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ABSTRACT 
 

The limited battery capacity of Unmanned Aerial Vehicles (UAVs) remains a critical barrier to sustaining 
the operation of Flying Ad-Hoc Networks (FANETs), which enable coordinated aerial missions in 
surveillance, disaster management, and environmental monitoring. Traditional routing protocols emphasize 
connectivity and throughput but often neglect the dual challenges of propulsion-dominated energy 
consumption and mobility-induced link instability. This paper presents Propulsion and Stability-Aware 
Routing Protocol for Sustainable Flying Ad-Hoc Networks (SPARROW-EAR), also referred to as 
Sustainable Power-Aware Routing with Resilience and Opportunistic Weighting. The protocol integrates a 
propulsion-aware energy model, residual flight time estimation, and predictive link stability analysis into its 
routing process. A Pareto-optimized route discovery mechanism filters out non-viable paths early, while a 
composite route utility function jointly evaluates energy fairness, reliability, and stability. The opportunistic 
load-balancing mechanism distributes traffic across multiple stable routes, preventing concentrated relay 
usage and reducing premature energy depletion among UAVs. Simulation results, supported by controlled 
UAV testbed trials, show that SPARROW-EAR achieves consistently higher packet delivery ratios, reduces 
energy imbalance by nearly 40%, and extends the overall network lifetime by more than 30% compared with 
AODV, EMGR, and LSTDA. These performance gains demonstrate SPARROW-EAR's capability to 
maintain reliable communication and sustained energy efficiency in dense, high-mobility FANET 
deployments, positioning the protocol as a technically robust solution for mission-critical aerial networking 
scenarios. 

Keywords: FANETs, UAVs, Energy-Aware Routing, Propulsion Modeling, Link Stability, and Load 
Balancing. 

 
1.0 INTRODUCTION  
 

FANETs have become a vital enabler for 
cooperative aerial missions in a wide range of fields, 
including environmental monitoring, precision 
agriculture, disaster response, and persistent 
surveillance. These networks are formed by UAVs 
that communicate with one another without the need 
for fixed ground infrastructure, creating dynamic, 
self-organizing, multi-hop topologies [1]. Unlike 
terrestrial wireless networks, FANETs operate in 
three-dimensional space with high node mobility, 
offering unique advantages such as rapid 
deployment, flexible coverage, and the ability to 
operate in remote or hazardous environments. Such 

characteristics make FANETs particularly suitable 
for time-sensitive and large-scale operations where 
ground-based communication networks are 
unavailable or impractical [2]. 

FANETs provide substantial operational 
advantages, but a fundamental limitation—the 
restricted energy capacity of UAV batteries—
directly constrains their performance. In most UAV 
platforms, propulsion power consumption accounts 
for the majority of total energy usage, leaving only a 
fraction of the available energy for communication 
and data processing. This limitation is particularly 
critical in mission scenarios that require extended 
flight times, continuous connectivity, and stable data 
transfer. As UAVs move and network topology 
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changes frequently, the likelihood of link breakages 
increases, leading to route rediscovery, packet 
retransmissions, and additional control overhead. 
These events consume further energy and accelerate 
battery depletion [3] [4]. 

Despite ongoing research, most FANET routing 
protocols still focus heavily on achieving high 
throughput and maintaining connectivity, often 
without integrating propulsion-aware energy models 
into their decision-making process. Many protocols 
also overlook the impact of link stability when 
selecting routes, resulting in paths that break soon 
after being established. Such oversights reduce 
routing efficiency and increase energy wastage, 
especially in high-mobility conditions [5].  

The lack of energy-aware and stability-
conscious routing mechanisms introduces several 
operational challenges. First, traffic load in FANETs 
often becomes unevenly distributed, with certain 
UAVs repeatedly used as intermediate relay nodes. 
These overburdened nodes experience rapid battery 
depletion, shortening their operational lifespan 
compared to other nodes. Second, the premature 
failure of critical nodes can fragment the network, 
reducing coverage and impairing the ability to 
deliver data reliably to the destination. Finally, in 
mission-critical deployments, such as search-and-
rescue operations or disaster monitoring, any 
interruption in connectivity can result in a loss of 
situational awareness and incomplete achievement 
of mission objectives [6]. 

Addressing these issues requires a routing 
protocol that combines accurate energy modeling, 
fair energy consumption, and predictive measures to 
maintain stable links. Such an approach can prolong 
mission lifetime, enhance network resilience, and 
ensure operational continuity in energy-constrained 
aerial environments. The development of these 
capabilities forms the basis of the research presented 
in this work, which focuses on creating a routing 
protocol that is both sustainable and robust in the 
face of the unique challenges of FANET operations 
[7]. 

This research introduces SPARROW-EAR, a 
routing protocol engineered explicitly for the high 
mobility and limited energy of FANETs. The 
primary scientific contributions of this work are 
summarized as follows: 

 
Propulsion-Aware Energy Modeling 

A physics-based energy estimation model is 
integrated into routing logic, accounting for 
aerodynamic parameters such as drag coefficient, air 
density, velocity, and climb angle. This approach 
provides a more realistic assessment of UAV 

endurance than traditional methods that rely solely 
on residual battery capacity. 

 
Predictive Link Stability Estimation 

A motion-aware prediction mechanism utilizes 
relative position and velocity vectors to estimate link 
lifetime, ensuring that route formation favors stable 
connections under rapid mobility. 

 
Composite Route Utility Function: 

A multi-objective utility formulation jointly 
optimizes energy fairness, route reliability, and link 
stability. Adaptive weighting parameters adjust 
dynamically according to mission priorities, 
maintaining routing efficiency under changing 
network conditions. 

 
Opportunistic Load Balancing 

A probabilistic route-selection mechanism 
distributes data traffic across multiple feasible paths 
based on computed utility values. This balances 
network load, prevents overuse of specific UAVs, 
and delays early node depletion. 

 
Comprehensive Simulation Validation 

The study evaluates the performance of the 
proposed SPARROW-EAR scheme through 
extensive simulations that use AODV, EMGR, and 
LSTDA as benchmark protocols. The results confirm 
that SPARROW-EAR achieves a higher packet 
delivery ratio, lower end-to-end delay, reduced per-
packet energy consumption, and extended network 
lifetime across varying UAV densities. 

Collectively, these contributions establish 
SPARROW-EAR as a technically robust and 
sustainable routing solution for FANETs, effectively 
bridging the gap between aerodynamic energy 
modeling and adaptive communication-layer 
optimization. 

 

1.1. Problem Statement and Research 
Questions 

Mission-critical applications such as disaster 
response, environmental monitoring, and 
surveillance increasingly deploy FANETs due to 
their rapid setup and high mobility. However, their 
performance and lifetime are limited by the 
restricted battery capacity of UAVs, with propulsion 
consuming most of the available energy. Existing 
routing protocols primarily focus on connectivity 
and throughput while overlooking propulsion 
energy, residual flight time, and link stability. This 
results in uneven energy depletion, overuse of 
specific UAVs, early node failures, and eventual 
network partitioning. 
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High mobility complicates routing by rapidly 
shortening link durations and increasing route-
discovery overhead, even though several energy-
aware protocols exist; most rely on fixed metrics, 
making them unsuitable for highly dynamic aerial 
environments. An adaptive routing framework must 
account for propulsion-aware energy usage, 
predictive link stability, and balanced energy 
distribution to sustain efficient network operation. 

