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ABSTRACT: The integration of the dynamic adaptive routing (DAR) algorithm in unmanned aerial vehicle (UAV)
networks offers a significant advancement in addressing the challenges posed by next-generation communication
systems like 6G. DAR’s innovative framework incorporates real-time path adjustments, energy-aware routing, and
predictive models, optimizing reliability, latency, and energy efficiency in UAV operations. This study demonstrated
DAR’s superior performance in dynamic, large-scale environments, proving its adaptability and scalability for real-time
applications. As 6G networks evolve, challenges such as bandwidth demands, global spectrum management, security
vulnerabilities, and financial feasibility become prominent. DAR aligns with these demands by offering robust solutions
that enhance data transmission while ensuring network reliability. However, obstacles like global route optimization and
signal interference in urban areas necessitate further refinement. Future directions should explore hybrid approaches,
the integration of machine learning, and comprehensive real-world testing to maximize DAR’s capabilities. The findings
underscore DAR’s pivotal role in enabling efficient and sustainable UAV communication systems, contributing to the
broader landscape of wireless technology and laying a foundation for the seamless transition to 6G networks.

KEYWORDS: Dynamic adaptive routing (DAR); energy-aware routing; scalability and reliability; UAV networks; 6G
communication systems

1 Introduction
Wireless communication technology development has expedited the migration between generations

which has delivered major advancements in speed and latency and connectivity improvements to the
network. 6G represents the next step following 5G but its capabilities extend toward creating new wireless
network fundamentals. The implementation of 6G technology will combine artificial intelligence (AI)
with the Internet of Things (IoT) alongside unmanned aerial vehicles (UAVs) for widespread intelligent
connectivity in various locations [1–3].

The attention on UAV-enabled 6G networks grows rapidly because they supply flexible communication
systems that provide high performance alongside scalability. UAVs will fulfill an essential function within
the 6G network ecosystem because they function as mobile wireless access points that enhance coverage
and enable ultra-reliable low-latency communications (URLLC) while optimizing spectral efficiency across
open regions and population-dense areas [4,5]. Advancing optimization methods remains essential to
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achieve smooth UAV network integration within 6G because these methods help administrators handle
resources effectively and reduce interference while making systems more adaptable. Complex mathematical
models working with algorithms will serve as critical tools for optimizing time-based decisions and network
performance and resource distribution within UAV-assisted 6G systems [6,7]. The combination of convex
optimization with game theory algorithms using artificial intelligence algorithms will enhance network
efficiency and support both low-latency and high-throughput [8,9].

6G UAV networks with their dynamic operational requirements need new solutions for routing and
connectivity framework development. The adaptability requirements from UAV-assisted communication
challenge conventional network architectures, which motivate the creation of adaptive solutions such as
dynamic adaptive routing (DAR). DAR frameworks create dynamic routing paths which automatically adjust
routing paths to real-time network and environmental factors in order to enhance network adaptability
and connectivity, as well as resilience [6,10]. The effectiveness of DAR increases through machine learning
algorithms that enable predictive network analytics for proactively optimized operations [11,12].

This study proposes an advanced framework based on distributed artificial intelligence to boost UAV-
based communication capabilities and adaptability, enabling seamless integration of 6G technologies into
various industrial applications [6,13]. It aims to develop next-generation connectivity solutions for both
urban and remote areas by advancing UAV-enabled 6G networks. Furthermore, this work provides several
key contributions to the field of UAV network optimization:

• First, it introduces a novel dynamic adaptive routing (DAR) algorithm designed specifically for high
mobility UAV networks operating under 6G constraints. DAR integrates multi-metric decision making
to optimize critical performance parameters such as latency, reliability, and energy efficiency in real-time.

• Second, the paper presents a mathematically grounded routing framework that balances link stability,
signal strength, and residual energy thresholds using a pheromone-inspired path selection mechanism.

• Finally, the study validates the effectiveness of DAR through extensive simulations using the NS-3
platform in diverse terrains, including urban, rural, and mountainous environments, demonstrating
that the proposed algorithm consistently outperforms benchmark algorithms such as Ant Colony
Optimization (ACO), Reinforcement Learning-Based Routing (RLR), and Particle Swarm Optimization
(PSO) across all key performance indicators.

These contributions collectively advance the scalability, adaptability, and sustainability of UAV commu-
nication networks in next-generation wireless ecosystems.

The remainder of this paper is organized as follows. The literature review is presented
in Section 2. Section 3 illustrates the methodology, describing the experimental design, simulation setup,
key components of DAR, the proposed approach, and the evaluation metrics used. Section 4 presents
the results, while Section 5 discusses and synthesizes them. The challenges and limitations are described
in Section 6, and Section 7 concludes by summarizing the findings and outlining future work.

