vomis,  Www.ijarp.com  ISSN 2456-9992 Page: 01-14 Review

o\ Article

Es} || International Journal Advanced Research

5\ BEE ) . . Volume: 02
"@5““ ) Publications Issue: 06

WIRELESS SMART ROADS: I0OT INTEGRATION FOR
SUSTAINABLE TRANSPORTATION INFRASTRUCTURE

Markad Vivek Dadasaheb*!, Dalvi Atharv Dipak?, Borude Aditya Harishchandra3,
Gangarde Rahul Dadasaheb?, Assistant Professor Bhole K. S.5

Students and Professor, Department of E&TC Engineering Shri. Chhatrapati Shivaji Maharaj

College of Engineering, Nepti, Maharashtra Savitribai Phule Pune University, Pune.!"***>

Article Received: 4 May 2026, Article Revised: 24May 2026, Published on: 14 June 2026

*Corresponding Author: Markad Vivek Dadasaheb

Students and Professor, Department of E&TC Engineering Shri. Chhatrapati Shivaji Maharaj College of Engineering,
Nepti, Maharashtra Savitribai Phule Pune University, Pune.

Doi: https://doi-doi.org/101555/ijarp.3655

ABSTRACT

The rapid advancement of smart transportation systems has led to the emergence of
innovative infrastructure solutions such as wireless roads integrated with the Internet of
Things (IoT). This research presents the design and conceptual framework of a wireless road
system capable of enabling real-time communication, intelligent traffic management, and
dynamic wireless power transfer for electric vehicles. The proposed system utilizes
embedded sensors, loT-enabled microcontrollers, and cloud-based platforms to collect and
analyze data related to traffic density, road conditions, and environmental factors.
Additionally, inductive wireless charging technology 1is incorporated within road
infrastructure to support continuous charging of electric vehicles, reducing dependency on
conventional charging stations. The integration of IoT enhances decision-making through
data-driven insights, improving road safety, reducing congestion, and optimizing energy
consumption. This study also discusses the system architecture, implementation
methodology, advantages, challenges, and potential future developments. The proposed
wireless road concept contributes significantly toward the development of sustainable,

efficient, and intelligent transportation systems in smart cities.

KEYWORDS: Wireless Roads, Internet of Things (IoT), Smart Transportation, Inductive
Wireless Charging, Intelligent Infrastructure, Smart Cities, Traffic Management.
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INTRODUCTION

The evolution of modern transportation is currently undergoing a paradigm shift,
transitioning from static asphalt pathways to dynamic, data-driven ecosystems. As global
urbanization intensifies, the limitations of conventional road networks have become
increasingly apparent, necessitating a transition toward more sophisticated technological

frameworks.

The Concept of Smart Roads

Smart roads represent an advanced transportation infrastructure that integrates physical
roadways with digital technologies, including sensors, communication systems, and energy-
harvesting mechanisms. Unlike traditional roads, which serve merely as a medium for vehicle
movement, smart roads act as active participants in the transportation ecosystem. They are
designed to collect, process, and disseminate real-time information regarding traffic
conditions, structural integrity, and environmental factors. By embedding technologies such
as embedded sensors, smart pavements, and automated lighting, these systems transform
highways into intelligent platforms capable of enhancing the driving experience and

optimizing resource management.

Need for Intelligent Transportation Systems

The global demand for Intelligent Transportation Systems is driven by the urgent need to

improve road safety, traffic efficiency, and environmental sustainability. Traditional

management methods are often reactive, relying on manual intervention or delayed data. In
contrast, ITS leverages real-time data to:

e Enhance Safety: By providing early warnings about road hazards, weather conditions,
or accidents, ITS can significantly reduce the frequency and severity of collisions.

e Optimize Traffic Flow: Intelligent algorithms can manage signal timings and route
vehicles dynamically to alleviate congestion, thereby reducing travel time and fuel
consumption.

e Reduce Environmental Impact: By minimizing idling and stop-and-go traffic, ITS

contributes to lower carbon emissions, aligning with global sustainability goals.
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Challenges in Traditional Road Infrastructure

Existing road infrastructures face several critical challenges that hinder modern mobility:

1.

Structural Deterioration: Many road networks suffer from aging and lack of real-time
health monitoring, leading to costly and disruptive emergency repairs.

Traffic Congestion: Increasing vehicle density has outpaced the physical expansion of
roads, resulting in severe economic losses due to delays.

Information Asymmetry: Traditional roads lack a feedback loop between the
infrastructure and the users, leaving drivers unaware of upcoming obstacles or optimal
routing.

