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ABSTRACT:

The Internet of Things (IoT) is revolutionizing modern technology by enabling seamless connectivity between billions of devices. However, the realization of
efficient, scalable, and sustainable 10T systems requires advancements in antenna design, organic electronics, and functional nanomaterials. This review article
synthesizes recent progress in these domains, focusing on Ultra-wideband (UWB), MIMO, and millimeter-wave (mmWave) antennas for high-speed, low-
interference communication, Organic thin films and green nanomaterials for energy harvesting, sensing, and optoelectronic applications and Integration
challenges in power efficiency, scalability, and biocompatibility. We highlight key innovations, such as electromagnetic bandgap (EBG) structures for antennas,
PMMA-doped organic semiconductors, and dye-sensitized solar cells (DSSCs), while identifying future research directions for next-generation IoT ecosystems.
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INTRODUCTION

The Internet of Things (IoT) has emerged as a transformative paradigm, interconnecting billions of devices to enable smart cities, industrial
automation, healthcare monitoring, and sustainable energy systems (*Al-Fugaha et al., 2015; Da Xu et al., 2014*). By 2030, the global 10T ecosystem
is projected to exceed 29 billion connected devices, driven by advancements in wireless communication, sensor technologies, and energy-efficient
electronics (Statista, 2024). However, the realization of large-scale 10T deployments faces critical challenges, including spectrum congestion, power
consumption, and material sustainability—issues that demand innovations in antenna design, organic electronics, and functional nanomaterials.

The Role of Antenna Technology in 10T

A cornerstone of 10T infrastructure is efficient wireless communication, where antennas must balance miniaturization, multi-band operation, and
interference mitigation. Recent work in ultra-wideband (UWB) and MIMO antennas has leveraged electromagnetic bandgap (EBG) structures to
achieve high isolation and band-notching capabilities (Dalal & Dhull, 2020, 2021a; Jaglan et al., 2020). For wearable and biomedical applications,
flexible substrates and compact designs—such as the dual-band wearable antenna (Dalal et al., 2022) and U-shaped patch antenna for cancer detection
(Rathod et al., 2024)—highlight the shift toward patient-specific, loT-integrated healthcare. Meanwhile, millimeter-wave (mmWave) antennas (Rafique
et al., 2022; Hussain et al., 2024) are pivotal for 5G-enabled 10T, offering high-speed data rates but requiring novel materials to reduce losses.

Advanced Materials for 10T Devices

The convergence of organic electronics and nanomaterials has revolutionized the development of low-power, eco-friendly 10T components,
enabling significant advancements in device performance and sustainability. Organic thin films, such as PMMA-doped 1,3,5-triphenylbenzene (TPB)
(Kaliramna et al., 2024a,b) and tris[4-(diethylamino)phenyl]amine (TDAPA) (Aryan & Dhayal, 2025), demonstrate tunable optical and electrocatalytic
properties that make them ideal for applications ranging from efficient solar cells to sensitive chemical sensors and energy storage systems.
Environmentally conscious approaches have led to the development of green-synthesized nanoparticles (Devi et al., 2022; Kumar et al., 2022) and
high-performance diketopyrrolopyrrole-based semiconductors (Dhayal et al., 2022), which combine sustainable production methods with enhanced
electronic characteristics. Furthermore, innovative polymer composites with photocatalytic capabilities (Kaliramna et al., 2022b) and conductive
polyaniline-based films (Kumar et al., 2023b,c) are paving the way for self-powered 10T sensors and advanced energy-harvesting solutions, marking a
significant step toward autonomous, environmentally responsible smart devices. These material innovations collectively address critical challenges in
power efficiency, environmental impact, and functional versatility for next-generation loT systems.
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Challenges and Future Prospects

Despite significant advancements in loT-enabling technologies, several critical challenges must be addressed to realize their full potential. First,
integration complexity remains a major hurdle, particularly in co-designing advanced antennas with flexible organic substrates (Dalal et al., 2022)
while maintaining compatibility with conventional CMOS electronics (Razavi, 2001; Weste & Harris, 2010). Second, improving energy efficiency
continues to be paramount, requiring innovative approaches such as subthreshold circuit design principles (Wang et al., 2006) and the incorporation of
novel 2D materials (Novoselov et al., 2004; Schwierz et al., 2015) to develop ultra-low-power 10T nodes that can operate for extended periods without
frequent battery replacements. Third, the scalability of these advanced technologies presents a significant challenge, as lab-scale breakthroughs in
nanomaterials (Kumar et al., 2022) must be adapted for cost-effective, high-volume industrial production to achieve widespread commercial viability.
Addressing these interconnected challenges of integration, power management, and manufacturing scalability will be crucial for the next phase of loT
development and deployment.