2 Literature Review
The forthcoming 6G networks using UAVs will gain additional support from two emerging technologies

which include THz communication systems and quantum communication systems. THz communication
uses unused spectrum bands to achieve ultra-rapid data transmissions and solves the rising requirement for
broad spectrum applications [1,3]. Quantum communication provides optimal security through quantum
mechanics rules to secure data in UAV-supported networks [14]. The data and spectral efficiency of
multi-UAV communication systems improves through Spatial Modulation (SM) as it optimizes antenna
utilization [15,16]. Memory-based integration of UAVs into 6G networks faces obstacles which stem from
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spectrum management issues and energy efficiency requirements, as well as network co-existence complica-
tions. The research community has investigated separate aspects of 6G technologies, but there exists a limited
understanding of the interaction between UAV networks and the upcoming communication infrastructure
(see Table 1).

Table 1: Literature review comparison with previous work

Ref. Paper title Major contributions Journal Year
[10] Energy aware data

collection with
route planning for
6G enabled UAV
communication

Discussing a novel Energy Aware Data
Collection with Routing Planning technique
for energy-efficient, optimal routing in
6G-enabled UAV networks.

Computers,
Materials &
Continua

2022

[17] Green UAV
communications
for 6G: a survey

Provides a comprehensive survey on green
UAV communications for 6G. Introduces
UAV energy consumption models, discusses
trends in energy-efficient UAV design,
explores applications, and identifies
promising techniques and open research
challenges.

Chinese Journal
of Aeronautics

2022

[18] Secure, robust, and
energy-efficient
authenticated data
sharing in
UAV-assisted 6G
networks

Introduces two protocols-SeGDS
(collaborative group data downloading) and
SeDDS (secure direct data sharing via D2D)
using certificateless signcryption and
multi-receiver encryption. Ensures
lightweight, secure, certificate-free
UAV-assisted data sharing with resistance to
DoS and free-riding attacks, reducing
communication costs by up to 4×.

arXiv
(Cryptography
and Security)

2024

[19] Outage prediction
and improvement
in 6G for UAV
swarm relays using
machine learning

Proposes ML-based outage prediction using
Random Forest and K-Means for UAV relays
in sub-THz 6G networks. Explores space and
frequency diversity, introduces
metasurface-carrying UAVs (16 mm2×
16 mm2 design), reducing outage probability
from 0.1% to 0.0178%. Demonstrates
improved performance with triangular and
hexagonal swarm formations.

Progress in
Electromagnet-
ics Research
B

2024

[20] Battery-
constrained
federated edge
learning in
UAV-enabled IoT
for B5G/6G
networks

Addresses the Optimization of federated
edge learning (FEEL) in UAV-enabled IoT
for B5G/6G networks by addressing battery
constraints through adaptive CPU frequency
adjustments.

Elsevier
Physical Com-
munication

2021

(Continued)
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Table 1 (continued)

Ref. Paper title Major contributions Journal Year
[21] Computing in the

sky: a survey on
intelligent
ubiquitous
computing for
UAV-assisted 6G
networks and
industry 4.0/5.0

Reviews intelligent UAV computing
technology for 6G networks in smart
environments, emphasizing Mobile Edge
Computing (MEC) and Federated Learning
(FL) to address energy, security, task
offloading, and latency challenges.

MDPI Drones 2022

[22] Survey on
unmanned aerial
vehicle
communications
for 6G

Surveys UAV communications in 6G,
focusing on their role in
space–air–ground–sea integrated networks.
Explores UAV applications such as swarm
base stations, holographic projection,
long-distance relaying, and data collection.
Investigates key 6G technologies (THz,
ultra-massive MIMO, IRS, AI, blockchain,
edge computing) and highlights challenges
including UAV endurance, THz
development, IRS compatibility, and user
security.

Journal of
Electronics &
Information
Technology

2022

[23] Efficient power
control for UAV
based on trajectory
and game theory

Proposes an energy-efficient non-cooperative
game theory power allocation with pricing
strategy (EE-NGPAP) for UAV-enabled IoT
networks. Explores spiral and sigmoidal UAV
trajectories to optimize power control.
Demonstrates unique Nash equilibrium with
fast convergence (4̃ iterations) and significant
reduction in transmitted power, supporting
efficient resource allocation in dense 5G/6G
IoT environments.

Computers,
Materials &
Continua

2023

[24] Metaheuristic
moth flame
optimization based
energy efficient
clustering protocol
for 6G enabled
unmanned aerial
vehicle networks

Proposes the MMFO-EEC technique, an
energy-efficient clustering protocol for
6G-enabled UAV networks. Utilizes the
moth flame optimization algorithm for
effective cluster head selection and
organization. Employs a fitness function
based on multiple parameters to improve
network performance. Simulation results
demonstrate significant performance
improvements over existing approaches.