This research proposes SPARROW-EAR, 
which integrates aerodynamic energy modeling, link 
stability prediction, and probabilistic load balancing 
into a unified routing design. The study addresses the 
following research questions: 
1. How can propulsion-aware energy modelling 
improve routing decisions to reflect real UAV 
endurance? 
2. How can link stability prediction enhance route 
reliability and reduce re-routing frequency? 
3. How can balanced energy utilization be achieved 
without sacrificing delivery performance? 
4. To what extent does SPARROW-EAR extend 
network lifetime and minimize routing overhead 
compared to existing FANET protocols? 
 
1.2. Motivation 

In mission-critical scenarios such as search and 
rescue, disaster assessment, and environmental 
monitoring, the failure of a single UAV can reduce 
situational awareness and compromise mission 
outcomes. Sustaining FANET operations requires 
routing strategies that not only minimize energy 
consumption but also distribute the energy burden 
fairly among all UAVs. Balanced energy use 
prevents premature exhaustion of individual nodes, 
enhancing both fairness and overall network 
resilience. The high mobility inherent in aerial 
networks adds complexity by making link stability 
harder to maintain. When routing decisions ignore 
link persistence, communication paths may degrade 
rapidly, leading to frequent route rediscovery, 
increased packet retransmissions, and wasted 
energy. By combining propulsion-aware energy 
modeling with accurate link-stability prediction and 
dynamic traffic allocation, it becomes possible to 
design routing protocols that conserve energy while 
maintaining reliable communication throughout the 
mission.  

1.3. Objective 
The objective of this research is to design and 

implement SPARROW-EAR, a routing protocol 
tailored for the unique energy and mobility 
constraints of FANET. The protocol will integrate 
propulsion-aware energy-consumption models, 
residual flight-time estimation, and predictive link 

stability into its routing decisions. By incorporating 
an adaptive traffic distribution mechanism, 
SPARROW-EAR will balance the energy load 
across all UAVs, reducing the likelihood of 
premature node failures and network fragmentation. 
The proposed protocol is evaluated through 
simulations and small-scale UAV testbed 
experiments to measure improvements in network 
lifetime, fairness, and reliability compared to 
existing FANET protocols. 
 
2.0 LITERATURE REVIEW 

 
The adoption of routing protocols from 

MANETs, such as AODV and OLSR, into FANETs 
has provided a baseline for maintaining connectivity. 
These methods focus primarily on connectivity and 
delay rather than addressing the unique energy 
profile of UAVs, where propulsion dominates 
battery consumption and uneven relay usage can 
cause early node depletion and network 
fragmentation [8]. To address this issue, energy-
aware variants such as EA-AODV incorporate 
residual battery levels into path selection, thereby 
extending network lifetime, but overlook propulsion 
dynamics that strongly influence flight duration [9]. 
Clustering-based approaches and energy–latency-
aware protocols further improve packet delivery and 
reduce transmission delay, although they continue to 
abstract the underlying propulsion-related energy 
constraints of UAVs [10], [11]. 

"Mobility and Link Stability" are critical 
concerns in highly dynamic aerial networks. 
Protocols such as DLSA estimate link lifetime to 
reduce retransmissions, while LSTDA uses network 
corridors and delay awareness to stabilize routing in 
dynamic aerial settings [6], [12]. Kinematic-aware 
multipath strategies incorporate velocity vectors to 
enhance route persistence, but this often results in 
uneven energy consumption among nodes [13], [14]. 

"Hybrid and Learning-Based Routing" 
approaches add adaptive logic. Geographic and 
hybrid schemes, such as EMGR and LBEAR, 
balance energy use and delay but lack propulsion-
aware models and real-time disjoint path handling 
[15]. Reinforcement learning frameworks such as 
IQMR offer energy-efficient, robust routing in 
dynamic conditions, yet they still omit flight-energy 
budgeting [16]. Genetic and swarm-based 
algorithms explore trade-offs between energy, delay, 
and reliability, improving performance in 
simulations but often assume static energy metrics 
[17], [18]. 

"Opportunistic and Environmental-Aware 
Routing" aims to bolster resilience. Opportunistic 
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protocols exploit multiple candidate forwarders to 
improve reliability, but without weighting, can cause 
energy waste [19]. Energy-harvesting models offer 
theoretical gains but depend on unpredictable 
conditions, limiting their practicality for mission-
critical FANETs [20]. Context-aware trajectory 
design that accounts for wind and drag shows that 
ignoring environmental forces can severely reduce 
UAV endurance and mission viability [21]. 

"Surveys and Baseline Analysis" underscores 
gaps in the distributed view. Reviews identify 
energy, mobility, and coverage as intertwined 
concerns [22]. Simulation studies using AODV, 
OLSR, and FANET-specific models repeatedly 
confirm the insufficiency of terrestrial routing 
baselines in maintaining balanced energy use and 
consistent connectivity under flight dynamics [23]. 
Bioinspired optimization methods draw on natural 
swarm and evolutionary behaviors to achieve 
adaptive routing in dynamic networks, and have 
been applied in drone and ad-hoc systems to enhance 
latency, reliability, and QoS [24]–[28]. These 
approaches typically optimize paths without 
incorporating propulsion energy or link-stability 
prediction, creating a gap in energy-sustainable 
routing design. SPARROW-EAR addresses this 

need by integrating adaptive decision mechanisms 
with propulsion-aware energy modeling and 
stability-driven route selection. 

Existing studies often address only one or a 
limited combination of routing factors such as 
connectivity, energy efficiency, stability, or 
adaptability. Few protocols incorporate propulsion-
based energy consumption, link stability prediction, 
and real-time load distribution within a single 
routing framework. This limitation motivates the 
design of SPARROW-EAR, which integrates these 
components to support reliable and energy-aware 
communication in highly mobile, battery-
constrained UAV networks. 

The comparative analysis highlights the gaps in 
existing FANET routing protocols concerning 
energy management, mobility support, and link 
stability. Unlike earlier approaches that address 
these factors separately, SPARROW-EAR 
integrates propulsion-aware energy modeling, 
stability prediction, and balanced load allocation 
within a unified framework. Table 1 presents the 
detailed comparison of related protocols, 
emphasizing the novelty and contributions of 
SPARROW-EAR. 

 
 

Table 1. Comparative Analysis of Existing FANET Routing Protocols and SPARROW-EAR 

Protocol / 
Approach 

Energy 
Awareness 

Mobility & 
Link Stability 

Load 
Balancing 

Propulsion-
aware 

Modeling 

Opportunistic 
/ Adaptive 
Weighting 

Key Limitations 

AODV / 
OLSR 

(Classical) 
No 

Limited (hop-
based only) 

No No No 
Maintains connectivity but 

ignores energy; high control 
overhead in mobility. 

EA-AODV 
and Variants 

Partial 
(battery 
levels) 

No Limited No No 
Uses residual energy but 

ignores propulsion, leading to 
inaccurate estimates in UAVs. 

EMGR 
Yes 

(residual 
energy) 

Yes (link 
duration 

prediction) 
Limited No No 

Combines energy and mobility 
but lacks propulsion awareness. 

LBEAR Yes 
Partial 

(traffic-
aware) 

Yes No No 
Balances load but ignores 

propulsion energy and dynamic 
stability. 

DLSA No 
Yes (predicts 
link lifetime) 

No No No 
Reduces retransmissions, but 
energy imbalance remains. 

LSTDA No 

Yes (delay- 
and corridor-

based 
stability) 

No No No 
Improves link persistence but 

ignores UAV energy. 

Kinematic-
aware 

Multipath 
Partial 

Yes (velocity 
vectors) 

Yes No No 
Enhances persistence but results 
in uneven energy consumption 

across UAVs. 

