. RL algorithms, which rely on
exploration, may be hazardous to use directly in real-world systems and require expensive, large-
scale simulation environments for training [11].

Using existing Al models is not enough. The future of fusion algorithms depends on making small
Al architectures that use less energy and can be understood independently. Research should focus on
hybrid models that combine the efficacy of deep learning with the clarity of simpler models, along
with strong and secure reinforcement learning training frameworks. The goal is not just smart fusion
but also smart and reliable intelligence.

5. Possible Uses: Closing the Techno-Social Gap

Several non-technical barriers, spanning regulatory, ethical, and economic dimensions, could
impede the adoption of planned applications. The use cases for 6G sensing fusion are game-changing.
For intelligent transportation systems to function effectively, vehicles, roadside infrastructure, and
UAVs must be able to share data in real-time. This is necessary for ultra-reliable low-latency
communication (URLLC), which is required for cooperative and autonomous driving [4, 27]. Multi-
source fusion will help create dynamic digital twins, which are virtual models of physical assets and
urban systems. This will enable people to monitor and manage infrastructure, such as power grids
and traffic networks, in real-time [5]. The healthcare sector could see improvements with
advancements in telemedicine, including remote surgery and continuous patient monitoring. This
would be possible with reliable connectivity and high-precision sensory data [13, 21]. Immersive
communication systems for first responders, backed by real-time situational awareness based on fused
multi-source data [25], can also enhance public safety operations. However, a critical analysis reveals
a significant disparity between the technological vision and its practical implementation. For self-
driving cars, the technical challenge of URLLC is only one part of the problem. The other key aspects
are liability, data ownership, and public acceptance. Who is liable for an accident that was caused by
combining sensor data? Digital twins of cities require more than just technical infrastructure; they
also necessitate the continuous collection of extensive data from both public and private sources. This
raises big concerns about data governance and privacy [5]. The concept of remote surgery [21] is
intriguing from a technical perspective. Still, it is fraught with moral, legal, and regulatory problems
that extend far beyond establishing a stable communication link. The success of these applications
relies equally on addressing socio-technical and regulatory challenges as on the foundational
technology.

The focus on technological potential often overshadows important non-technical challenges. For
these applications to transition from being showcased to being utilized, progress must be made in
several areas simultaneously, including laws, ethics, data governance, and public engagement. People
who create technology need to collaborate with sociologists, ethicists, and lawmakers to ensure that
their work aligns with societal values and ethical standards.

6. The Systemic Hurdles to Deployment

The 6G vision confronts substantial risks in the domains of standardization, security, and
sustainability. There are several problems with the system that could hinder or slow progress toward
6G. No global standards exist for data formats, fusion interfaces, and communication protocols
across different network domains, like terrestrial and non-terrestrial. This is a big problem. For large-
scale deployment, achieving seamless interoperability is crucial [3, 22]. Concerns about security and
privacy are growing at an alarming rate. The large-scale collection and fusion of sensor data makes
people even more worried about their data security and privacy. To mitigate these risks [14, 28],
establishing robust security frameworks that incorporate blockchain for data integrity and advanced
encryption for privacy is crucial. Health and environmental sustainability are among the most
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pressing issues. As networks utilize higher frequency bands (such as THz) and become denser, more
research is required on the long-term health effects of electromagnetic exposure and the energy
sustainability of 6G systems [15, 26]. A much denser network that relies on Al and requires a
significant amount of processing power could seriously compromise the long-term viability of 6G.
The assertions regarding 6G's "green" potential necessitate rigorous scrutiny in light of the substantial
infrastructure and processing capabilities it will demand [20, 26].

To solve these problems, we need to stop focusing on fixing things one at a time and start thinking
about the entire system as a whole. To avoid fragmentation, standardization bodies must collaborate
across borders. Security should be part of the design, not something added later. To earn the public's
trust and be responsible for the environment, you must be committed to rigorous, independent health
research and focus on energy-efficient technologies from the ground up.

7. Conclusion

Multi-source sensing fusion is a key technology for 6G that could turn networks into smart,
distributed sensing systems. 6G can fix the problems with current sensing systems by using new
technologies like Al-driven algorithms, SAGIN, and high-frequency communications. However, for
it to be useful and available worldwide by the 2030s, countries must work together to standardization,
computational efficiency, and security issues. In the future, work should focus on creating Al
models that are both effective and easy to understand, establishing global standards, and ensuring that
data governance protocols are reliable. These steps will be necessary to fully realize the potential of
6G in making the world more connected and aware of what is good for society.
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