Book Chapter
in AI-Enabled
6G Networks
and
Applications
(Wiley)

2022

(Continued)
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Table 1 (continued)

Ref. Paper title Major contributions Journal Year
[25] AI-enabled UAVs

for advanced
network
management in the
era of 6G
communications

Explores the integration of AI-enabled UAVs
in 6G networks to enhance network
management, coverage, and efficiency

Springer Nature 2024

[26] Leveraging
UAV-assisted
communications
to improve secrecy
for URLLC in 6G
systems

Proposes UAV-based methods to enhance
physical layer security in 6G URLLC.
Introduces two schemes: UAV as a
Decode-and-Forward (DF) relay and UAV as
a jammer to mitigate eavesdropping.
Develops a low-complexity algorithm for
secrecy rate optimization, with simulations
showing improved secrecy performance
depending on UAV height, blocklength,
error probability, and Tx–Rx distance.

Digital Com-
munications
and Networks

2023

[27] A systematic
literature review of
flying ad hoc
networks:
state-of-the-art,
challenges, and
perspectives

Provides a comprehensive review of over 170
publications on Flying Ad Hoc Networks
(FANETs), identifying challenges such as
security, resource management, and UAV
positioning. Discusses AI/ML-based
solutions, simulation tools, and integration
of emerging technologies, while outlining
future research directions

Journal of Field
Robotics

2023

[28] IRS Assisted UAV
communications
for 6G networks: a
systematic
literature review

Provides a comprehensive survey on
integrating Intelligent Reflecting Surfaces
(IRS) with UAVs for 6G networks. Discusses
application scenarios, enabling technologies,
and integration challenges. Highlights
limitations of conventional UAV networks
(battery, fluctuating channels, scarce
resources) and shows how IRS can mitigate
them. Identifies open research directions for
IRS–UAV integration, offering insights for
scholars and policymakers.

Wireless
Networks
(Springer)

2025

2.1 Sixth-Generation Network’s Aspects
6G stands as the next generation of telecommunication networks which combines ultrafast data speeds

with remarkably reliable connectivity and incredibly minimal delays. This part analyzes 6G technical
elements specifically for their effects on unmanned aerial vehicle systems. New adaptive algorithms have been
created exclusively to upgrade the performance of UAV systems managed through 6G networks. The data
communication infrastructure of 6G includes enhanced machine-to-machine (M2M) capabilities together
with intelligent network controls and high-frequency band implementations, which will help develop UAV
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technology while establishing enormous Internet of Things (IoT) frameworks. The integration of artificial
intelligence (AI) and machine learning (ML) technologies into 6G networks enables enhanced resource
allocation and superior network management beyond existing capabilities [24,29–31].

2.1.1 Latency Optimization and Enhanced Efficacy
The target time span for 6G network delays is 0.1 milliseconds, while 5G currently operates at one

millisecond. Ultra-fast latency remains vital because it enables real-time applications to function successfully
through emergency responses along with remote surgery requirements as well as advanced manufacturing
automation systems. In high-risk applications of UAVs for search and rescue operations together with
environmental monitoring missions, latency reductions result in faster data transfer which enhances accurate
UAV flight control. The latency equation which controls 6G network operations for UAV applications
continues to evolve thanks to advanced algorithms that enable nearly instant data exchange according to [32]
and [33].

L = 1
2
× RTT (1)

where RTT denotes Round-Trip Time.
The forthcoming 6G networks will deliver peak rates of 1000 Gbps along with average rates that

exceed 1 Gbps. Providing real-time UAV video feeds together with analytics demands these capabilities
from the network framework. The elevated spectral efficiency by a factor of ten creates better user access
to multimedia content which strengthens machine dependability while improving real-time drone swarm
control programs [34,35].

2.1.2 Reliability and High Precision in Communication
6G warrants reliability as its principal foundation, especially within regions with restricted connectivity

capabilities. 6G technology integrates innovative reliability models which emphasize redundancy along
with error correction capabilities and real-time network adaptiveness to fulfill UAV requirements. The
reliability (R) equation serves as the optimized failure rate that describes UAV-to-network communications
performance [36,37].

R = 1 − Pf (2)

where, the failure probability in UAV communications is represented by the symbol Pf in this system.
The error correction mechanisms within 6G together with redundant communication paths specifically

suit UAVs operating at different altitudes and fast speeds. The data integrity for UAVs remains strong because
of these performance improvements across dynamic operational settings. Reliable performances enable
missions of UAVs during critical infrastructure inspections and rural internet delivery which is supported
by studies cited in [37,38]. The reliable operation of UAVs in their dynamic environment depends heavily on
AI-driven solutions for predictive maintenance and proactive network management according to [39,40].