High Maintenance Costs: Without predictive maintenance data, road authorities often
rely on scheduled or reactive maintenance, which is less efficient and more expensive

than data-driven interventions.

Importance of IoT Integration

The integration of the Internet of Things is the cornerstone of wireless smart roads. loT

provides the connectivity required to link vehicles, infrastructure, and management centers

into a cohesive network. The importance of IoT in this context includes:

Real-Time Data Acquisition: [oT sensors enable the continuous monitoring of traffic
volume, vehicle speed, and pavement conditions.

Vehicle-to-Infrastructure (V2I) Communication: Through IoT, roads can
communicate directly with vehicles, facilitating autonomous driving and providing
critical safety alerts.

Sustainable Resource Management: Smart loT-enabled lighting and energy-harvesting
systems (such as solar-integrated pavements) reduce the energy footprint of road
operations.

Predictive Analytics: Data gathered through IoT devices allows for predictive
maintenance, where potential structural failures are identified and addressed before they

become hazardous.

By bridging the gap between physical infrastructure and digital intelligence, IoT integration

ensures that wireless smart roads are not only more efficient but also resilient enough to meet

the transportation demands of the future.
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2. Literature Review

The integration of advanced technologies into transportation infrastructure is a rapidly
expanding field of study. Existing research highlights the convergence of power engineering,
information technology, and urban planning to create self-sustaining and efficient road
networks.

Wireless Power Transfer in Roads

Wireless power transfer integrated into roadway infrastructure aims to address the range and
charging limitations of electric vehicles by enabling "charging while driving" [1].

e Efficiency and Prototypes: Research has demonstrated high-efficiency levels in
controlled environments. For instance, a 10-kW prototype reached an efficiency of 94% [2].
In dynamic test tracks, systems have delivered up to 20 kW of power to moving vehicles over
100-meter segments [2].

e Operational Constraints: A key challenge identified is the air gap and alignment
between primary (road-side) and secondary (vehicle-side) coils. Studies in California and
Utah reported efficiency rates between 60% and 90% depending on air gaps ranging from
0.26 to 1.15 feet [3].

e Environmental Benefits: Case studies suggest that wide-scale WPT adoption could lead
to a 20% reduction in air pollution and a 10% reduction in $CO_2§ emissions while
providing substantial annual cost savings [3].

IoT-Based Traffic Management Systems

Internet of Things technologies are transforming traffic management from static, scheduled
operations into adaptive, real-time systems [4].

e Real-Time Optimization: Systems utilizing 1oT sensors and Machine Learning can
predict highway occupancy and track vehicle movement with high precision [4]. These
systems allow for smart traffic signal optimization, where signal timings are adjusted
dynamically based on queue lengths and vehicle speeds [5].

o Routing and Safety: [oT frameworks enable Intelligent Traffic Management Systems to
direct motorists to optimal routes, reducing travel time and improving safety through
distributed multi-agent learning [6].

e Architectural Challenges: While effective, researchers emphasize the difficulties in
scaling these architectures due to concerns regarding data privacy, communication latency,

and the interoperability of heterogeneous sensors [7], [8].
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Smart City Infrastructure

Smart roads are increasingly viewed as the "digital twin" of physical urban infrastructure,
serving as a critical layer in the broader smart city ecosystem [9], [10].

e Interconnectedness: A successful smart city requires an integrated IoT infrastructure
where subsystems are intelligent enough to communicate and work in interconnection with
each other [11].

e Sustainability Goals: Smart infrastructure is a primary driver for achieving United
Nations Sustainable Development Goal 11. This includes using smart grids for efficient
energy consumption and blockchain for data security in urban management [9], [12].

e Lifecycle Management: Advanced sensing networks allow for data-driven civil
engineering, shifting the focus toward the entire lifecycle performance of infrastructure to

reduce environmental footprints and long-term costs [13], [14].

Identified Research Gaps

Despite significant progress, several critical gaps remain in the current literature:

1. Technical Scalability: There is a need for research on how to maximize energy transfer
for vehicles traveling at high speeds within limited charging lanes [15].

2. Infrastructure Resilience: Current studies often overlook the performance of smart
sensors and WPT systems during extreme weather conditions, such as snow and ice,
which can disrupt communication reliability [13], [16].

3. Standardization and Interoperability: A significant gap exists in the harmonization of
data collection procedures across the plethora of different sensors and actuators used by
various manufacturers [17].

4. Security Frameworks: As Vehicle-to-Infrastructure (V2I) communication increases,
there is an urgent need for robust certificate management frameworks to prevent
transmission interferences and malicious intrusions into traffic control systems [17].

