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Abstract
Background: Sixth-generation (6G) wireless networks are expected to deliver unprecedented connectivity, with device densities surpassing one million per km², sub-millisecond latency, and AI-native architectures. While these advances promise transformative applications in healthcare, autonomous systems, and smart cities, they also introduce complex cybersecurity and privacy challenges that extend far beyond those of previous generations.
Objective: This review systematically synthesizes emerging evidence on cybersecurity risks and privacy challenges in 6G-enabled Internet of Things (IoT) ecosystems, identifies critical vulnerabilities, and evaluates proposed mitigation strategies within the context of anticipated 6G and quantum computing timelines.
Methods: A systematic literature review was conducted following PRISMA guidelines across IEEE Xplore, ACM Digital Library, Science Direct, Springer Link, and standards bodies (NIST, ITU-R, 3GPP). From 847 records, 50 studies (2023–2025) met inclusion criteria. Data were extracted on risk categories, privacy implications, and mitigation strategies, with methodological rigor assessed using a CASP-adapted framework.
Results: Five major risk domains were identified: (1) AI-native vulnerabilities, including adversarial ML and model poisoning; (2) cryptographic obsolescence under quantum computing; (3) IoT device vulnerabilities, with 60% of breaches linked to unpatched firmware; (4) distributed edge computing risks; and (5) novel communication-medium threats (terahertz, VLC, molecular). Privacy challenges center on precision localization, cross-device behavioral profiling, and regulatory misalignment with automated 6G systems. Promising mitigation strategies include Zero Trust architectures, post-quantum cryptography, blockchain-based identity management, and AI-enhanced detection systems.
Conclusions: Traditional perimeter-based models are inadequate for 6G-IoT. The convergence of massive device connectivity and quantum-era threats demands urgent adoption of quantum-resistant cryptography, adaptive Zero Trust frameworks, and privacy-by-design architectures. The next five years represent a critical window for coordinated action among academia, industry, and policymakers to ensure that 6G fulfills its transformative potential securely, privately, and ethically.
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1. Introduction
The global transition toward sixth-generation (6G) wireless networks is rapidly accelerating, with standardization efforts led by ITU-R, ETSI, and 3GPP targeting IMT-2030 deployment around the early 2030s [1], [2]. Unlike previous generational shifts that emphasized incremental performance improvements, 6G represents a foundational reconfiguration of network design, marked by AI-native operations, sub-terahertz communications, holographic MIMO surfaces, distributed edge computing, and quantum-enhanced cryptography [3]. These architectural transformations are expected to enable next-generation applications in autonomous transportation, immersive extended reality (XR), precision healthcare, digital twins, and large-scale smart cities.
At the same time, the Internet of Things (IoT) ecosystem is projected to surpass 75 billion connected devices by 2030, with densities exceeding one million devices per square kilometer in urban deployments [4]. This unprecedented expansion of device connectivity spanning consumer, industrial, medical, and infrastructural domains creates a massive and heterogeneous attack surface. Unlike traditional computing platforms, many IoT devices are resource-constrained, lack consistent firmware updating mechanisms, and ship with weak authentication defaults, making them persistently vulnerable to compromise.
Cybersecurity risks are amplified by 6G’s AI-native design philosophy, where machine learning models orchestrate spectrum management, traffic optimization, and anomaly detection. While AI-driven automation promises operational efficiency, it simultaneously introduces systemic vulnerabilities: adversarial attacks on ML models, data poisoning in federated learning, and model inversion can compromise the very intelligence that underpins 6G resilience [5]. The challenge is not merely the presence of AI, but its integration into mission-critical control loops where failures have cascading consequences across millions of devices.