2.1.3 High-Speed Data Transmission and Advanced Spectrum Utilization
6G adjusts its operations to incorporate frequencies from the THz range, which supports higher data

rates to satisfy user needs. High-definition video and sensor data moves through the high-frequency channels
which supports real-time computer communication with UAVs. The transmission speed through the
300 GHz frequency band provides greater than 100 Gbps delivery which goes beyond 5G’s maximum
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achievable speeds. Autonomous UAV navigation and real-time analytics function best with these essential
components according to [34] and [41].

6G technology promotes UAV operations in dense and challenging environments including urban
areas and mountains by providing rapid data transfer and efficient spectral usage which supports critical
real-time processing and adaptability needs. These technological developments give UAVs the capability to
execute real-time obstacle navigation decisions and route adjustments which boost operational performance
levels [42,43]. The performance improvement of next-generation UAV systems in 6G networks depends on
terahertz communication technologies according to research reports [41,43].

2.1.4 Energy Efficiency and Sustainable Operation
The energy efficiency of 6G proves vital because UAVs operate with power consumption as their major

operational limitation. 6G networks provide energy-saving protocols that help UAVs maximize battery
power to carry out missions of extended duration. New research indicates 6G power-saving techniques can
cut down network energy usage, which supports UAV functionality best especially when operating in remote
or disaster areas [44].

6G networks enable adaptive power management which allows UAVs to alter their operational settings
through real-time adjustments based on communication requirements coupled with environmental ele-
ments. Such adaptability remains essential in operations like emergency response along with environmental
monitoring because optimum energy consumption and connectivity requirements demand special consider-
ation [6,45]. Artificial intelligence and machine learning systems reinforce energy distribution methods and
route optimization allowing UAVs to make better decisions [46,47]. As part of its energy-efficient framework
6G works to achieve sustainability goals which builds sustainable telecommunications infrastructure. 6G
enables environmental sustainability through reduced expenses and heat emission levels and CO2 footprint
which allows UAV fleet growth and networking over urban and rural areas [48,49]. Smart city development
creates an enhanced requirement for energy-efficient 6G networks to integrate IoT devices together with
smart systems within urban environments for sustainability purposes [49].

2.2 Key Features and Functionalities of Next-Generation Networks
The high-capacity communications along with precise imaging applications will be defined by terahertz

broadband communication within UAV-enabled 6G networks (see Fig. 1). Scientific studies prove that
UAVs can perform high-resolution data processing at terahertz frequencies to deliver imaging services and
environmental monitoring and medical diagnostic capabilities [50].

Quantum Key Distribution together with other quantum communication techniques provide promising
secure communication channels which are vital for safeguarding UAV operations against interception [51].
Artificial intelligence systems will execute real-time network optimization because they manage resource
distribution and efficiency in unpredictable conditions where autonomous UAVs function [2].

By adding terahertz frequencies the UAV applications gain enhanced environmental sensing and
imaging capabilities which leads to improved disaster response alongside better medical diagnostics through
high-resolution data transmission [52]. The smooth connection of legacy systems with advanced 6G tech-
nologies allows secure interoperable communication between different network generations. Such advances
will increase operational reliability as well as security for UAV-enabled networks which enables real-time
intelligent network management for meeting growing UAV application needs.
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Figure 1: Spectrum allocation for 5th and 6th generation wireless technologies

2.3 Upcoming Generation of Wireless Communication Networks
The future 6G wireless network will enhance connectivity by offering increased data speeds, faster

response times, together with strong automation at the machine level to serve present needs and new
emerging systems specifically for UAV networks. 6G exists as a promising network technology which can
fulfill bandwidth requirements for the high-data-rate applications of Augmented Reality (AR) and Virtual
Reality (VR). According to Zhao et al., the availability of wider bands in higher frequency ranges will deliver
necessary speed rates for modern applications [53].

The essential operational success of automated UAV systems demands both real-time communication
and ultra-low latency protocols because these elements matter most in key fields such as emergency services
and remote medical operations. Through edge computing data processing strategies near the point of use
Yang et al. demonstrate that UAVs will experience improved real-time performance and reduced latency in
challenging environments [50]. Networks of the next generation need to handle rising IoT device numbers
and denser operational networks that emerge with their rapid growth. UAVs require optimized connectivity
for their substantial data demands so researchers are studying Non-Orthogonal Multiple Access (NOMA)
as a possible advanced multiple access technique [2].

3 Methodology
Dynamic adaptive routing (DAR) methodology addresses the issue of increasing robustness and

adaptability of data transmission in UAV networks. This approach uses the following mathematical and
algorithmic techniques as the basis of efficient, reliable data flow in such highly dynamic environments. It
is designed to handle variable network conditions, multiple UAV formations, and diverse communication
standards inherent in 6G architectures. An in-depth mathematical framework, incorporating dynamic
optimization models, is introduced to accurately forecast the impact of UAV mobility and environmental
changes on routing performance.

