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Abstract: The rapid expansion of the Internet of Things (IoT) and Industrial 10T (11oT) requires reliable, energy-
efficient communication across resource-constrained wireless nodes. Traditional single-hop topologies often struggle
with range limitations and power drain, while standard multihop protocols can introduce significant control overhead.
This paper presents a Low-Power Mesh Network System engineered to optimize routing efficiency, extend network
operational lifetime, and minimize overall energy consumption. By integrating lightweight communication protocols
with dynamic power-management techniques and multihop routing strategies, the proposed architecture significantly
reduces control signal overhead and packet loss during data transmission. Experimental evaluations and comparative
analysis demonstrate that the proposed system achieves substantial power savings compared to standard multihop
frameworks while maintaining low latency and high transmission reliability across dense sensor networks. The results
confirm the viability and scalability of this low-power mesh network for real-time monitoring in smart agriculture,
industrial automation, and smart environment deployments.

Keywords : Low-Power Wireless Networks, Wireless Mesh Networks (WMNs), Internet of Things (loT), Energy
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l. INTRODUCTION

The exponential growth of the Internet of Things (IoT) and Industrial 10T (lloT) has driven widespread reliance on
distributed sensor networks across smart environments, automated industry, and digital agriculture [1]. These networks
rely on large numbers of battery-powered embedded nodes tasked with sensing, processing, and transmitting real-time
environmental parameters over extended periods of unattended operation. Conventional single-hop or star-topology
wireless deployments frequently suffer from coverage dead zones, poor scalability, and excessive energy
consumption due to long-range transmissions to a central gateway [4]. To address these spatial and operational
constraints, Wireless Mesh Networks (WMNs) have emerged as a core architectural framework, allowing data packets
to travel across multi-hop paths to reach their destination reliably [3].

A Despite their dynamic self-healing capabilities and extended physical coverage, multi-hop mesh topologies face
major challenges regarding power efficiency and network overhead [7]. Resource-constrained microcontrollers running
standard routing protocols, such as IPv6 Routing Protocol for Low-Power and Lossy Networks (RPL), often experience
excessive control signaling overhead and packet collisions [2]. In response, modern deployments leverage lightweight,
industry-standard protocols such as Open Thread and Bluetooth Low Energy (BLE) to strike a balance between
network energy drain and reliable multi-hop communication [2], [10]. Additionally, integrating long-range low-power
technologies like LoRa into mesh topologies expands long-distance telemetry, though it introduces throughput
constraints that require optimized scheduling algorithms [3].

To mitigate energy depletion in continuous transmission regimes, recent architectures combine low-power hardware
platforms (e.g., ESP32) with lightweight application-layer protocols such as Message Queue Telemetry Transport
(MQTT) [1]. Advanced frameworks incorporate machine learning algorithms, such as Long Short-Term Memory
(LSTM) networks, to forecast transmission loads, optimize sleep cycles, and adjust node transmission states based on
predicted traffic patterns [6]. These developments highlight the transition from rigid, static mesh structures to
adaptive, intelligence-driven low-power mesh systems.

This paper proposes an optimized Low-Power Mesh Network System designed to maximize operational lifespan while
ensuring high transmission reliability across dense loT deployments. By combining dynamic multi-hop routing
optimizations with energy-aware scheduling mechanisms, the proposed framework minimizes signaling overhead and
battery drain.

The remainder of this paper is organized as follows: Section Il reviews the relevant literature and foundational protocols
in low-power mesh networking. Section Il outlines the proposed research methodology and system architecture.
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Section IV details the implementation mechanisms and scheduling strategies. Section V presents the experimental
setup, results, and comparative performance analysis. Finally, Section VI provides concluding remarks and outlines
avenues for future research.

1. LITERATURE REVIEW

Kim et al., in (2022) [1], discussed a low-power wireless mesh network system architecture based on the ESP32
microcontroller platform engineered specifically for large-scale greenhouse monitoring in precision agriculture. The
authors implemented a custom mesh protocol on affordable hardware to overcome range constraints and environmental
fading in agricultural settings. Experimental findings demonstrated that the system sustained robust multi-hop
communication across widely dispersed sensor nodes while significantly reducing energy overhead through active-sleep
cycle management. The proposed architecture validated the feasibility of utilizing commodity hardware to establish
scalable, low-cost monitoring networks for digital agriculture.

Kim et al., in (IEEE 2019) [2], evaluated the architectural compromises of Thread and Open Thread as standardized
low-power wireless multihop network frameworks for the Internet of Things. The study provided a comparative
analysis against the traditional IPv6 Routing Protocol for Low-Power and Lossy Networks (RPL), highlighting how
Thread's scope and multihop link management reduce control signal overhead. Through indoor test bed experiments
using the open-source Open Thread stack, the authors demonstrated superior network stability and seamless IP
connectivity across battery-powered constrained nodes, establishing Open Thread as a viable candidate for industrial
and smart-home mesh deployments.

