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1. INTRODUCTION (Title Times New Roman, 12 font size, bold) 
Rotorcraft operations in geographically challenging regions, such as the mountainous terrain of Nepal, face significant safety risks due to the lack of traditional Air Traffic Management (ATM) and Instrument Landing System (ILS) infrastructure. This infrastructure gap necessitates the development of novel, reliable, and low-cost solutions. The primary objective of the HERMES-ATC project is to design and validate an Autonomous Air Traffic Management Framework that provides reliable, localized guidance equivalent to an ILS for rotorcraft operating in complex, off-grid environments. This work distinguishes itself from similar projects by focusing specifically on the environmental and logistical constraints of high-altitude, monsoon-prone regions, integrating sophisticated environmental resilience protocols and sensor fusion techniques.
2. MATERIALS AND METHODS
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The HERMES-ATC framework employs a distributed sensing network topology comprising Autonomous Field Nodes (AFNs) and a central Supervisory and Data Analytics Node (Supervisory Node).
2.1. Autonomous Field Node Design and Sensor Subsystem 
The AFN constitutes the primary distributed sensor array. Its core includes a high-sensitivity BME280 sensor for barometric altitude and pressure readings, a DHT11 sensor for ambient temperature and humidity monitoring, and a light intensity sensor (LDR) for visibility assessment. For localized environmental and positional awareness, the AFN integrates an ultrasonic sensor for short-range distance measurements, a GPS module for absolute location and synchronization, and a gyroscope for orientation and stability monitoring. These sensors are interfaced with a low-power microcontroller for preliminary data processing and fusion.
2.2. Communication Subsystem and Protocol
Communication is handled by the nRF24L01+ Transceiver operating in the 2.4 GHz Industrial, Scientific, and Medical (ISM) band, utilizing custom mesh networking protocols optimized for low-power, wide-area communication. The system's integrity relies on a Decentralized Extended Kalman Filter (EKF) implemented on the AFNs to fuse sensor data from all sources (GPS, BME280, Gyroscope), providing robust and accurate state estimation (position and altitude). A critical aspect of the communication protocol is the Link Quality Indicator (LQI) metric, which actively monitors the link reliability and ensures data continuity by informing the system's adaptive routing and frequency switching logic.
3.	RESULTS AND DISCUSSION 
The implemented framework successfully demonstrates resilience against key environmental challenges characteristic of terrain-challenged operations.
3.1. System Guidance and Path Resilience
During simulation and preliminary testing, the system exhibited perfect performance in guiding the Node 0 (representing the helicopter) from the designated base station to the intended landing site with high accuracy. The framework’s resilience was critically demonstrated when a simulated adverse condition (heavy rain/fog) was introduced at Node C, rendering it unreliable. The autonomous routing logic successfully recalculated the path, instructing the helicopter to divert from Node A to Node D via an alternate, safer route, ensuring the continuous safety and navigation of the rotorcraft without human intervention.
3.2. Data Transfer Performance and Sensor Limitations
The communication subsystem successfully transferred environmental, positional, and guidance data across the network with high accuracy and minimal measurable delay, validating the low-latency nature of the mesh protocol. While the system provided essential information about the operational base and environment, the raw sensor data (particularly from the BME280 and DHT11) showed inherent reliability limitations typical of low-cost components. For a full-scale, real-world implementation requiring certified precision for air safety, the current sensor array must be upgraded to industrial-grade, highly reliable modules to ensure consistent operational accuracy.

4.CONCLUSION 
The HERMES-ATC project demonstrates a resilient autonomous Air Traffic Management system for rotorcraft in challenging terrain. It integrates EKF-based state estimation with an adaptive multi-band communication framework to maintain accuracy even in harsh conditions such as low air density and heavy rainfall. Future efforts include full-scale field validation, CAAN regulatory certification, and integration with national ATM platforms to enhance safety coverage.
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