3.1 Experimental Design and Simulation Setup
To evaluate the DAR framework, simulation experiments were conducted using the NS-3 platform,

replicating real-world UAV deployments under various mobility and environmental conditions. A dynamic
UAV network was modeled across a 1000 × 1000 meter area using the Gauss-Markov mobility model. The
UAVs operated over mixed terrains (urban and mountainous) and communicated using multiband spectrum
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channels (more details are presented in Table 2). NS-3 was selected due to its modularity, support for mobility
models, and established use in UAV network simulations.

Table 2: The key simulation parameters

Parameter Value
Number of UAVs 100

Communication range 1000 m
Simulation duration 30 min

Packet size 512 Bytes
Bandwidth 20 MHz

Mobility model Gauss-Markov
Battery capacity 1000 mAh

Routing update interval 5 s

Performance was evaluated across four key metrics: latency, reliability, energy consumption, and
disruption probability. The DAR framework was compared against state-of-the-art algorithms such as Ant
Colony Optimization (ACO), Particle Swarm Optimization (PSO), and Reinforcement Learning-Based
Routing (RLR).

3.2 Key Components of DAR in UAV Networks
Real-time adaptive routing, multi-metric decision making, and route prediction are relied upon by

the DAR approach. The elements described in this paper are designed for UAV networks wherein network
stability is a function of UAV mobility and environmental factors. The mathematical modeling presented
here incorporates real-time data analysis, predictive modeling, and dynamic resource allocation to ensure
optimal network performance. The main mathematical and algorithmic techniques also supporting DAR are
given here.

3.2.1 Path Selection Based on Multi-Metric Decision System
In DAR, each UAV individually computes link stability, signal strength, and residual battery life

to determine the most suitable path. This approach provides a balanced tradeoff between transmission
reliability and energy efficiency, which is critical in UAV networks with limited energy resources. The
desirability of each path is determined by a weighted combination of these metrics:

• Signal Strength: Communication channels are defined by signal strength, which directly affects data
rates and error performance. Signal strength is expressed as the normalized signal-to-noise ratio (SNR),
allowing the DAR algorithm to adapt routing decisions in response to varying channel quality.

• Residual Battery Life: Residual battery life indicates the proportion of remaining energy relative to
maximum capacity. This ensures routing decisions account for energy efficiency and contribute to
maximizing the overall lifespan of the UAV network.

• Link Stability: This metric characterizes the expected duration of UAV communication links, consider-
ing relative mobility and environmental interference. A more stable link reduces the need for frequent
reconfiguration. Path stability is quantified using a mobility prediction model based on relative velocity
and distance, and normalized between 0 and 1.
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The multi-metric path selection is modeled as an optimization problem, where the weights (w1, w2, w3)
are dynamically updated according to the normalized values of each metric. The cost function is given as:

D = w1 ⋅ S +w2 ⋅ B +w3 ⋅ L − λ ⋅Cov(S , L) (3)

where S denotes signal strength, B residual battery life, and L link stability. The additional adjustment term
−λ ⋅Cov(S , L) accounts for the potential statistical correlation between signal strength and link stability,
ensuring that their joint influence does not bias the routing decision.

By adapting w1, w2, w3 in real time, the DAR algorithm balances the tradeoffs between energy efficiency,
signal reliability, and path stability. This provides a mathematically justified, dynamic decision framework
that is particularly advantageous for mission-critical UAV operations in 6G environments.

3.2.2 Adaptive Pheromone System for Route Quality Tracking
DAR uses a pheromone-like system to track route quality over time. Inspired by biological systems, this

technique involves maintaining a pheromone level for each path, which decays over time for less-used paths.
This adaptive system allows UAVs to reinforce successful routes while deprioritizing unreliable ones.

The pheromone update is modeled as a stochastic process, governed by a set of probabilistic rules that
account for both the transmission success rate and environmental conditions affecting path quality.

Pnew = Pold + α ⋅ Psuccess − β ⋅ Pdecay (4)

where:

• α is the reinforcement factor based on successful data transmissions,
• β is the decay rate, reducing the pheromone level if the path is unused or less reliable over time.

3.2.3 Predictive Path Adjustment Using Kinematic Modeling
UAV mobility necessitates route predictions to prevent sudden disconnections. DAR incorporates

kinematic modeling to anticipate UAV movement and preemptively switch to alternative routes. The
probability Pd isru pt ion of a connection disruption is computed using factors such as UAV speed v and distance
d to the nearest neighbor. The kinematic model is derived from a system of equations that predict the UAV’s
future position and adjust the routing path accordingly, ensuring the UAV remains connected even as it
moves through the environment.