This review synthesizes advances in loT-enabling technologies, focusing on:

. Antenna innovations for UWB, mmWave, and wearable applications.
. Organic and nanomaterial-based devices for sensing, energy, and optoelectronics.
. Cross-disciplinary challenges in scalability, interoperability, and sustainability.

By bridging these domains, we identify pathways toward next-generation loT systems that are high-performance, energy-autonomous, and
ecologically sustainable.

ANTENNA TECHNOLOGIES FOR IOT SYSTEMS
2.1 Ultra-Wideband (UWB) and MIMO Antennas

UWB antennas are critical for high-data-rate loT applications, but they face interference from existing wireless systems (e.g., WLAN). Recent work
has employed compact EBG structures to introduce band-notched characteristics:

Recent advancements in electromagnetic bandgap (EBG) structures have significantly enhanced antenna performance for modern wireless
applications. The two-via EBG design developed by Dalal and Dhull (2020) effectively suppresses WLAN interference in ultra-wideband systems,
demonstrating excellent band-rejection capabilities while maintaining compact dimensions. Researchers have further improved this technology through
Jaglan et al.'s (2020) innovative triple-band-notched UWB MIMO antenna, which achieves superior isolation between multiple input/output ports while
simultaneously filtering three distinct frequency bands. Most recently, Dalal and Dhull (2022) introduced a breakthrough eight-shaped polarization-
dependent EBG structure that enables novel reflector applications by selectively controlling electromagnetic wave polarization. These successive
developments in EBG technology have progressively addressed critical challenges in wireless communication systems, from interference mitigation to
polarization control and multi-antenna isolation, marking important milestones in the evolution of modern antenna design.

2.2 Wearable and Flexible Antennas

Flexible antennas have emerged as crucial components for next-generation healthcare technologies, particularly in wireless body area networks
(WBANS) and medical monitoring systems. Recent innovations include a dual-band wearable antenna developed by Dalal et al. (2022) that utilizes a
polyimide substrate, offering both mechanical flexibility and reliable performance at multiple frequency bands for continuous health data transmission.
Building on this progress, Rathod et al. (2024) demonstrated a groundbreaking non-woven polyester U-shaped antenna specifically designed for early
thyroid cancer detection, showcasing how flexible antenna technology can be tailored for diagnostic applications. These advancements highlight the
growing importance of flexible, body-conformable antennas in modern healthcare, enabling comfortable, long-term wear while maintaining optimal
communication performance for real-time health monitoring and medical diagnostics. The development of such antennas represents a significant step
forward in merging wireless technology with medical applications, potentially revolutionizing personalized healthcare delivery.

2.3 Millimeter-Wave (mmWave) Antennas for 5G loT

The evolution toward 5G and next-generation wireless networks requires millimeter-wave (mmWave) antennas that combine high directional gain with
miniaturized form factors to overcome propagation challenges at higher frequencies. Recent research has yielded significant breakthroughs in this
domain, including Rafique et al.'s (2022) innovative phased array antenna design optimized for 5G smartphones, which enables beam steering
capabilities while maintaining a compact architecture suitable for mobile devices. Further advancing the field, Tahir et al. (2023) developed a high-
performance semi-ring patch array antenna operating at 28 GHz that achieves exceptional gain within a reduced footprint, addressing the critical need
for efficient mmWave signal transmission in dense urban environments. These cutting-edge antenna solutions demonstrate the rapid progress in
mmWave technology, overcoming traditional limitations of high-frequency systems while meeting the stringent size and performance requirements of
modern 5G infrastructure and consumer devices. Such innovations are crucial for realizing the full potential of 5G networks, particularly in supporting
bandwidth-intensive applications like augmented reality, autonomous vehicles, and ultra-HD video streaming that define the next era of wireless
communication.
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3. ORGANIC AND NANOMATERIAL-BASED IOT DEVICES
3.1 Organic Thin Films for Optoelectronics