A second critical dimension is the temporal overlap between 6G rollout and quantum computing maturity. Current projections suggest that quantum processors capable of breaking RSA and ECC cryptography will be operational within the early 2030s [5], [6]. This timeline converges precisely with anticipated 6G deployments, producing a “cryptographic cliff” where legacy security systems will be rendered obsolete even as 6G adoption accelerates. This dual convergence of massive IoT connectivity and post-quantum cryptographic disruption creates an urgent imperative for proactive security planning[7].
Equally pressing are the privacy implications of 6G-enabled IoT. Advanced localization features offer centimeter-level precision, enabling continuous tracking in urban and indoor environments[8]. Combined with pervasive IoT sensors and AI-driven behavioral analytics, these systems could enable cross-device profiling and surveillance at an unprecedented scale [9]. Existing regulatory frameworks, such as the General Data Protection Regulation (GDPR), were not designed for highly automated zero-touch network management systems and may fail to adequately protect user autonomy in hyper-connected contexts [9].
Despite the urgency of these challenges, current scholarship remains fragmented: most studies examine 5G security or IoT vulnerabilities independently, with limited work addressing their intersection in 6G environments[10]. Given that 6G introduces qualitatively different architectures including programmable network slicing, AI-native orchestration, and quantum-era cryptography the risks are not simple extensions of 5G, but represent a paradigm shift in the security and privacy landscape[10,11]. 
This gap motivates the present systematic review, which synthesizes emerging evidence across technical, regulatory, and conceptual domains to provide a comprehensive analysis of cybersecurity and privacy challenges in 6G-IoT ecosystems[12]. By consolidating insights from 50 peer-reviewed and authoritative sources (2023–2025), this study seeks to:
1. Categorize the emerging cybersecurity risks and attack vectors in 6G-enabled IoT ecosystems.
2. Examine the evolution of privacy challenges in ultra-connected 6G environments.
3. Evaluate the mitigation strategies proposed in recent literature, including Zero Trust, post-quantum cryptography, blockchain-based identity management, and AI-powered defenses.
4. In doing so, this review establishes a research baseline and identifies critical knowledge gaps that must be addressed before 6G reaches widespread adoption.
2. Methodology
2.1 Search Strategy
We conducted a systematic search (PRISMA 2020) across IEEE Xplore, ACM Digital Library, Science Direct, and Springer Link, plus standards/grey literature from NIST, ITU-R, and 3GPP. The search window was 1 Jan 2023–30 Jun 2025 (English only). Database-specific queries combined controlled terms and keywords; a representative pattern was:
“(6G OR ‘sixth generation’ OR IMT-2030) AND (‘Internet of Things’ OR IoT) AND (security OR cybersecurity OR privacy OR threat* OR vulnerab* OR attack*)”.
All records were exported with full metadata (title/abstract/DOI), and duplicates were removed (title+ DOI exact match, then fuzzy title match ≥0.92).
2.2 Inclusion/Exclusion Criteria
Include: (i) peer-reviewed articles (2023–2025), (ii) standards/official technical reports (NIST, ITU-R, 3GPP), (iii) studies addressing 6G-enabled IoT security or privacy (conceptual, empirical, or architectural).
Exclude: (i) 5G-only work without 6G relevance, (ii) opinion/editorials/press, (iii) duplicates or preliminary conference versions superseded by journals, (iv) non-English.
2.3 Study Selection Process
From 847 records, 214 duplicates were removed; 633 unique titles/abstracts were screened; 156 full texts were assessed; 50 studies were included.
Common exclusion reasons (full-text): not 6G-linked (n=41), insufficient IoT scope (n=28), opinion/vision without security/privacy substance (n=19), superseded versions (n=18).
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Figure 1. PRISMA 2020 flow diagram of study selection. From 847 records (2023–2025), 214 duplicates removed; 633 screened; 156 full texts assessed; 50 included. Common exclusions: not 6G-linked, insufficient IoT scope, opinion/vision papers, or superseded versions.
Figure 1 presents the PRISMA flow diagram used to guide the systematic review. Starting from 847 identified records, it shows how screening, eligibility checks, and inclusion/exclusion criteria narrowed the set to 50 final studies. This figure enhances methodological transparency by documenting each stage of study selection, ensuring that the review process meets reproducibility standards and aligns with systematic review best practices.