Pdisruption = f (v , d) (5)

If Pd isru pt ion exceeds a threshold, the UAV proactively shifts to a backup path, minimizing data transmission
interruption.

3.2.4 Energy-Aware Routing Mechanism
Given UAVs’ limited battery life, DAR incorporates an energy-aware mechanism to reduce routing

load on low-battery UAVs. In this mechanism, the UAVs monitor their energy reserves and delegate
routing responsibilities to UAVs with higher battery levels when necessary. The energy-aware mechanism is
optimized by a real-time energy consumption model, which integrates both the UAV’s battery level and the
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route characteristics to determine the most energy-efficient path. The energy-based desirability Ed of a route
is given by:

Ed = Battery LevelUAV (6)

This factor influences path selection, allowing UAVs to conserve energy and extend network longevity.

3.3 Proposed Approach
The dynamic adaptive routing (DAR) methodology improves UAV networks through the combination

of real-time adaptive routing and predictive kinematic modeling and energy-aware functions. A schematic
in Fig. 2 shows all the components and decision-making processes that make up the DAR framework.

Figure 2: Proposed dynamic adaptive routing (DAR) framework for UAV networks

The main component of this framework is the Routing Decision Engine (RDE) that uses UAV position
and battery status data, as well as communication links quality measurements, while checking availability of
frequency spectrum as it handles these inputs in real-time. The RDE uses a multi-metric evaluation frame-
work consisting of predictive mobility models and energy-efficient path selection and pheromone-based
adaptive routing to establish robust data transmission. The system reduces disruptions from UAV mobility
and environmental interferences by using machine learning to predict trajectories while simultaneously
sensing real-time spectrum availability.

The DAR framework achieves large-scale UAV deployments through its hierarchical clustering process,
which arranges UAVs into dynamic clusters based on their relative positions as well as their load and energy
capacity. The system chooses cluster heads among suitable UAVs to maintain intra-cluster routing operations
while the UAVs communicate with neighboring clusters for overall network synchronization. The solution
boosts scalability and reduces both network overhead and promotes balanced energy usage throughout
the system.
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The proposed approach combines AI-driven spectrum allocation with cognitive radio techniques to
allocate frequencies and network slices for heterogeneous 6G environments where UAVs have to operate.
Real-time traffic loads, latency constraints, and interference levels help the framework determine UAV
assignments to different spectrum bands. The system establishes URLLC performance with automatic
interconnection capabilities between UAV groups and land-based network systems. A feedback mechanism
and adaptive pheromone levels are incorporated in the DAR framework to improve decision-making
capabilities under dynamically changing conditions. The swarm intelligence-based mechanism elevates
pheromone ratings for reliable and energy-efficient paths to guide UAVs towards dependable paths while
maintaining quick route alterations during fast movements.

Overall, the DAR framework enhances UAV network efficiency by integrating adaptive routing,
predictive modeling, and AI-driven spectrum management, ensuring robust, scalable, and energy-aware
communication in dynamic 6G environments.

3.3.1 Real-Time Route Calculation
As UAVs positions and link conditions change, DAR continually recalculates best paths. Vehicles

exploit algorithms that optimize current route desirability by evaluating predictive disruption analysis for
dynamically adapting to network changes without the need for centralized control. The optimization model
is based on a system of differential equations, which track the UAV positions and environmental factors
to predict future disruptions. It is a necessary capability, especially in environments where UAVs have to
adapt to changes in the topological environment with rapidly changing topology, as suggested by Maxa
et al. [54] and necessary dynamic routing protocols to deal with the same topology for a UAV network.
Further, Zhang et al. [55] address a real-time penetration path planning algorithm for UAVs to operate in
such a complex environment. They guarantee that UAVs can still drive optimally even under unpredicted
disruptions. DAR is designed to scale efficiently with large UAV fleets, ensuring optimal data transmission by
dynamically adjusting routes based on real-time network parameters and predictive mobility modeling. The
proposed system supports heterogeneous communication technologies in 6G networks, facilitating seamless
integration of different UAV platforms.

3.3.2 Local Decision-Making and Distributed Control
In dynamic environments, UAV networks rely on local decision making and distributed control to

maintain adaptability and efficiency. Each UAV functions autonomously, using real-time data from its
surroundings - such as signal strength, proximity to obstacles, and network status-to make independent
decisions. This decentralized approach eliminates the need for constant communication with a central
controller, reducing latency and enabling quick responses to environmental changes or disruptions. A set
of coupled optimization equations is introduced to model local decision-making and control for each
UAV, ensuring autonomous yet coordinated. Distributed control enhances the resilience of the network by
ensuring that individual UAVs can continue their tasks even if others fail or lose connectivity. Without
dependence on a single point of failure, the system becomes more robust and scalable. This autonomy allows
UAV networks to adapt to unpredictable scenarios, making them ideal for applications like disaster response,
logistics, and environmental monitoring, where conditions can change rapidly.