5. Large-Scale Economic Viability: Research is still required to assess the cost-benefit
ratio and preferable configurations for large-scale applications of magnetizable concrete

and other advanced materials in long-distance highway networks [18].

METHODOLOGY
The implementation of wireless smart roads requires a multi-layered architectural approach

that integrates physical infrastructure with digital intelligence. The process involves
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embedding specialized hardware, establishing a distributed data processing framework, and
deploying high-efficiency power transfer mechanisms.

1. Road Design with Embedded Hardware

The physical implementation begins with the integration of sensors and communication
modules directly into the pavement structure. This is often achieved through an integrated
paving process, where sensors are merged with the material structure (such as cement
concrete) during slipform paving to ensure durability and long-term monitoring [19], [20].

e Sensing Layer: Various sensors are embedded to monitor structural and environmental
conditions. These include load sensors for vehicle counting, moisture and temperature
sensors (e.g., Road Sensor DRS511) for ice/snow detection, and stress/strain sensors for
pavement health [21], [22].

e Node-Level Hardware: A typical smart highway node consists of a microcontroller
(such as Arduino ATMega 328 or ESP series boards) connected to the sensor array [22].
These boards capture raw data and facilitate local communication using protocols like XBee
or GSM for longer ranges [21], [22].

e Infrastructure Layout: Primary induction coils are installed below the asphalt at

regular intervals to facilitate wireless charging while driving [23], [24].

2. Data Collection and Processing

To handle the massive volume of real-time data and reduce latency, smart roads utilize a
hierarchical processing architecture [25], [26].

e Edge Computing Layer: Instead of sending all raw data to the cloud, initial analysis
occurs at the "edge" (on the device or nearby roadside units) [25], [27]. This is critical for
time-sensitive applications like pothole detection via wheel speed anomalies or accident
alerts [27], [28].

o Processing Flow: Data moves from the Generation Layer (sensors) to the Edge Layer
(local routing and filtering) and finally to the Cloud Layer for long-term storage and big data
analytics [27], [29].

Mathematical Model: Processing and Communication Time
The total time required for data handling can be modeled by the following equations [26],
[30]:
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Where [ represents the application level and T represents processing constraints.
3. Wireless Energy Transfer Mechanism

The wireless power transfer system utilizes dynamic Inductive Power Transfer. Primary
coils arranged below the pavement are excited only when a vehicle's secondary coil is
positioned directly above to minimize energy losses [23], [24].

° Resonant Coupling: To achieve high efficiency, the primary and secondary circuits
are tuned to the same resonant frequency (typically around 85.5 kHz) [1], [31].

° Energy Efficiency: The overall system performance depends on the road utilization
ratio, which quantifies the layout of coil sections and dynamic transients as the vehicle

moves [23].

Mathematical Model: Power Transfer Efficiency (1)
The efficiency of the WPT system, considering mutual inductance and load resistance, is

defined as [1]:

R, wgj?L, L,
= .4 = )
R: + RL Rl{_Rj + RL} + f.l.}a_j'-'LlL:

n

Alternatively, in a dynamic context, the per-unit length efficiency is calculated as [32]:

Epare KWh/lkem]
m=
1 €road in KWh/km]

* Where: R Loadresistance = Ly, L .5elf — inductanceofprimarvandsecondarycoils
+ w, Resonant frequency
* CparerCroad in: ENETgyreceivedbythebatteryvs. energysuppliedbythegridperkilomete

By following these steps, smart roads create a digital twin of the traffic system, enabling safer

autonomous vehicle navigation and sustainable energy management [10], [33].
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Figure 1. System Architecture.

4. DISCUSSION

The integration of Internet of Things and Wireless Power Transfer into road infrastructure
represents a transformative shift in civil engineering and urban mobility. The findings from
the literature and proposed methodology suggest several key implications for future
transportation systems.

4.1.Efficiency and Sustainability of Dynamic WPT

The implementation of dynamic WPT addresses the primary hurdle of electric vehicle
adoption: range anxiety. Research prototypes have already demonstrated high efficiency, with
some reaching up to 94% under optimal conditions [2]. However, practical implementation
reveals a sensitivity to physical alignment, where efficiency can fluctuate between 60% and
90% depending on the air gap between the road and the vehicle [3].