Opportunistic 
Routing 

Limited 
Partial (multi-

forwarder 
redundancy) 

Limited No Yes 
Increases reliability but wastes 

energy if poorly weighted. 
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Energy 
Harvesting 

Models 
Partial No No No No 

Promising, but depends on the 
environment; it's not reliable for 

critical missions. 

SPARROW-
EAR 

(Proposed) 

Yes 
(propulsion-

aware + 
residual 

flight time) 

Yes 
(predictive 

link stability) 

Yes 
(adaptive 

load 
distribution) 

Yes 
(propulsion 
dynamics 

integrated) 

Yes 
(opportunistic 

weighted 
routing) 

Provides a unified approach to 
extend the lifetime, balance 

energy, and ensure resilience 

 
2.1. Technological Gap 

Recent advances in FANET routing have 
improved aspects such as mobility support, link 
reliability, and energy management, yet most studies 
treat these factors in isolation. Mobility-oriented 
protocols like GPSR and other position-based 
variants enhance packet delivery under dynamic 
movement but overlook propulsion-driven energy 
consumption, which dominates UAV power 
budgets. Energy-aware schemes such as EMGR and 
LSTDA incorporate residual battery metrics but rely 
on simplified models that ignore aerodynamic drag, 
climb effort, and flight dynamics, leading to 
unrealistic endurance estimates. Similarly, 
opportunistic and reliability-driven routing 
strategies mitigate link disruptions but lack 
mechanisms for fair energy distribution, leading to 
uneven node exhaustion and reduced mission 
lifetime. This fragmented progress in the literature 
reveals a clear technological gap. There is still no 
integrated routing framework that jointly considers 
propulsion-aware energy modeling, predictive link 
stability, and adaptive load balancing within a 
unified design. Addressing this gap forms the central 
motivation of this study, which proposes 
SPARROW-EAR, a propulsion- and stability-aware 
routing protocol designed to sustain network 
longevity, ensure reliable communication, and 
maintain balanced energy utilization across 
dynamically evolving UAV swarms. 
 
3.0 SPARROW-EAR 
 
Overview of SPARROW-EAR Methodology 

SPARROW-EAR integrates four scientific 
modules that directly address the key limitations 
identified in earlier FANET routing protocols. The 
propulsion-aware energy model estimates energy 
using physics-based models of UAV aerodynamic 
drag and thrust power, ensuring that routing reflects 
actual flight endurance. The link-stability prediction 
model enhances network resilience by anticipating 
disconnections based on UAV motion dynamics. 
The composite route utility formulation integrates 
multiple routing factors energy fairness, reliability, 
and stability into a single, optimized objective, 
enabling balanced decision-making across 

heterogeneous flight conditions. Finally, the 
opportunistic load-balancing mechanism introduces 
adaptive traffic allocation based on route-utility 
probabilities, thereby minimizing the risk of early 
node depletion. Collectively, these modules 
represent a technically novel routing strategy that 
harmonizes energy efficiency, connectivity 
resilience, and scalability within a unified 
framework. 
 
3.1. Propulsion-Aware Energy Modeling 

In FANETs, the primary source of energy 
depletion is propulsion, unlike in terrestrial 
MANETs, where transmission and processing 
consume most energy. The continuous aerodynamic 
effort required to keep UAVs airborne makes 
propulsion the most significant contributor to energy 
use and, therefore, a critical factor in determining 
flight endurance. To capture this reality, the 
SPARROW-EAR protocol integrates propulsion-
aware modeling into its routing design. Each UAV 
estimates its propulsion power based on 
aerodynamic drag and climbing forces, accounting 
for factors such as velocity, mass, air density, and 
drag coefficient. Although communication and 
processing also consume energy, their contribution 
is relatively small compared to propulsion. These 
estimates calculate the remaining flight time by 
dividing the residual battery energy by total power 
consumption. This approach prevents the selection 
of UAVs with limited endurance as relays, thereby 
reducing premature failures and extending the 
network's operational lifetime. The propulsion 
power 𝑃௣௥௢௕  can be calculated using aerodynamic 
principles expressed in Eq. (1). 

 
𝑃௣௥௢௕  =  𝑃௜௡ௗ  + 𝑃௣௔௥  + 𝑃௣௥௢ (1) 

 
where 𝑃௜௡ௗ  is the induced power required to 
generate lift, 𝑃௣௔௥  is the parasite power due to drag, 
and 𝑃௣௥௢ is the profile power to overcome blade and 
body drag. Eq. (2) expresses the power required for 
level flight in fixed-wing UAVs. 
 

𝑃௣௥௢௕  =  
஼భ

௏
+  𝐶ଶ𝑉ଷ  (2) 
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Where V represents UAV velocity, C1 is a constant 
associated with lift-induced drag, and C2 
corresponds to parasite drag from aerodynamic 
resistance. The first term decreases with speed, 
reflecting the fact that slower flight requires more 
lift-induced power. In contrast, the second term 
grows with velocity, representing the cubic 
relationship between drag and speed. Eq. (3) defines 
the residual flight energy of a UAV at time t. 
 

𝐸௥௘௦(𝑡) = 𝐸௜௡௜௧ ∫ ൫𝑃௣௥௢௣ + 𝑃௖௢௠௠ + 𝑃௣௥௢௖൯𝑑𝑡
௧

଴
 (3) 

 
Where 𝐸௜௡௜௧  is the initial battery capacity, 𝑃௖௢௠௠  is 
the power spent on wireless communication, and 
𝑃௣௥௢௖ is the power consumed in onboard 
computation. In most scenarios,  𝑃௣௥௢௕  >> 𝑃௖௢௠௠ + 
𝑃௣௥௢௖ which justifies prioritizing propulsion-aware 
modelling in route decisions. 
Eq. (4) expresses the remaining flight time based on 
the UAV's residual energy. 
 

𝑇௥௘௦ =  
𝐸௥௘௦(𝑡)

𝑃௣௥௢௕

 (4) 

 
This measure is more meaningful than simply 

using the battery percentage, as it directly reflects 
how long the UAV can sustain flight at its current 
speed and aerodynamic conditions. 

During routing, each UAV periodically 
broadcasts its estimated residual flight time and 
propulsion-adjusted energy state. Neighboring 
nodes use this information during route discovery to 
avoid overloading UAVs that are nearing 
exhaustion. By incorporating propulsion-aware 
estimates, SPARROW-EAR ensures that routing 
decisions align with UAVs' physical endurance 
limits, thereby extending the operational lifetime of 
the entire FANET. Algorithm 1 illustrates the 
computation of propulsion energy and flight time (T-
flight). 

 
Algorithm 1. Propulsion Energy and T-flight 

Input: 
 velocity vector (𝑣௫, 𝑣௬, 𝑣௭) 
 battery state (SOC or voltage/current) -> 

converted to 𝐸௥௘௦(J) 
 UAV params: m, 𝐶ௗ, A 
 environment: rho 
 comm/process power estimates: 𝑃௖௢௠௠ , 𝑃௣௥௢௖ 
 sampling interval: dt 
 smoothing window tau (optional) 

Output: 
 𝑃௣௥௢௕(W), 𝑃௧௢௧௔௟(W) 
 updated 𝐸௥௘௦(J) 
 𝑇௙௟௜ (S) 
 energy status message {𝐸௥௘௦, 𝑇௙௟௜௚௛௧, 𝑃௣௥௢௕} 

Algorithm: 

1. Compute velocity magnitude v =

 ට൫v୶
ଶ + v୷

ଶ + v୸
ଶ൯ 

                  if v < 𝑣௠௜௡ then v = 𝑣௠௜௡  

2. Compute climb angle θ =  arctan ൭
୴౰

ට൛୴౮
మା ୴౯

మൟ
൱ 

3. Propulsion power model 
        Model A (aerodynamic drag + climb): 
       𝑃௣௥௢௣,௜௡௦௧ =  

ଵ

ଶ
𝜌𝐶ௗ𝐴𝑣ଷ +  𝑚𝑔𝑣 𝑠𝑖𝑛(𝜃) 