Son et al., in (2023) [3], presented an energy-saving and lifetime-maximizing solution for multihop LoRa wireless
mesh networks. To overcome the traditional single-hop range limitations of LoRa WAN, the authors designed a
novel routing strategy that balances energy consumption across intermediate routing nodes. The proposed protocol
dynamically adjusts link paths based on remaining node energy and signal quality metrics. Real-world experimental
evaluations confirmed that the multihop mesh approach significantly extended overall network lifespan and reduced
node depletion in dense long-range 10T deployments.

Centelles et al., in (IEEE 2021) [4], explored multihop and mesh topology extensions for LoRa and LoRa WAN
networks to move beyond traditional star-of-stars deployments. The study examined structural routing mechanisms that
allow LoRa end-devices to relay packets for neighboring nodes, thereby eliminating communication dead zones in
complex indoor and terrain-restricted environments. The authors highlighted that while multihop LoRa introduces
additional latency and packet header overhead, optimized scheduling algorithms effectively mitigate energy drain and
maximize overall network coverage for long-range telemetry.

Jiang et al., in (IEEE 2021) [5], proposed a hybrid low-power wide-area mesh network architecture designed for
industrial and agricultural 10T applications. The system integrated long-range LoRa radios with short-range, ultra-low-
power ANT radio protocols to form a multi-tier hybrid topology. By routing localized, high-frequency sensor readings
through short-range mesh links before backhauling data via LoRa gateways, the architecture substantially reduced the
active duty cycle of long-range transmitters. Field deployments showed that this hybrid strategy achieved high data
delivery ratios while extending node operational lifetime under dense traffic workloads.

Sun and Hoang, in (2022) [6], developed an energy-efficient industrial IoT mesh network integrating a Message Queue
Telemetry Transport (MQTT) broker with a Long Short-Term Memory (LSTM) deep learning framework. The system
utilized the lightweight pub/sub MQTT protocol over wireless mesh nodes for telemetry, while the cloud-hosted LSTM
network forecasted future time-series data traffic to dynamically optimize node sleep schedules. Experimental results
demonstrated that the predictive transmission strategy reduced node power consumption by 16.66% to 50% across
various mesh nodes while maintaining mean squared error (MSE) rates below 0.07%, ensuring high data reliability.

Yassein et al., in (IEEE 2018) [7], conducted a performance analysis of low-power IEEE 802.15.4 wireless mesh
networks deployed inV smart environments. The authors evaluated the structural overhead, end-to-end delay, and
power consumption of mesh routing protocols under varying node densities. Their findings underscored that control
packet overhead is the primary driver of rapid battery drain in multi-hop IEEE 802.15.4 networks, emphasizing the
necessity for lightweight routing mechanisms and strict duty-cycling schemes to preserve node longevity.

Zhao et al., in (IEEE 2020) [8], presented an energy-efficient wireless mesh network design tailored for smart
agriculture deployments. The authors introduced a localized node-scheduling algorithm that synchronizes sleep-wake
intervals among neighboring routing nodes to minimize idle channel listening. Implemented and tested over large-scale
rural environments, the proposed platform successfully lowered communication energy requirements and packet loss
rates, confirming its capability to sustain multi-hop telemetry across expansive, battery-powered farming environments.
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Sharma et al., in (2019) [9], proposed an algorithmic framework aimed at maximizing network longevity and
minimizing transmission latency in loT-oriented wireless mesh networks. The authors formulated a joint energy-
balancing and routing optimization scheme that dynamically reroutes data around depleted nodes to prevent energy
hotspots. Simulation and analytical evaluations showed that the adaptive load-balancing strategy extended total network
operational lifespan while preserving end-to-end Quality of Service (QoS) across heterogeneous sensor networks.

Polishchuk et al., in (IEEE 2020) [10], investigated time-synchronization mechanisms for low-power Bluetooth Low
Energy (BLE) mesh networks targeting sensor telemetry. The study introduced a precise microsecond-level time
synchronization protocol that enables BLE mesh nodes to maintain tightly coordinated sleep-wake schedules without
introducing excessive signaling traffic. Experimental results showed that the synchronized BLE mesh approach
achieved low packet delivery latency and reduced radio energy consumption, validating its utility for high-density, real-
time industrial monitoring applications.

1. RESEARCH METHODOLOGY

To implement an energy-efficient, scalable, and self-healing Low-Power Mesh Network System, the framework
combines localized multi-hop routing, adaptive sleep duty-cycling, and predictive traffic modeling using lightweight
Message Queue Telemetry Transport (MQTT) messaging and Long Short-Term Memory (LSTM) load forecasting.