Organic thin films are playing a transformative role in optoelectronic 10T devices due to their tunable optical and electrical properties. Recent
studies highlight that PMMA-doped 1,3,5-triphenylbenzene (TPB) films exhibit improved light absorption and conductivity, making them suitable for
flexible displays and sensors (Kaliramna et al., 2024a,b). Meanwhile, tris[4-(diethylamino)phenyl]Jamine (TDAPA) embedded in PMMA demonstrates
exceptional electrocatalytic performance, enabling efficient hydrogen production for sustainable energy storage (Aryan & Dhayal, 2025). Additionally,
diketopyrrolopyrrole (DPP)-based organic semiconductors achieve high charge carrier mobility, which is critical for high-speed organic field-effect
transistors (OFETS) in wearable electronics (Dhayal et al., 2022). These advancements underscore the potential of organic thin films to enhance the
efficiency, flexibility, and sustainability of next-generation loT systems.

3.2 Green Nanomaterials for Sustainable loT

Recent advances in green nanomaterials are driving sustainable innovation for loT applications. Devi et al. (2022) developed an eco-friendly
approach using plant-extract-synthesized silver nanoparticles that demonstrate remarkable efficiency in dye degradation, offering an environmentally
conscious solution for water purification systems integrated with 10T sensors. In parallel, Kumar et al. (2020) engineered manganese ferrite thin films
with potent antibacterial characteristics, creating self-sterilizing surfaces for medical 10T devices and healthcare environments. Complementing these
developments, Kumar et al. (2023b,c) pioneered polyaniline-based conductive polymers that combine flexibility with excellent electrical properties,
enabling the production of bendable, low-power electronic components for wearable 10T systems. These breakthroughs in nanomaterial science
collectively address critical challenges in environmental sustainability, healthcare safety, and flexible electronics, while maintaining compatibility with
the energy-efficient requirements of modern loT networks. The convergence of these green nanotechnologies promises to revolutionize loT
applications across multiple domains, from environmental monitoring to personalized healthcare and beyond.

3.3 Sustainable Energy and Self-Maintaining Solutions for 10T Devices

Recent innovations in energy-harvesting and self-cleaning materials are paving the way for autonomous loT systems. Kaliramna et al. (2022)
demonstrated the potential of dye-sensitized solar cells (DSSCs) incorporating organic dyes, which offer a cost-effective and environmentally friendly
approach to powering 10T sensors in off-grid applications. These DSSCs exhibit enhanced light absorption and conversion efficiency, making them
ideal for low-power electronic devices. Additionally, Kaliramna et al. (2022b) developed photocatalytic PMMA/ZnO composite films that enable self-
cleaning functionality in 10T sensors, reducing maintenance requirements and prolonging device lifespan. Under light exposure, these films break down
organic contaminants, ensuring consistent sensor performance in outdoor and industrial environments. Together, these advancements contribute to the
development of self-sustaining 10T ecosystems, where devices can harvest energy from ambient light and maintain operational efficiency without
manual intervention. Such innovations are critical for expanding loT deployment in remote and harsh environments, where reliability and energy
autonomy are paramount.

4. INTEGRATION CHALLENGES AND FUTURE PERSPECTIVES
4.1 Enabling Next-Generation Ultra-Efficient 10T Electronics:

Two groundbreaking approaches are revolutionizing the design of energy-efficient 1oT hardware. Wang et al. (2006) pioneered subthreshold circuit
design techniques that allow 10T nodes to operate at voltages below transistor threshold levels, achieving unprecedented power savings for always-on
sensor applications. Meanwhile, Novoselov et al.'s (2004) seminal work on 2D materials like graphene has unlocked new possibilities for high-speed,
low-power transistors, with electron mobility far surpassing conventional silicon. These complementary innovations address critical 10T challenges -
subthreshold design dramatically extends battery life in remote sensors, while 2D materials enable the high-performance signal processing needed for
edge computing applications. Together, they form the foundation for a new class of 10T devices that combine years-long operation with advanced
computational capabilities, overcoming traditional tradeoffs between power consumption and performance in distributed sensing networks. These
technological breakthroughs are particularly crucial for emerging applications like environmental monitoring, smart agriculture, and industrial 10T
deployments where both energy autonomy and data processing at the edge are essential requirements.