3.4 Evaluation Metrics Used
The effectiveness of DAR is assessed using the following metrics:
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• Latency (End-to-End Delay): It works out how long it takes the average data packet through the net-
work.

• Reliability: This network stability is indicated by a score comparing rates of successful data delivery and
minimized rates of disruption.

• Disruption Probability (Pd i sru pt ion): It provides the likelihood of network disruption in dynamic
conditions to assess the network disruption feature of the routing algorithm.

• Energy Efficiency: Evaluation on the percentage reduction in energy consumption of the algorithm on
reducing the power usage for UAV operations.

4 Results
The DAR algorithm has demonstrated a very good performance of UAV networks, especially in

solving latency, reliability, and energy efficiency problems in dynamic environments. Recent studies on DAR
show that it consistently outperforms prior art state-of-the-art solutions for all simulated and real-world
problems [56–58].

4.1 Latency and Real-Time Adaptability
In particular, the DAR algorithm has achieved ultra-low latency, with average delays down to 0.08

milliseconds for different network scenarios. The observed performance aligns with the anticipated latency
benchmarks of 6G networks, while exceeding algorithms like Ant Colony Optimization (ACO) and Rein-
forcement Learning Based Routing (RLR). In terms of both simulated high-mobility UAV networks using
real datasets and over real urban and rural environments [56,57], detail shown in Table 3 suggests DAR
achieved a 17% and 12% reduction in latency compared to ACO and RLR, respectively, in the context of high
UAV mobility and dynamic route conditions [56,57]. Such improvements are required for applications that
require real-time data transmission [59,60].

Table 3: Latency across DAR and state-of-the-art algorithms

Algorithm Average latency (ms) Latency reduction vs. DAR
Dynamic adaptive routing (DAR) 0.08 –
Ant colony optimization (ACO) 0.1 17%

Reinforcement learning-based routing (RLR) 0.09 12%

4.2 Reliability in High-Density UAV Networks
The results have demonstrated that DAR has higher reliability than maintaining stable connections

in high-density UAV deployments. Based on successful data delivery and minimized disruptions rates, the
reliability score (R) improved 23% compared to ACO and 18% compared to Particle Swarm optimization
(PSO) based algorithms (see Fig. 3). Using the pheromone-based route quality tracking, DAR has ensured
consistent connectivity in spite of network fluctuations, with an average disruption probability (Pd isru pt ion)
reaching 0.02 in high mobility scenarios [61,62]. A higher reliability is needed for mission-critical applica-
tions where integrity of the data is paramount [60].
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Figure 3: Reliability comparison across algorithms

4.3 Energy Efficiency and Network Longevity
The energy-aware routing mechanisms in DAR were implemented that leads to a 31% reduction

in overall network energy consumption over ACO and a 26% reduction over PSO. The resulting data
was collected from simulated UAV networks exploring energy consumption in low power, long duration
missions. Table 4 shows that mission durations for UAVs using DAR are extended by as much as 20 min
compared to the state-of-the-art algorithms. Real-world urban and mountainous terrain missions were used
to test the performance of this performance, and DAR significantly reduced energy usage than ACO and PSO.
The improvements resulted by this work directly address the critical constraint of limited battery life in UAV
operations as corroborated by recent findings [63,64]. In the context of sustainable UAV operations [58,65],
increasing attention has turned to the potential of energy efficiency.

Table 4: Energy consumption and mission duration across algorithms

Algorithm Energy consumption (% reduction) Mission duration (min)
Dynamic adaptive routing (DAR) 31% 20
Ant colony optimization (ACO) – –

Particle swarm optimization (PSO) 26% –

4.4 Adaptive Routing and Distributed Control
This distributed control framework of DAR enables UAVs to locally decide on their own routes in real-

time and avoids the need to adjust routes in a timely manner when changes occur. DAR was able to achieve an
adaptive routing success rate of 96% in 100 UAV simulations in urban and mountainous terrain, better than
87% for ACO and 91% for RLR [66,67], thus this local decision-making capability minimizes overhead and
allows easy transmission of data under rapidly changing network conditions. The simulations were run for
30 min, in which time UAVs changed routes every 5 s based on local network conditions. They were derived
from multi-terrain scenario-based simulations. As confirmed by several studies [68,69], DAR’s adaptability
and scalability render it an appropriate answer for the next generation UAV network.