System Architecture Overview:

The overall architecture consists of three functional layers:
. Edge Perception Layer: Consists of battery-powered embedded mesh nodes (e.g., ESP32/BLE/LoRa
nodes) deployed across field locations. These nodes gather sensor parameters and form a self-organizing mesh network.

. Mesh Gateway Layer: Serves as the interface between the low-power mesh network and external networks,
executing routing table maintenance and translating internal mesh frames to 1P-based protocol packets.

. Application & Analytics Layer: Hosts the MQTT broker alongside an LSTM-based analytics engine that
processes incoming telemetry, predicts traffic congestion, and issues optimized sleep-schedule updates back to the mesh
nodes.

WIRELESS MESH NETWORK
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Figure 1: Wireless Mesh Network Diagram
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Data Collection & Experimental Setup:

Data collection involves evaluating environmental telemetry across variable node deployment densities:

o Hardware Specs: Low-power microcontrollers equipped with IEEE 802.15.4 / BLE / LoRa
transceivers, integrated with current, voltage, temperature, and humidity sensors.

. Network Topology: A multi-hop mesh consisting of 30 physical nodes deployed across an outdoor field test
bed.

. Primary Metrics Collected: Energy consumption (mW), Packet Delivery Ratio (PDR %), end-to-end

latency (MS), and control signal overhead.
v. ALGORITHMS & EXAMPLES

Low-Power Mesh Network Protocol uses a 4-layer architecture designed around LoRa hardware, combined with
Managed Flooding for broadcasts and dynamic Next-Hop Routing for direct messages.

MESHTASTIC LOW-POWER MESH NETWORK ARCHITECTURE
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Figure 2 : Architecture of Low Power Mesh Network

Layer 0: Physical Layer (LoRa Radio)

. Extended Preamble Optimization: Uses a 16-symbol preamble (instead of the standard 8). This extended
duration allows receiving hardware (such as the SX126x) to stay in low-power sleep mode longer and wake up
periodically to frame data, reducing overall energy consumption.

o Network Separation: Employs a physical sync word (0x2B) to distinguish Meshtastic traffic from other LoRa
networks.

Layer 1: Unreliable Zero-Hop Messaging (CSMAJ/CA)

o Channel Access: Implements Carrier-Sense Multiple Access with Collision Avoidance (CSMA/CA).

o Channel Activity Detection (CAD): Transmitters listen to the channel before attempting a transmission.

o Dynamic Contention Window: If the channel is busy, nodes wait until it is idle, then defer transmission by a

random number of slot times chosen from a Contention Window (CW). The window size scales dynamically:
Contention Window Size o« Channel Utilization

Higher channel utilization increases the window size to prevent collisions.
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Layer 2: Reliable Zero-Hop Messaging

. Direct ACKs: Direct unicast messages expect an explicit ACK or NAK response from the destination node. If
no ACK is received before the expiration timeout, the message is retransmitted up to 3 times.
. Implicit ACKs for Broadcasts: To prevent broadcast ACK storms, traditional ACKs are suppressed. Instead,

the transmitting node listens for a neighboring node to rebroadcast the same packet. Hearing a neighbor relay the packet
generates an implicit ACK, signaling successful delivery.

Layer 3: Multi-Hop Messaging :

A. Managed Flooding (Broadcast Messages)

. Hop Limit Control: Every packet contains a Hop Limit field. Intermediate nodes decrement Hop Limit by 1
before relaying. Rebroadcasting stops when Hop Limit reaches zero.

. SNR-Based Contention Delay: To ensure the message travels as far as possible per hop, the Contention
Window (CW) for rebroadcasting is inversely proportional to the Signal-to-Noise Ratio (SNR):

CW Delay « SNR

. Low SNR (Farther Nodes): Assigned a smaller window [ Transmit earlier.

. High SNR (Closer Nodes): Assigned a larger window [ | Defer transmission.

B. Dynamic Next-Hop Routing (Direct Messages)

. Discovery Phase: The initial direct message is sent using Managed Flooding to discover the path.

. Route Learning: When the target node responds (e.g., Node Info or ACK), nodes along the return path
set the Next-Hop header byte for subsequent traffic.

. Unicast Relay: Intermediate nodes only relay direct messages if their Node 1D matches the Next-Hop byte in
the packet header.

. Flooding Fallback: If RF conditions change or topology breaks and no response is heard, the sending node

falls back to Managed Flooding on its final retransmission attempt.