         Model B (empirical constants): 
    𝑃௣௥௢௣,௜௡௦௧ =  

஼భ

௩
+  𝐶ଶ𝑣ଷ 

4. Optional smoothing for propulsion power 
    𝑃௣௥௢௕ =

 𝑀𝑜𝑣𝑖𝑛𝑔𝐴𝑣𝑒𝑟𝑎𝑔𝑒൫𝑃௣௥௢௣,௜௡௦௧, 𝜏൯ 
5. Total power consumption  
     𝑃௧௢௧௔௟ =  max (𝑃௣௥௢௣, 𝜀)  + 𝑃௖௢௠௠ +

 𝑃௣௥௢௖ 
6. Update residual energy 
    𝐸௥௘௦,௡௘௪ =  𝐸௥௘௦ − 𝑃௧௢௧௔௟ .  ୼௧ 

if 𝐸୰ୣୱ,୬ୣ୵ < 0 then 𝐸୰ୣୱ,୬ୣ୵ = 0 
7. Estimate remaining flight time 

    𝑇௙௟௜௚௛ =  ൝

ாೝ೐ೞ,೙೐ೢ

௉೛ೝ೚್
, 𝑖𝑓 𝑃௣௥௢௕ > ∈

∞.            𝑖𝑓 𝑃௣௥௢௕  ≈ 0
 

8. Prepare status message 
    status =  ൛𝐸௥௘௦, 𝑇௙௟௜௚௛௧, 𝑃௣௥௢௕ൟ 
9. return (𝑃௣௥௢௕, 𝑃௧௢௧௔௟ , 𝐸௥௘௦,௡௘௪ , 𝑇௙௟௜௚௛௧, 𝑠𝑡𝑎𝑡𝑢𝑠) 

 
3.2. Link Stability Prediction 

Predicting the duration of connectivity between 
two UAVs is critical for FANET routing, as unstable 
links lead to frequent route breakages, 
retransmissions, and high control overhead. Unlike 
terrestrial nodes, UAVs move in three-dimensional 
space with varying speeds, headings, and altitudes, 
making link dynamics highly unpredictable. 
SPARROW-EAR incorporates a kinematic model 
that leverages real-time velocity vectors, relative 
distance, and movement direction of neighboring 
UAVs to estimate the expected link lifetime. This 
estimation directly filters weak or short-lived links 
during route discovery and also contributes to the 
path-stability term within the composite route utility 
function. By combining relative motion analysis 
with predicted link expiration time, SPARROW-
EAR ensures that only links with a higher 
probability of persistence are selected, thereby 
improving route robustness, lowering packet loss, 
and minimizing redundant route discoveries in high-
mobility scenarios. 

The mathematical representation of Link 
Stability Prediction begins with two UAVs, i and j, 
having positions (P) and velocities (V) at time t. 

 
𝑃௜(𝑡) = (𝑥௜ , 𝑦௜ , 𝑧௜), 𝑉௜(𝑡) = ൫𝑣௜௫ , 𝑣௜௬ , 𝑣௜௭൯ 
𝑃௝(𝑡) = ൫𝑥௝ , 𝑦௝ , 𝑧௝൯, 𝑉௝(𝑡) = ൫𝑣௝௫ , 𝑣௝௬ , 𝑣௝௭൯ 
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Eq. (5) and Eq. (6) express the relative position and 
velocity vectors. 
 

𝑃௜௝(𝑡) =  𝑃௝(𝑡) −  𝑃௜(𝑡) (5) 
 

𝑉௜௝(𝑡) =  𝑉௝(𝑡) −  𝑉௜(𝑡) (6) 
 

Equation (7) expresses the Euclidean distance 
between the UAVs. 

 
𝐷௜௝(𝑡) = ||𝑃௜௝(𝑡)|| = 

ඥ(𝑥௝ − 𝑥௜)ଶ +  (𝑦௝ − 𝑦௜)ଶ +  (𝑧௝ − 𝑧௜)ଶ 
(7) 

 
A communication link remains active while 

𝐷௜௝(𝑡) ≤ R, where R denotes the maximum 
communication range. The Link Expiration Time 
(LET) follows from solving the quadratic 
relationship given in Eq. (8). 

 

||𝑃௜௝(𝑡)  +  𝑉௜௝(𝑡) ∆𝑡||ଶ = 𝑅ଶ (8) 
 

Expanding, we get Eq. (9), 
 

𝑎(∆𝑡)ଶ+ b(∆𝑡) + c = 0 (9) 
 

where a = 𝑣௜௫
ଶ +  𝑣௜௬

ଶ + 𝑣௜௭
ଶ  , 

b = 2((𝑥௝ − 𝑥௜)(𝑣௝௫ − 𝑣௜௫) + (𝑦௝ − 𝑦௜)(𝑣௝௬ − 𝑣௜௬) +         
      (𝑧௝ − 𝑧௜)(𝑣௝௭ − 𝑣௜௭)) and  

           c = (𝑥௝ − 𝑥௜)ଶ +  (𝑦௝ − 𝑦௜)ଶ + (𝑧௝ − 𝑧௜)ଶ – 𝑅ଶ. 

 
The positive root of this equation yields the 
predicted link lifetime, as given in Eq. (10). 
 

𝐿𝐸𝑇௜௝  = 
ି௕ାඥ௕మିସ௔௖

ଶ௔
 (10) 

 
If b2 – 4ac < 0, the UAVs are diverging too fast, and 
the link is considered unstable. 
 
Algorithm 2 illustrates the Link Stability Prediction 
process. 
 

Algorithm 2: Link Stability Prediction 
Input: Positions (x,y,z), velocities (vx,vy,vz), and 
communication range R. 
Output: Estimated link lifetime 𝐿𝐸𝑇௜௝ 
Algorithm: 
LinkStabilityPrediction(𝑈𝐴𝑉௜, 𝑈𝐴𝑉௝ , R): 

1. Compute relative position: 
𝑃ሬ⃗ ௜௝ =  ൫𝑥௝ −  𝑥௜ , 𝑦௝ − 𝑦௜ , 𝑧௝ − 𝑧௜൯ 

2. Compute relative velocity: 
  𝑉ሬ⃗ ௜௝ =  ൫𝑣௝௫ −  𝑣௜௫, 𝑣௝௬ −  𝑣௜௬, 𝑣௝௭ − 𝑣௜௭൯ 
3. Compute coefficients: 
 𝑎 =  𝑉௜௝,௫

ଶ + 𝑉௜௝,௬
ଶ + 𝑉௜௝,௭

ଶ  

  𝑏 =  2. ൫𝑃௜௝,௫𝑉௜௝,௫ + 𝑃௜௝,௬𝑉௜௝,௬ +  𝑃௜௝,௭𝑉௜௝,௭൯ 

  𝑐 =  𝑃௜௝,௫
ଶ + 𝑃௜௝,௬

ଶ + 𝑃௜௝,௭
ଶ − 𝑅ଶ 

4. Compute discriminant: 
   Δ =  𝑏ଶ −  4𝑎 

5. If delta < 0: 
return 𝐿𝐸𝑇௜௝= 0   // No stable link 

         Else: 

𝐿𝐸𝑇௜௝= 
ି௕ା√∆

ଶ௔
 

         Return 𝐿𝐸𝑇௜௝ 

 
3.3. Composite Route Utility Function 

The routing process in a FANET must consider 
multiple factors simultaneously, as relying on a 
single parameter, such as hop count or signal 
strength, can result in inefficient or unstable paths. A 
composite route utility function provides a 
systematic way to rank routes by combining multiple 
performance indicators into a unified measure. 
SPARROW-EAR emphasizes three key aspects 
during route evaluation: energy fairness, reliability, 
and link stability. 
 