2.4 Data Extraction & Quality Assessment
Two reviewers independently extracted: venue/year, domain (AI-native, cryptography, IoT devices, edge, medium), methods (empirical/simulation/architectural), risk types, privacy impacts, and mitigation strategies.
CASP adaptation: we scored (0–2 each) (a) clarity of question, (b) appropriateness of method, (c) data support for claims, (d) limitations stated, (e) reproducibility (code/data or sufficient detail). Sum 0–10; ≥7 = high, 5–6 = moderate, ≤4 = low. Disagreements resolved by consensus; κ reported in Supplementary.
3. Results
3.1 Study Characteristics
Final set: 28 journal papers, 12 conference proceedings, 10 authoritative reports. 76% were published 2024–2025, indicating recency.
3.2 Cybersecurity Risk Categories
Table 1. Cybersecurity Risk Categories in 6G-IoT
	Risk Category
	Key Subtypes
	Representative References
	No. of Studies Supporting

	AI-Native Architecture Vulnerabilities
	Adversarial ML, Model Poisoning, Federated Learning Exploitation
	[13]
	12

	Quantum Computing Threats
	Cryptographic obsolescence, Post-quantum transition challenges
	[14,15]
	7

	Massive IoT Device Vulnerabilities
	Unpatched firmware, Weak authentication, Resource constraints
	[16,17]
	10

	Distributed Edge Computing Risks
	Edge server compromise, Lateral movement, Container exploits
	[18,19]
	8

	Novel Communication Medium Vulnerabilities
	Terahertz interception, Visible light communication eavesdropping, Molecular communication leakage
	[20]
	6


Table 1 categorizes the major cybersecurity risks in 6G-enabled IoT ecosystems into five domains: AI-native vulnerabilities, quantum computing threats, IoT device weaknesses, distributed edge computing risks, and novel communication medium threats. Within each domain, key subtypes such as adversarial ML, cryptographic obsolescence, firmware flaws, and terahertz interception are identified, alongside representative studies supporting their relevance. This structured overview demonstrates that 6G introduces risks that are not incremental extensions of 5G but qualitatively different. It highlights the systemic nature of emerging vulnerabilities, showing how risks spread across multiple technical layers, from devices and communications media to AI-driven orchestration.





Figure 2. 6G–IoT risk landscape. Overlap among AI-native, quantum, device, edge, and new-medium risks highlights cascading, cross-layer attack paths..
Figure 2 visualizes the convergence of risks across five domains: AI-native vulnerabilities, quantum threats, IoT weaknesses, edge computing risks, and novel communication mediums. The overlapping design emphasizes that vulnerabilities are interconnected and cannot be mitigated in isolation. The diagram also highlights emergent risks arising from these intersections, such as how adversarial ML can amplify IoT device compromises, or how quantum obsolescence undermines AI-driven security systems. It reinforces the argument for holistic, multi-layered defense strategies.

3.3 Privacy Challenges
Table 2. Privacy Challenges in 6G-IoT
	Privacy Challenge
	Description
	Representative References
	No. of Studies Supporting

	Ubiquitous Data Collection
	Massive connectivity enables unprecedented precision in location tracking and cross-device monitoring
	[21,22]
	9

	Behavioral Profiling
	AI-driven analytics allow inference of health, behavior, and preferences beyond traditional consent models
	[22]
	6

	Regulatory Framework Gaps
	GDPR compliance, cross-border data governance, and limits on automated decision-making
	[23,24]
	7


These challenges reflect a tension between hyper-connectivity and individual rights. 
Table 2 outlines three central privacy challenges ubiquitous data collection, behavioral profiling, and regulatory framework gaps emphasizing how 6G ecosystems expand surveillance capacity and weaken user control. For instance, centimeter-level localization enables precise tracking, while cross-device behavioral profiling allows inferences about health, lifestyle, and preferences. By linking these risks to existing frameworks such as GDPR, the table underscores a structural misalignment between current regulations and highly automated 6G systems. It demonstrates that privacy concerns are not just technical problems but governance and ethical challenges requiring international coordination.
3.4 Mitigation Strategies
Table 3. Mitigation Strategies for 6G-IoT

	Strategy
	Example Techniques
	Representative References
	No. of Studies Supporting

	Zero Trust Architectures
	Adaptive authentication, self-sovereign identity, micro-segmentation
	[25,26]
	11

	Post-Quantum Cryptography
	NIST Ascon lightweight cryptography, lattice-based encryption
	[27]
	8

	Blockchain Integration
	Decentralized identity management, smart contracts
	[28,29]
	6

	AI-Powered Security
	Adaptive threat detection, federated learning security
	[30,31]
	9


Table 3 synthesizes mitigation strategies proposed across recent literature, including Zero Trust architectures, post-quantum cryptography, blockchain integration, and AI-powered defenses. Each strategy is linked to specific techniques for example, adaptive authentication under Zero Trust, lattice-based cryptography for post-quantum readiness, and federated AI security mechanisms. The table illustrates that while mitigation approaches are conceptually strong, most remain at pilot or research stages. It highlights the urgent need to translate academic proposals into practical frameworks validated through testbeds and standardization before 6G networks are widely deployed.