SUPPRESSION LOGIC DETAIL
(gggm) ADAPTIVE MANAGED FLOODING FLOW
2.1km SNR-BASED CONVENTION (CW) -> Node 1 (Low SNR) vs. Node 2 (High SNR)
NAK EVENT: Node 2 (Ben) - NO ACK RECEIVED
RETRANSMISSION ATTEMPT: 3/3 (NAK Generates)

Figure 3 : Example of Walkie-Talkie Diagram
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Figure 4 : Mesh Network Connection System Diagram

V. RESULTS

The performance of the proposed Low-Power Mesh Network System was evaluated against traditional static mesh
architectures (e.g., standard RPL) over a 72-hour operational cycle on the 30-node

Network Performance & Dataset Characteristics :

Parameter / Metric System Configuration / Value

Total Test bed Nodes 30 Nodes

Radio Protocols IEEE 802.15.4 / BLE Mesh / LoRa
Microcontroller Platform ESP32 (Low-Power Deep Sleep Mode)
Application Protocol MQTT over Mesh

Transmission Frequency 10s to 300s (Dynamic)

LSTM Prediction MSE 0.052%

Evaluation Period 72 Hours

Comparative Energy Consumption Analysis :

The integration of the DEAMR routing algorithm and the LSTM-driven sleep scheduler achieved substantial power
savings compared to standard uncoordinated mesh routing:

o Energy Reduction: Node battery consumption was reduced by 18.5% to 48.2% across various topological
locations (leaf nodes vs. intermediate relay nodes).
o Transmission Reliability: The Packet Delivery Ratio (PDR) was maintained at 98.4%, demonstrating that

predictive sleeping does not compromise telemetry integrity.
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. Overhead Minimization: Control signal traffic was reduced by 32% compared to standard RPL due to the
elimination of frequent route-discovery broadcast floods.

VII. DISCUSSIONS

The empirical results confirm that combining lightweight protocol structures with predictive intelligence
successfully mitigates the primary weaknesses of low-power mesh networks.

Traditional mesh networks suffer from rapid battery depletion on intermediate relay nodes due to continuous channel
listening. By using an LSTM model to forecast traffic spikes, intermediate nodes remain in low-power deep sleep
during low-activity windows without dropping critical telemetry packets.

Furthermore, the dynamic link-cost calculation in Algorithm 1 prevents the formation of "energy hotspots" by routing
traffic around energy-depleted nodes. While initial setup overhead increases slightly during the LSTM model training
phase, the operational longevity gained by the edge nodes makes this system highly effective for long-term unattended
IoT deployments in agriculture, smart environments, and industrial monitoring.

In testing, this proactive routing framework achieved up to a 35% reduction in overall node power consumption
compared to standard flooding mechanisms. Consequently, integrating these predictive algorithms into modern standard
protocols provides a scalable blueprint for energy-constrained networks.

BLE (Bluetooth Low Energy), which is now a common option for 10T applications, started to support mesh
networking in 2017. Following is the High Level example of Mesh Network System.

N ; Node 1D call-outs . .
System Configuration “ ESP32/ Deep S,eepj Adaptive Managed Flooding Flow
 Multirastic Zero-Hop Messaging
« Blooding contertion 39 ¥ Node ID call-outs
* Dynamic Next-hop Routing ESP32/ Deep Sleep 72 hour eval l
* Dynamic Next or Routing A 98.4% PDRJ
N

data | |
o LatencyRelnablbty

a

.E SUBSCRIBER 3

/’
/ \

ﬂ de ID oult: ——— Flooding 72 hour eval
R — Unicast 98.4% PDR
ESP32 / Deep Sleep

Radio protocol

------ BLE (Bluetooth Low Energy) Mesh
Flooding

~—— Unicast

SNR meters

SUBSCRIBER 2
Figure 4 : Real-World Bluetooth Device Diagram

VIII. CONCLUSIONS

This paper introduced a low-power mesh network system to solve energy depletion, high control signal overhead, and
short operational lifespans in multi-hop loT deployments. By pairing the Dynamic Energy-Aware Multi-Hop Routing
(DEAMR) algorithm with an LSTM-driven predictive sleep scheduler, the system routes data around energy-depleted
nodes and adjusts active-sleep intervals based on forecasted traffic patterns.
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Experimental tests on a 30-node test bed showed:

Energy Savings: Node power consumption dropped by 18.5% to 48.2%, depending on the node's position in

the network.

Overhead Reduction: Control signal traffic decreased by 32% compared to standard routing protocols.
High Reliability: The system maintained a 98.4% Packet Delivery Ratio (PDR), proving that predictive

sleeping does not lose critical data.

Overall, combining lightweight messaging (MQTT) with predictive machine learning significantly improves energy
efficiency without sacrificing network reliability. Future work will focus on running edge-Al models directly on
microcontrollers to remove cloud dependencies and testing the system in ultra-dense, multi-tier mesh networks.
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