3.3.1. Energy fairness 

Uneven use of UAVs as relays can cause 
specific nodes to exhaust their batteries far earlier 
than others, fragmenting the network. To prevent 
this issue, the routing process normalizes the 
residual energy of intermediate UAVs relative to 
their initial energy, ensuring that heavily burdened 
UAVs are not repeatedly selected. For a UAV i with 
residual energy 𝐸௜

௥௘௦ and initial energy  𝐸௜
௜௡௜௧ , Eq. 

(11) defines the normalized energy fraction. 
 

η௜ = 
ா೔

ೝ೐ೞ

 ா೔
೔೙೔೟ 

(11) 
 

 
The fairness of a path R, consisting of nodes 

{1,2,…,n}, is computed as the minimum of these 
fractions expressed as Eq.(12). 

 
       ηோ = min

௜∈ோ
𝑛𝑖 (12) 

 
The approach ensures that the weakest node 

along the path receives greater weight during route 
selection. 
 
3.3.2. Reliability 

Packet delivery over aerial links is often 
affected by wireless fading, interference, and rapid 
mobility. For a link between nodes i and j, let 𝑃௜௝  
denote its successful transmission probability. The 
overall reliability of a multi-hop route R is modeled 
as the product of the link reliabilities, as expressed 
in Eq. (13). 

𝑅ோ = ∏ 𝑃௜௝  (௜,௝)∈ோ  (13) 
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The formulation captures the idea that a single 

weak link can compromise the route's overall 
robustness. 

 
3.3.3. Link stability 

Mobility causes frequent link breakages in 
FANETs. To quantify stability, the predicted link 
duration Lij is estimated using the relative velocity 
and position of UAVs i and j. If 𝑟௜ and 𝑟௝ are 
positions, and 𝑣௜ , 𝑣௝ are velocities, then Eq. (14) 
defines the relative velocity and distance. 

 
∆𝑟 = 𝑟௜ − 𝑟௝ , ∆𝑣 = 𝑣௜ − 𝑣௝ (14) 

Eq. (15) expresses the predicted link lifetime. 
 

𝐿௜௝  = 
ି∆௥ .  ∆௩

||∆௩||మ  (15) 

 
If ||∆𝑣|| > 0, otherwise the link is stable indefinitely. 
For a route R, link stability is the minimum lifetime 
across all its hops, as in Eq. (16). 
 

𝐿ோ  = min
(௜,௝)∈ோ

𝐿𝑖𝑗 (16) 

 
The weakest link in the path governs the stability 
score. 
 
3.3.4. Composite utility function 

The routing process computes the overall route 
utility by combining the three metrics using 
weighting factors α, β, and γ that represent their 
relative significance. 

 

U(R) = α ⋅ ηR + β ⋅ RR + γ ⋅ 
௅ೃ

௅೘ೌೣ
 (17) 

 
Where, 𝐿௠௔௫  is a normalization constant 
(representing the maximum expected link lifetime in 
the network) to maintain stability within the range 
[0, 1]. The weights are chosen such that α+β+γ=1. 
Algorithm 3 illustrates the Composite Route Utility 
Evaluation, in which the protocol selects the route 
with the highest utility as the primary path and 
retains the others as backups. 
 

Algorithm 3 : Composite Route Utility Evaluation 
Input: 

 Candidate route R = {nodes 1,2,...,n} 
 Residual energy of nodes: 𝐸୰ୣୱ[୧] 
 Initial energy of nodes: 𝐸୧୬୧୲[୧] 
 Link success probabilities: p[i][j] 
 Node positions: r[i], Node velocities: v[i] 
 Weights: alpha, beta, gamma 
 Normalization constant: 𝐿௠௔௫ 

Output: 
 Route utility U(R) 

Algorithm: 
1. Compute energy fairness 

   ηோ = 1 
for each node i in R: 

      η௜ = 
ாೝ೐ೞ[೔]

ா೔೙೔೟[೔]
 

ηோ = min
௜∈ோ

η௜ 

2. Compute reliability 
    𝑅ோ = 1 

for each link (i,j) in R: 
     ∏ 𝑃[𝑖][𝑗](௜,௝)∈ோ  

3. Compute stability 
    𝐿ோ = ∞ 
for each link (i,j) in R: 
           Δ𝑟 =  𝑟௜ − 𝑟௝ 
           Δ𝑣 =  𝑣௜ −  𝑣௝ 
           if || Δ𝑣 || > 0: 

                𝐿௜௝ = 
ି(୼௥.୼୴)

||୼୴||మ
 

           else: 
                𝐿௜௝ = 𝐿௠௔௫ 
                𝐿ோ = min

(௜,௝)∈ோ
L௜௝ 

4. Normalize stability 

            𝐿௡௢௥௠ = 
௅ೃ

௅೘ೌೣ
 

5. Combine into a utility. 
   𝑈ோ = α ⋅ ηR + β ⋅ Rோ + γ ⋅ L௡௢௥௠ 

6. return 𝑈ோ  
 
3.4. Opportunistic Load Balancing 

After the composite route utility function ranks 
the candidate paths, SPARROW-EAR focuses on 
preventing excessive dependence on a single route. 
Continuous selection of the top-ranked path can 
cause uneven energy depletion among UAVs along 
that trajectory, leading to premature node failures 
and network fragmentation. To mitigate this, the 
protocol uses opportunistic load balancing, 
dynamically distributing data traffic across several 
high-utility routes based on their evaluated scores. 

The approach prioritizes routes with higher 
utility values while retaining alternative paths for 
potential use. This approach ensures energy use is 
balanced across the network while maintaining 
reliability and delivery efficiency. For a set of 
possible candidate routes, be 

 
R = {R1, R2, ….., Rn}  

 
Each route has an associated utility score U(𝑅௞). The 
probability of selecting a route, calculated using Eq. 
(18). 

𝑃(𝑅௞) = 
௎(ோೖ)

∑ ௎(ோೕ)೙
ೕసభ

 (18) 

 
Where  
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෍ P(𝑅௞) =  1

௡

௞ୀଵ

 (19) 

 
This probabilistic selection ensures that the 

strongest routes are preferred, while others still 
receive a share of traffic to avoid bottlenecks and 
uneven energy depletion. Algorithm 4 illustrates the 
Opportunistic Load Balancing. 

 
Algorithm 4 : Opportunistic Load Balancing 

Input: 
   Candidate routes R = {R1, R2, ..., Rn} 
   Utility scores U(𝑅௞) 

Output: 
   Selected route for forwarding 

Algorithm: 
1. Compute normalized probabilities: 

For each route 𝑅௞: 

P(𝑅௞) = 
୙(ோೖ) 

ஊ ୙(ோೕ)
 

2. Select route: 
Generate a random number ξ ∈ [0,1] 
cumulative = 0 
For each route 𝑅௞: 

cumulative = cumulative + P(Rk) 
If ξ ≤ cumulative: 

SelectedRoute = 𝑅௞ 
break 

3. Forward packet via SelectedRoute 
4. Update energy levels for UAVs in 

SelectedRoute 
5. Recompute U(𝑅௞) periodically to reflect 

changing conditions 
 
By leveraging the composite utility function, 

opportunistic load balancing enables SPARROW-
EAR to dynamically adapt traffic distribution. 
Prevents premature exhaustion of critical nodes, 
maintains energy consumption fairness, and ensures 
the network remains operational for more extended 
missions. 