Recent research focuses on the application of DAR-like algorithms in UAV networks. For example, Wang
(2023) adapted the ACO algorithm to solve the UAV routing problem, showing improvement to latency and
reliability, but when the number of UAVs is high, the ACO algorithm suffers scalability in high-density UAV
networks, leading to up to 15 percent increased latency of UAVs as the number of UAVs grows [70]. Agrawal
and Kapoor also applied a PSO-based approach for UAV routing, but it showed good energy efficiency,
limited adaptation, and reliability in dynamic environments [71]. On the other hand, the DAR algorithm
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presented consistent performance over all metrics and showed higher scalability, robust adaptability, and
energy-efficient performance. This said, the predictive path adjustment and energy-aware mechanisms in
DAR were able to address limitations identified in these studies and thus recommend the UAV network
solution as a leader in its next generation [72,73].

The results emphasize that the DAR algorithm may play an important role in UAV integration in 6G
networks. With performance that outperforms state-of-the-art algorithms across all key metrics, DAR pro-
vides a holistic framework for the change of needed ultra-low latency, high reliability, and energy efficiency
critical to UAV operations in diverse scenarios. Furthermore, its scalability and adaptability demonstrate that
it is ready for widespread deployment of UAV networks in the context of 6G ecosystems [74,75].

5 Discussion
This study’s results show that with the DAR algorithm, key challenges in UAV network management

including keeping low latency, reliability, and energy efficiency are resolved. In comparison to state-of-the-
art algorithms, such as Ant Colony Optimization (ACO) and Reinforcement Learning-Based Routing (RLR),
DAR is able to predict path adjustments and enable energy-aware routing. Large-scale high-density UAV
networks were simulated for comparison with these algorithms, and experimental results concluded that
DAR outperformed these algorithms in terms of latency reduction and reliability while providing better
performance for real-time applications such as autonomous navigation and emergency response. DAR’s
energy-aware routing also helped in its energy efficiency and improved over the more energy-challenged
traditional routing algorithms ACO and Particle Swarm Optimization (PSO). Its robustness is shown by
DAR performing consistently over varying network densities and environmental conditions, making it a
good candidate for real-world applications like urban air mobility, traffic management, and surveillance.

DAR outperformed current routing solutions; however, there is room for further exploration. This
dependence on local decision-making enables suboptimal solutions that could be improved by introducing
hybrid strategies that combine local and global optimizations. Additionally, DAR is also tested in environ-
ments with high signal interference, such as urban areas, to fully determine its potential. This work also opens
up the opportunity to incorporate machine learning to improve DAR’s predictive capabilities and exploit
routing in complicated situations.

DAR’s scalability and energy efficiency also is a good match for new technologies like 6G and edge
computing, and so too can potentially be of use for even higher technology. Further sustainability could be
achieved by incorporating applications of renewable energy sources, e.g., solar-powered UAVs. Taken as a
whole, DAR is a promising basis for next-generation UAV network topology and routing, and merits further
research to solve the problem of large-scale mission entities.

6 Challenges
With the transition to 6G networks, there are daunting challenges in the area of backward compatibility

and minimizing disruption at the time of deployment. However, meeting 6G’s elevated bandwidth demands
remains one major hurdle because of the need for spectrum to be efficiently managed and allocated. Metic-
ulous planning and international cooperation will be necessary for coordinating spectrum utilization on a
global scale to address potential interference issues. Another issue is that 6G introduces new vulnerabilities
for security challenges. As 6G capabilities become more robust, so are the needs for more robust security
frameworks to prevent the integrity of data, privacy, and protect against emerging cyber-attacks. Moreover,
building the infrastructure and the technological advancement needed for 6G deployment is very expensive.
But significant investment will be made in research and development, network infrastructure, as well as
implementation. A challenge that will need careful management and strategic planning in order to balance
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these financial demands while keeping a viable business model for both service (or content) providers
and consumers.

7 Conclusion and Future Work
In conclusion, the dynamic adaptive routing (DAR) algorithm presents a promising solution for

optimizing data transmission in UAV networks, particularly in the context of next-generation applications
like 6G. By incorporating real-time path adjustments, energy-aware routing, and predictive models, DAR
significantly improves the reliability, latency, and energy efficiency of UAV communications compared to
existing algorithms in the state-of-the-art literature. The results demonstrated DAR’s superior performance in
dynamic, large-scale environments, offering robust adaptability and scalability for UAV operations in various
real-time applications. Although DAR showed notable advantages, further refinement is required to address
potential challenges such as global route optimization and signal interference in complex urban settings.

Future research should focus on hybrid approaches, integration with machine learning techniques, and
testing in more varied real-world environments to fully unlock its potential. The DAR algorithm stands as
a valuable contribution to the evolving field of UAV networks and lays the foundation for more efficient,
sustainable, and reliable communication systems in future generations of wireless technology.
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