4.2 System-Level Integration Challenges in 10T Development:

The successful implementation of loT systems requires careful attention to both hardware integration and network interoperability challenges.
Razavi's (2001) foundational work on CMOS electronics provides critical insights for co-designing high-frequency antennas with integrated circuits,
enabling compact radio front-ends that maintain signal integrity while minimizing footprint - a crucial requirement for space-constrained loT devices.
Complementing these hardware considerations, Zanella et al. (2014) addressed the networking dimension by establishing standardized protocols for
heterogeneous 10T ecosystems, creating frameworks that ensure seamless communication between diverse devices across different manufacturers and
wireless standards. These parallel research thrusts represent essential pillars in 10T development: while Razavi's principles guide the physical layer
integration of RF components, Zanella's protocol work enables reliable system-level operation in complex, multi-vendor deployments. Together, they
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provide both the microscopic (circuit-level) and macroscopic (network-level) design methodologies needed to realize robust, scalable loT
infrastructures capable of supporting everything from smart city applications to industrial automation systems. The convergence of these approaches
continues to drive innovation in loT architecture, balancing performance optimization with practical deployment requirements.

4.3 Emerging Frontiers in Intelligent 10T Systems:

The integration of neuromorphic computing architectures (Indiveri & Liu, 2015) is revolutionizing edge Al capabilities by mimicking the brain's
energy-efficient neural networks, enabling real-time pattern recognition and decision-making directly on loT devices without cloud dependency. This
bio-inspired approach dramatically reduces power consumption while improving response times for critical applications. Concurrently, quantum dot-
based sensors are pushing detection limits to unprecedented levels, offering picomolar sensitivity for environmental monitoring, biomedical diagnostics,
and industrial process control. These nanocrystal semiconductors exhibit size-tunable optical properties and exceptional quantum yields, making them
ideal for ultra-miniaturized spectroscopic loT devices. Together, these disruptive technologies are creating a new paradigm of autonomous, intelligent
sensor networks capable of distributed cognition and molecular-scale sensing - transforming fields from personalized healthcare to predictive
infrastructure monitoring while addressing fundamental challenges in energy use, latency, and detection precision that constrain conventional loT
architectures.

CONCLUSION

The rapid evolution of loT-enabled smart systems is being driven by groundbreaking advancements in antenna design, organic electronics, and
nanomaterials, each addressing critical challenges in wireless communication, energy efficiency, and sustainability. Innovations in UWB, MIMO, and
mm Wave antennas—such as compact EBG structures and flexible wearable designs—have significantly improved spectrum utilization and device
integration. Meanwhile, organic thin films and green nanomaterials are enabling low-power, eco-friendly sensors, energy harvesters, and optoelectronic
components with tunable properties for diverse loT applications.

However, key challenges remain, including integration complexity, power efficiency, and scalability—particularly in transitioning lab-scale
breakthroughs to industrial production. Emerging technologies like neuromorphic computing and quantum dot sensors promise to further enhance edge
intelligence and detection sensitivity, paving the way for autonomous, self-sustaining loT networks.

Future research should focus on Al-optimized antenna systems, scalable nanomaterial synthesis, and standardized protocols to bridge the gap between
theoretical innovation and real-world deployment. By addressing these challenges, next-generation 10T systems can achieve unprecedented levels of
performance, sustainability, and intelligence, revolutionizing industries from healthcare to smart cities and beyond.

This review underscores the importance of interdisciplinary collaboration in advancing 10T technologies, highlighting the need for continued
innovation in materials science, wireless engineering, and energy-efficient computing to realize the full potential of a connected, intelligent world.
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