 
3.5. Framework of SPARROW-EAR 

The SPARROW-EAR protocol framework 
outlines its structure and operation, aligning routing 
decisions with the unique energy and mobility 
constraints of UAVs in FANETs. Figure 1 depicts 
the protocol's sequential flow, starting with UAV 
initialization and neighbor discovery, followed by 
propulsion-aware energy estimation and link 
stability prediction. After identifying candidate 
links, the composite utility function evaluates 
available routes by considering fairness, reliability, 
and stability. The opportunistic load-balancing 
module subsequently distributes traffic across 
multiple viable paths, preventing excessive load on 
individual UAVs. 

Figure 1 serves as a visual guide to these 
processes, showing how they interact to sustain 
reliable and energy-aware communication. To 
complement this, Algorithm 5 presents pseudocode 
of the operational logic of SPARROW-EAR. 
Together, the flowchart and pseudocode provide a 
comprehensive understanding of how the protocol 
functions in dynamic aerial environments. 

 
Algorithm 5 : SPARROW-EAR Routing Framework 

Input: 
 UAV set N with positions, velocities, and 

residual energy 
 Communication range R 
 Historical reliability statistics 

Output: 
 Selected next-hop routes with balanced 

forwarding 
Algorithm: 

1. Initialization: 
For each UAV i ∈ N: 

                 Discover neighbors within range R 
         Exchange position, velocity, and residual  
         energy 
2. Propulsion-aware energy estimation: 

For each UAV i: 
Compute propulsion power 

𝑃௣௥௢௣,௜௡௦௧ =  
ଵ

ଶ
𝜌𝐶ௗ𝐴𝑣ଷ +  𝑚𝑔𝑣 𝑠𝑖𝑛(𝜃) 

Estimate flight time 𝑇௙௟௜௚௛  = 
ாೝ೐ೞ

௉೛ೝ೚್ା ௉೎೚೘೘
 

3. Link stability prediction: 
For each neighbor j of i: 

          Predict link lifetime 𝐿௜௝ = min{t | D(t) > R} 
                  Discard unstable links with 𝐿௜௝ < threshold 

4. Route utility computation: 
For each candidate route r: 

                  Compute fairness F(r) from residual energy 
                  Compute the reliability R(r) from the      
                  packet delivery ratio 
                  Compute stability S(r) from the predicted  
                  lifetimes 
                  Calculate U(r) = αF(r) + βR(r) + γS(r) 

5. Opportunistic load balancing: 
                   Normalize utilities: W(r) = U(r) / Σ U(r) 
                   Generate random ξ ∈ [0,1] 
                   Select route r where cumulative Σ W(r) ≥                  
                   Forward packet via selected route 

6. Update phase: 
                  Adjust residual energy after forwarding 
                  Recompute utility scores periodically 

 
 

The algorithm begins with UAV initialization 
and neighbor discovery to establish basic 
connectivity. Each UAV then applies a propulsion-
aware energy model to estimate its own flight energy 
consumption, combining velocity, aerodynamic 
drag, and climb dynamics. In parallel, link stability 
is predicted by analyzing relative movement and 
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separation distances with neighboring UAVs. The 
protocol discards links that fail to meet the minimum 
thresholds for both energy and stability. 

The protocol calculates a Composite Route 
Utility function for the remaining candidate routes. 
This function integrates three weighted factors: 
energy fairness (balanced node usage), reliability 
(packet delivery success), and link stability 
(connection duration). The system ranks routes 
based on this score and selects the highest-
performing paths for forwarding. 
The opportunistic load-balancing mechanism 
dynamically distributes packets across multiple 
routes to prevent overloading specific UAVs. The 
module continuously monitors UAV energy levels 
and adjusts traffic allocations when imbalances 
occur. Finally, the system refreshes routing tables 
periodically or whenever topology changes, 
maintaining adaptability in highly mobile aerial 
environments. 
 

 
Figure 1 Framework of SPARROW-EAR 

 
4.0 SIMULATION SETTING 

 
Simulation experiments conducted in the NS-3 

simulator evaluated the performance of the proposed 

SPARROW-EAR protocol. The simulation 
environment replicated realistic FANET conditions, 
modeling UAVs with high mobility, limited energy 
reserves, and dynamically changing link availability. 
The focus of the setup was to evaluate how 
propulsion-aware routing decisions affect network 
lifetime and communication reliability compared to 
existing approaches. 

 
4.1. Simulation Environment 

The simulation deployed UAV nodes within a 
1500 × 1500 × 500 m³ area, representing a typical 
operational zone for cooperative missions such as 
surveillance, border monitoring, and disaster 
assessment. The Gauss–Markov mobility model 
captured both randomness and temporal correlation 
in UAV movement, accurately reflecting the 
dynamic behavior of aerial swarms. 

Each UAV uses a battery rated between 1000 
and 1500 kJ, and it spends most of this energy on 
propulsion, while communication consumes a 
smaller but still significant portion of the total 
consumption. Propulsion power was estimated from 
aerodynamic drag and climb dynamics, ensuring that 
flight endurance directly influenced routing 
decisions. 

Traffic flows generated using Constant Bit Rate 
(CBR) over UDP with a packet size of 512 bytes, 
reflecting mission-oriented telemetry and video data 
streams. The network interfaces use the IEEE 
802.11s standard to support ad hoc multi-hop 
communication. 
 
4.2. Simulation Parameters 

Table 2 summarizes the detailed simulation 
parameters. 

Table 2. Simulation Setting 

Parameter Value Justification 

Simulation 
Area 

1500 × 1500 × 500 
m³ 

Represents a realistic 3D 
UAV operation space 

Number of 
UAVs 

50–500 (interval 
of 50) 

Captures both sparse and 
moderately dense 
FANET conditions 

UAV 
Mobility 
Model 

Gauss–Markov 
Models correlated UAV 
mobility in swarms 

Speed 
Range 

10–25 m/s 
Matches typical UAV 
flight speeds 

Initial 
Energy 

1000–1500 kJ 
Reflects UAV 
propulsion-constrained 
battery capacity 

MAC/PHY 
Standard 

IEEE 802.11s 
Supports multi-hop 
aerial ad-hoc 
communication 

Traffic 
Model 

CBR over UDP 
Represents continuous 
mission data 

Packet Size 512 bytes 
Standard FANET 
evaluation packet size 
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Simulation 
Time 

1000s 
Provides sufficient 
runtime to observe 
lifetime and stability 

Energy 
Unit 

Joule (J=W.s) 
Joules measure the 
energy consumed by the 
UAV's components. 

Compared 
Protocols 

AODV, EMGR, 
LSTDA, 
SPARROW-EAR 

Benchmarks against 
baseline and recent 
routing approaches 

 
The simulation configuration balances realism 

with controlled experimental conditions. The 3D 
mobility model captures swarm-like movement 
patterns, and varying the number of UAVs allows 
scalability evaluation across different network 
densities. The propulsion-aware energy model 
further distinguishes SPARROW-EAR from 
conventional energy-aware protocols by 
incorporating aerodynamic factors instead of relying 
solely on transmission-related energy. For 
comparison, the study includes four representative 
routing protocols. 

 AODV is a classical ad-hoc routing 
baseline, 

 EMGR and LSTDA are recent FANET-
specific energy-aware and stability-driven 
approaches. 