Figure 3. Integrated mitigation framework for 6G–IoT. Zero Trust (access), PQC (crypto), blockchain/DID (trust), and AI security (adaptive detection) as complementary pillars.
Figure 3 positions four key mitigation strategies Zero Trust, post-quantum cryptography, blockchain, and AI security as integrated pillars for securing 6G-IoT ecosystems. It shows how these approaches complement one another: Zero Trust secures access control, PQC strengthens cryptography, blockchain decentralizes trust, and AI enables adaptive threat detection. The figure conveys that isolated adoption of these measures is insufficient. Instead, their integration into a unified security framework is necessary to address the systemic and multi-layered risks of 6G-enabled IoT deployments.

4. Discussion
This systematic review highlights how the convergence of 6G and IoT ecosystems creates a cybersecurity and privacy environment that is qualitatively different from prior generations. Unlike 5G, which largely extended existing paradigms, 6G introduces AI-native architectures, terahertz communications, holographic MIMO, and dense edge-cloud integration[32]. Each of these advances carries unique vulnerabilities, and their interdependence produces emergent risks that cannot be mitigated through incremental adaptation of legacy frameworks[11].
4.1 Interconnected Nature of Risks
The categories of risk identified in this review should not be seen in isolation. AI-native vulnerabilities interact with IoT device weaknesses: adversarial ML attacks can manipulate traffic classification to conceal malware from compromised devices. Similarly, edge computing risks amplify device-level vulnerabilities: a single compromised node can propagate poisoned AI models across distributed systems. Quantum computing further exacerbates these challenges by threatening the cryptographic underpinnings of authentication and secure communication, leaving AI- and IoT-driven networks structurally exposed. In short, the attack surface is not merely larger it is more entangled, meaning that vulnerabilities in one domain often cascade into systemic failures across others. This highlights the inadequacy of siloed defenses and underscores the need for holistic, multi-layered security strategies.
4.2 Privacy as a Structural Challenge
Privacy concerns in 6G-IoT are not an ancillary issue but a structural property of hyper-connected systems. Precision localization, behavioral profiling, and automated decision-making enable unprecedented insight into user activity. The challenge is not only technical but also ethical: who owns the behavioral exhaust of billions of IoT devices, and how should it be governed?
Current legal frameworks such as GDPR are strained by the realities of 6G. For example, GDPR’s prohibition on purely automated decision-making conflicts with the operational model of AI-native zero-touch networks. Moreover, cross-border data governance becomes nearly intractable in distributed architectures, where data may transit multiple jurisdictions within milliseconds. Without adaptive, international frameworks, privacy protections risk being both under- and over-applied, leading to regulatory fragmentation.
4.3 Bridging the Research-to-Practice Gap
While mitigation strategies proposed in the literature Zero Trust, post-quantum cryptography, blockchain, federated AI defenses are promising, they remain largely at conceptual or pilot-test stages. Industry adoption lags, in part due to cost, complexity, and lack of interoperability standards. For example, post-quantum cryptographic algorithms selected by NIST are promising, but their feasibility in resource-constrained IoT devices remains underexplored. Similarly, blockchain-based identity management has scalability and energy-consumption limitations that are rarely addressed in practical deployments[12].
This gap between academic innovation and industrial implementation creates a risk that 6G networks may be deployed before adequate safeguards are fully operational. Bridging this gap requires testbeds, cross-industry consortia, and public-private partnerships that validate research under real-world conditions.
4.4 Societal and Policy Implications
Beyond technical risks, 6G-IoT ecosystems raise societal questions about trust, autonomy, and digital rights. Enhanced surveillance capabilities could be misused by authoritarian regimes, while behavioral profiling could reshape labor markets, insurance, and healthcare access in ways that exacerbate inequalities[33,11]. Policy responses must therefore address not only security resilience but also ethics and human rights. This requires global harmonization: fragmented national approaches will be insufficient for a borderless 6G infrastructure. Organizations such as ITU, ENISA, and NIST must coordinate to establish minimum global baselines for security and privacy in 6G systems.
4.5 Toward a Unified Framework
Figures 2–3 illustrate how risks, privacy challenges, and mitigation strategies intersect. The path forward requires integrating technical, organizational, and regulatory dimensions into a unified resilience framework. Specifically:
a) Zero Trust principles must extend from devices to network slices to AI orchestration layers.
b) Post-quantum cryptography must be tailored to lightweight IoT endpoints[34].
c) Blockchain and decentralized identity systems must balance scalability with energy efficiency.
d) Privacy-by-design must be embedded from the earliest stages of 6G architecture, not retrofitted.
Only through coordinated integration of these approaches can the security of 6G-IoT ecosystems match the scale and complexity of the systems themselves.