Beyond charging, the environmental impact is significant. WPT integration is projected to

reduce air pollution by approximately 20% and @, emissions by 10% [3]. Furthermore, by
providing energy during transit, these systems allow for a reduction in onboard battery size,
which decreases vehicle weight and lowers the environmental cost of battery manufacturing

and recycling [15].
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4.2. Resilience and Predictive Maintenance

Traditional roads are often managed through reactive maintenance, which is both costly and

disruptive. The use of embedded sensors in smart pavements shifts this paradigm toward

data-driven civil engineering[14], [21].

e Structural Health Monitoring: Embedded strain and stress sensors provide a real-time
"Digital Twin" of the road's physical state, allowing authorities to identify structural
weaknesses before they manifest as potholes or cracks [10], [19].

e  Weather Adaptability: IoT nodes equipped with moisture and temperature sensors
enable proactive responses to hazardous conditions. For example, automated heating
elements can be triggered by sensor data to prevent ice formation, significantly
enhancing winter safety [13], [16].

4.3. Impact on Traffic Dynamics and Urban Safety

The transition to an loT-based traffic management system facilitates a move away from static

signal timings toward adaptive optimization[4], [5]. By tracking vehicle movement and

queue lengths in real-time, these systems can reduce travel delays and prevent the cascading

effects of congestion [6].

e V2I Communication: The ability of the road to communicate directly with vehicles is
essential for the safe deployment of autonomous fleets. This connectivity allows the
infrastructure to provide "beyond line-of-sight" information, alerting vehicles to
accidents or obstacles several kilometers ahead [17], [29].

4.4. Challenges in Large-Scale Implementation

While the benefits are clear, several obstacles must be addressed to move from pilot projects

to national highway networks:

1. Economic Viability: The initial capital expenditure for magnetizable concrete and
embedded electronics is substantially higher than traditional asphalt [1], [18]. Long-term
cost-benefit analyses are required to justify these costs through maintenance savings and
energy efficiency.

2. Data Security and Privacy: As roads become data hubs, they become targets for cyber-
attacks. Ensuring the integrity of V2I communication through robust certificate
management is critical to preventing malicious interference with traffic signals or vehicle

controls [12], [17].
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3. Standardization: There is currently a lack of global standards for WPT frequencies and
data communication protocols, which could lead to interoperability issues between

different vehicle manufacturers and infrastructure providers [17].

4.5. Integration within the Smart City Ecosystem

Smart roads do not exist in isolation; they are a fundamental layer of the broader smart city
framework. By functioning as energy-harvesting and data-disseminating platforms, they
support Sustainable Development Goal 11 [9]. The synergy between smart grids, autonomous
vehicles, and intelligent pavements creates a cohesive ecosystem where urban metabolism is

monitored and optimized for efficiency and pollution reduction [11], [12].

10. CONCLUSION

The development of wireless smart roads represents a critical leap toward a more resilient,
efficient, and sustainable global transportation network. By merging physical infrastructure
with the Internet of Things and Wireless Power Transfer, roads are transitioning from passive

asphalt pathways into active, intelligent participants in the urban ecosystem.

SUMMARY OF FINDINGS

The research conducted illustrates that the integration of dynamic WPT systems can
effectively mitigate the primary limitations of electric vehicle adoption, such as range anxiety
and long charging times. High-efficiency prototypes have demonstrated the potential to reach
up to 94% energy transfer efficiency, while practical road-side applications achieve between
60% and 90% depending on coil alignment [2], [3]. Furthermore, the environmental benefits
are substantial, with projections indicating a 20% reduction in localized air pollution and a
10% decrease in $CO_2$ emissions through optimized traffic flow and reduced vehicle idling
[3].

The role of IoT is equally vital, enabling a shift from reactive to predictive maintenance.
Through embedded sensor networks and edge computing architectures, smart roads function
as a "digital twin" of the physical infrastructure, providing real-time data on structural health,
traffic density, and environmental hazards [10], [19], [26]. This data-driven approach not
only enhances urban safety but also optimizes the lifecycle performance of civil engineering
assets [14], [21].

Impact on Future Transportation

In the coming decades, smart road infrastructure will serve as the backbone of the smart city,
facilitating the seamless deployment of autonomous vehicle fleets and intelligent traffic
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management systems [4], [33]. By establishing a continuous communication link between the
road and the vehicle, these systems provide "beyond line-of-sight" safety alerts that are
essential for zero-fatality transit goals [6], [17].

However, the realization of this vision requires addressing significant challenges regarding
economic scalability, global standardization of WPT frequencies, and the implementation of
robust cybersecurity frameworks to protect V2I communications [1], [17]. As these hurdles
are overcome, wireless smart roads will play a fundamental role in achieving Sustainable
Development Goal 11, creating urban environments that are safer, cleaner, and more

intelligently connected than ever before [9], [11].
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