 
5.0 RESULTS AND DISCUSSION 
 

To assess the efficiency of SPARROW-EAR 
and benchmark it against AODV, EMGR, and 
LSTDA, employ six performance metrics: Packet 
Delivery Ratio (PDR), End-to-End Delay, Energy 
Consumption per Packet, Network Lifetime, 
Routing Overhead, and Throughput. Each metric 
reflects a different aspect of network reliability, 
timeliness, energy efficiency, and scalability under 
the unique mobility and propulsion constraints of 
FANETs. 

 
5.1. Packet Delivery Ratio 

Packet Delivery Ratio (PDR) is a key 
performance metric in FANETs because it directly 
reflects the reliability of data transmission in highly 
mobile aerial environments. The metric quantifies 
performance by computing the ratio of the number 
of data packets successfully received at the 
destination to the total number of packets generated 
at the source nodes. Eq. (20) presents the 
corresponding mathematical expression. 

 

PDR = 
∑ ௉ೝ೐೎ೡ (௜)

ಿೝ
೔సభ

∑ ௉ೞ೐೙೟ (௝)
ಿೞ
ೕసభ

 (20) 

 
Where, 𝑃௥௘௖௩(i) is the number of packets received by 
destination i, 𝑃௦௘௡௧(j) is the number of packets 

generated by source j, 𝑁௥ is the number of receivers 
and 𝑁௦ is the number of sources. 

For SPARROW-EAR, PDR improves because 
the protocol combines propulsion-aware energy 
modeling with link stability prediction. A refined 
model incorporates the link availability probability 
𝑆௟௜௡௞  and packet loss probability 𝑃௟௢௦௦ expressed in 
Eq. (21). 

 

𝑃𝐷𝑅ୗ୔୅ୖୖ୓୛ି୉୅ୖ = 
∑ ൫ଵି௉೗೚ೞೞ (௞)൯ .(ௌ೗೔೙ೖ (௞))

ುೝ೐೎ೡ
ೖసభ

∑ ௉ೞ೐೙೟ (௝)
ಿೞ
ೕసభ

 (21) 

 
Avoiding unstable or energy-depleted UAVs 

reduces retransmissions and improves delivery 
reliability. 

Figure 2, titled "Packet Delivery Ratio," shows 
the number of drones on the X-axis, ranging from 50 
to 500. The Y-axis shows the Packet Delivery Ratio 
(PDR), expressed as a percentage. As the number of 
UAVs increases, all protocols exhibit a gradual 
decline in PDR due to congestion, higher link 
breakages, and mobility-induced instability. AODV 
shows the steepest drop, reflecting its limited 
adaptability under rapid topology changes. EMGR 
performs better by integrating energy-awareness, 
though its improvements diminish at larger scales. 
LSTDA sustains relatively higher delivery ratios by 
leveraging stability prediction, ensuring fewer route 
breakages. SPARROW-EAR consistently achieves 
the highest PDR across all scales, maintaining near-
optimal delivery even with 500 UAVs. This 
resilience comes from its propulsion-aware 
modeling, stability forecasting, and balanced load 
distribution, which collectively reduce packet losses. 
Table 3 and Figure 2 confirm that SPARROW-EAR 
outperforms the others in maintaining reliable 
delivery across dense aerial networks. 
 

 
Figure 2. Packet Delivery Ratio 
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Table 3. Packet Delivery Ratio Values 

Packet Delivery Ratio (PDR, %) 

Drones AODV EMGR LSTDA SPARROW-EAR 

50 84.20 87.60 89.30 93.80 

100 82.50 86.20 88.10 92.50 

150 80.70 84.90 87.20 91.70 

200 79.00 83.50 86.00 90.80 

250 77.30 82.20 85.10 89.90 

300 75.60 80.80 84.00 89.10 

350 73.80 79.50 83.00 88.30 

400 72.10 78.10 81.90 87.50 

450 70.40 76.80 80.90 86.70 

500 68.70 75.50 79.80 85.90 

Average 76.43 81.51 84.53 89.62 

 
SPARROW-EAR achieves consistently higher 

PDR than baseline protocols. AODV suffers from 
frequent link breakages due to its reactive and 
proactive nature, leading to packet drops in high-
mobility scenarios. EMGR shows moderate 
improvement by integrating energy awareness, but it 
does not account for propulsion costs. LSTDA 
improves PDR through stability prediction, but it 
does not distribute the load fairly. By contrast, 
SPARROW-EAR balances reliability with 
endurance, ensuring more stable paths that translate 
into a PDR close to 90% even under dense mobility. 
 
5.2. End-to-End Delay (E2E Delay) 

End-to-End Delay is a critical performance 
metric in FANETs because it reflects how quickly 
information can be transmitted from the source UAV 
to the destination UAV across multiple hops. The 
metric represents the average time a data packet 
requires to reach its destination after being generated 
at the source. This delay accounts for transmission, 
propagation, queuing, and processing components 
accumulated along intermediate nodes. Eq. (22) 
provides the formal expression. 

 

𝐷௔௩௚ = 
∑  (௧ೝ೐೎ೡ (௞) ି ௧ೞ೐೙೏ (௞))

ುೝ೐೎ೡ
ೖసభ

௉ೝ೐೎ೡ
 (22) 

 
Where, 𝐷௔௩௚ is average end-to-end delay, 𝑡௥௘௖௩(k) is 
the arrival time of packet k, 𝑡௦௘௡ௗ(k) is the departure 
time of packet k. The delay formulation appears in 
Eq. (23). 
 

𝐷௔௩௚  ≈ 𝐷௧௥௔௡௦ + 𝐷௣௥௢௕  + 𝐷୯୳ୣ୳ୣ + 𝐷௣௥௢௖  (23) 
 

with 𝐷௧௥௔௡௦  = 
௅೛ೖ೟

ோ್
 : transmission delay (𝐿௣௞௧  : packet 

size, 𝑅௕  : data rate), 𝐷௣௥௢௕  = 
ௗ

௩೎
 : propagation delay 

(d: distance, 𝑉௖ : propagation speed), 𝐷୯୳ୣ୳ୣ : 
average queue waiting time at relay UAVs and 
𝐷௣௥௢௖ : processing delay at intermediate nodes. 
SPARROW-EAR reduces 𝐷୯୳ୣ୳ୣ through 
opportunistic load balancing, distributing traffic 
across multiple stable paths, while stability-aware 
routing reduces the frequency of rediscoveries, 
keeping 𝐷௣௥௢௖  low. 

In FANETs, high mobility often leads to 
frequent link disconnections, triggering route 
rediscovery and increasing delay. Protocols such as 
AODV and OLSR may suffer significant latency 
when routes frequently break. Stability-aware 
protocols such as DLSA and LSTDA reduce delays 
by predicting link lifetime and maintaining more 
stable connections, while EMGR and LBEAR 
reduce congestion through energy- and load-based 
routing. 

SPARROW-EAR further minimizes end-to-end 
delay by integrating link stability prediction with 
propulsion-aware routing. By proactively avoiding 
links with short lifetimes and distributing traffic 
through opportunistic load balancing, the protocol 
reduces retransmissions and route-recovery events, 
thereby keeping delays consistently low even in 
high-density, high-mobility UAV scenarios. 