4.6 Limitations
This review has four limitations. First, restricting the window to 2023–2025 prioritizes emerging work and may under-represent validated deployments. Second, several mitigation proposals (example., PQC on constrained IoT, blockchain DID at scale) lack empirical benchmarks; consequently, effect sizes should be interpreted cautiously. Third, grey literature (standards/whitepapers) can introduce sponsor bias, which we mitigated by coding document provenance and weighting peer-reviewed sources in synthesis. Fourth, heterogeneity in study designs precluded meta-analysis; we therefore present a structured narrative synthesis with quality grades (CASP-adapted).
5. Conclusions
This systematic review demonstrates that the convergence of 6G wireless networks and IoT ecosystems introduces a cybersecurity and privacy landscape of unprecedented scale, complexity, and urgency. Unlike 5G, where security could often be adapted from existing paradigms, 6G’s AI-native architectures, terahertz communications, distributed edge computing, and dense device environments require a fundamental rethinking of defense models.
Key insights from this review include:
Scale amplifies exposure: With projected device densities exceeding one million per km², traditional monitoring and patching models cannot scale.
AI creates systemic vulnerabilities: The very intelligence intended to secure and optimize networks becomes a new attack surface.
Quantum readiness is urgent: Cryptographic obsolescence will coincide with 6G rollout by 2030, creating a “quantum cliff.”
Privacy paradigms are shifting: Precision localization and behavioral profiling demand reimagined governance frameworks.
Mitigation is possible but uneven: Zero Trust, post-quantum cryptography, blockchain-enabled identity, and AI-powered defenses represent promising strategies but remain under-tested in real-world, large-scale deployments.
Strategic Imperatives
To address these challenges, proactive action must begin now:
Industry: Telecommunications vendors and IoT manufacturers must integrate Zero Trust and quantum-resistant cryptography into design baselines rather than as retrofits.
Academia: Researchers should focus on lightweight post-quantum algorithms for IoT, resilient AI models, and scalable blockchain frameworks validated through empirical testbeds.
Policy and Governance: Regulators must update privacy frameworks (example., GDPR, CCPA) to account for zero-touch automation and cross-border data flows, while international bodies must coordinate minimum global baselines for 6G security and privacy.
Cross-Sector Collaboration: Public-private partnerships are essential to bridge the gap between research proposals and operational deployments.
A Call for Coordinated Action
The success of 6G will not be determined solely by its ability to deliver faster speeds or lower latency. It will depend equally on whether cybersecurity and privacy protections can keep pace with its technological ambition. The risks identified in this review are not hypothetical; they represent emerging realities already visible in early testbeds and pilot deployments.
The next five years represent a critical window. If stakeholders act now to integrate Zero Trust, post-quantum readiness, and privacy-by-design principles into the foundation of 6G, the resulting infrastructures can serve as engines of innovation, equity, and trust. If they do not, the vulnerabilities may become entrenched and difficult to remediate once global adoption is underway.
Final Thought:
6G is more than just another generational upgrade it is the infrastructure for a hyperconnected world. Ensuring its security, privacy, and trustworthiness is not merely a technical challenge but a societal obligation. The findings of this review underscore the need for urgent, coordinated, and sustained action by industry, academia, and policymakers to ensure that the 6G-enabled IoT ecosystem realizes its transformative potential safely, securely, and ethically.
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