The Figure 3 End-to-End Delay graph plots the 
number of UAVs in the network (x-axis, ranging 
from 50 to 500 at intervals of 50) against the average 
packet delay (y-axis, measured in milliseconds). 
End-to-end delay increases with network size across 
all protocols. AODV incurs the highest delays due to 
frequent rediscoveries triggered by unstable links. 
EMGR reduces delay moderately by avoiding low-
energy nodes, yet it struggles in denser topologies. 
LSTDA achieves lower delay by predicting link 
lifetimes and minimizing retransmissions. 
SPARROW-EAR maintains the lowest average 
delay by proactively pruning unstable routes and 
balancing traffic to prevent congestion. As shown in 
Table 4 and Figure 3, SPARROW-EAR sustains 
stable delay performance even under heavy network 
loads. This is because it combines propulsion-aware 
energy modeling and link-stability prediction to 
select routes that are both reliable and sustainable 
proactively. Furthermore, the opportunistic load-
balancing mechanism distributes traffic across 
multiple high-utility paths, which reduces 
bottlenecks and queuing delays. As a result, while 
other protocols show a rising trend of delay as UAV 
density increases, SPARROW-EAR maintains 
significantly lower latency, demonstrating its 
suitability for time-sensitive FANET applications 
such as surveillance, disaster response, and real-time 
video streaming. 
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Figure 3. End-to-End Delay 

 
Table 4. End-to-End Delay 

End-to-End delay (ms) 

Drones AODV EMGR LSTDA SPARROW-EAR 

50 118.00 106.00 102.00 95.00 

100 147.00 131.00 120.00 106.00 

150 168.00 148.00 131.00 113.00 

200 189.00 166.00 143.00 120.00 

250 215.00 187.00 157.00 129.00 

300 241.00 210.00 171.00 139.00 

350 266.00 234.00 183.00 147.00 

400 293.00 258.00 196.00 157.00 

450 320.00 281.00 210.00 166.00 

500 348.00 302.00 223.00 176.00 

Average 230.50 202.30 163.60 134.80 

 
5.3. Energy Consumption per Packet 

Energy Consumption per Packet is a critical 
performance metric in FANETs because UAVs 
operate with limited onboard battery capacity. 
Unlike terrestrial networks, where communication 
energy forms the dominant component, Propulsion 
power predominantly shapes FANET energy usage, 
as it sustains UAV flight and mobility. 
Consequently, this metric captures not only the 
energy spent on transmitting and receiving packets 
but also the propulsion cost incurred during routing 
activities, including relaying data and maneuvering 
to preserve link stability. Eq. (24) presents the total 
energy model for a UAV. 
 

 𝐸௨ = ∫ ቀ𝑃௣௥௢௕(𝑡) +  𝑃௖௢௠௠(𝑡)ቁ 𝑑𝑡
்

଴
 (24) 

 
Energy per packet, shown in Eq. (25). 
 

𝐸௣௣ = 
ா೟೚೟ೌ೗

௉ೝ೐೎ೡ
 (25) 

 

Where 𝐸௧௢௧௔௟  is the total energy consumed and 𝑃௥௘௖௩ 
is the number of packets successfully received across 
all UAVs.  
For SPARROW-EAR, 𝑃௣௥௢௕(t) is expressed in Eq. 
(26). 
 

𝑃௣௥௢௕(t) = 
ଵ

ଶ
  𝑝𝑣(𝑡)ଷ𝐶ௗA + 𝑚𝑔𝑣௖௟௜௠௕(t) (26) 

 
Where, p – air density, v(t) – velocity, 𝐶ௗ  – drag 
coefficient A – UAV frontal area, m – UAV mass, g 
– gravity, and 𝑣௖௟௜௠௕(t) – vertical climb rate. 

In SPARROW-EAR, Eq. (27) expresses the 
Energy Consumption per Packet. 

EPP = 
∑ (ா೎೚೘೘,೔ ା ா೛ೝ೚೛,೔)ಿ

೔సభ

௉೏೐೗೔ೡ೐ೝ೐೏
 (27) 

Where, 𝐸௖௢௠௠,௜   is the communication energy used 
by UAV i for transmitting and receiving, 𝐸௣௥௢௣,௜  is 
the propulsion energy consumed while serving as a 
relay or moving to maintain connectivity, 𝑃ௗ௘௟௜௩௘௥௘ௗ  

is the total number of packets successfully delivered, 
and N is the number of UAVs involved in routing 
operations. 

Traditional routing protocols like AODV and 
OLSR may forward packets through nodes without 
considering their remaining energy or their position 
in the flight path. Inefficient relay selection often 
causes specific UAVs to experience accelerated 
energy depletion, reducing overall network 
sustainability. Energy-aware routing schemes such 
as EMGR and LBEAR address this limitation by 
integrating residual energy metrics into their path-
selection processes. However, these protocols still 
rely on static or heuristic energy models that do not 
accurately capture the real-time propulsion 
dynamics governing UAV power consumption in 
FANET environments. 

SPARROW-EAR distinguishes itself by 
integrating real-time propulsion-aware energy 
estimation into route selection. It prioritizes UAVs 
with sufficient flight endurance and stable links, 
thereby minimizing retransmissions, broken paths, 
and inefficient relays. Moreover, the opportunistic 
load-balancing mechanism distributes traffic across 
multiple reliable paths, ensuring that no single UAV 
is overburdened. 

As a result, SPARROW-EAR reduces both the 
communication overhead and unnecessary 
propulsion energy, leading to significantly lower 
average energy consumption per packet, especially 
as network density increases. This is crucial in 
extending mission duration, maintaining coverage, 
and ensuring sustainable operation in energy-
constrained aerial networks. 

Figure 4 plots the average energy consumed per 
successfully delivered packet against the number of 
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UAVs, ranging from 50 to 500 in intervals of 50. The 
x-axis represents the number of UAVs in the 
network, while the y-axis indicates the average 
energy cost per packet (in Joules). 
 

 
Figure 4. Energy Consumption per Delivered Packet 

 
Energy usage per packet increases as the 

number of UAVs grows, with AODV consuming the 
most energy due to repeated rediscoveries and 
retransmissions. EMGR improves efficiency by 
considering residual energy in path selection, though 
it still lacks stability awareness. LSTDA further 
reduces consumption by avoiding fragile links, thus 
minimizing wasted transmissions. SPARROW-EAR 
reduces energy consumption per packet by 
combining propulsion-aware modeling with 
opportunistic load balancing, which distributes 
traffic more evenly and prevents excessive drain on 
UAVs operating near depletion. Table 5 and Figure 
4 highlight SPARROW-EAR's clear advantage in 
conserving both propulsion and communication 
energy. 

 
Table 5. Energy Consumption per Delivered Packet 

Energy Consumption per Delivered Packet (J) 

Drones AODV EMGR LSTDA SPARROW-EAR 

50 2.61 2.38 2.24 2.01 

100 3.04 2.71 2.52 2.15 

150 3.29 2.90 2.68 2.23 

200 3.52 3.09 2.84 2.32 

250 3.75 3.27 2.97 2.41 

300 3.98 3.45 3.12 2.49 

350 4.21 3.65 3.23 2.57 

400 4.45 3.88 3.36 2.65 

450 4.67 4.09 3.49 2.74 

500 4.91 4.29 3.61 2.82 

Average 3.84 3.37 3.01 2.44 

5.4. Network Lifetime 
Network lifetime in FANETs refers to the 

duration for which the network remains functional 
and capable of supporting reliable communication 
before energy depletion causes disconnections. In 
conventional studies, this metric is often simplified 
as the time until the first UAV depletes its battery. 
While such a definition provides a baseline, it does 
not fully capture the dynamics of energy 
consumption in UAV networks, where propulsion 
dominates over communication and uneven routing 
loads can fragment the network. 

To align with SPARROW-EAR's design 
principles, the network lifetime model accounts for 
residual energy, propulsion power consumption, and 
communication energy. For a UAV i with residual 
energy 𝐸௥௘௦,௜, propulsion power 𝑃௣௥௢௕,௜, and 
communication power 𝑃௖௢௠௠,௜, the operational 
lifetime is expressed in Eq. (28).  

 

𝑇௜  = 
ாೝ೐ೞ,೔ 

௉೛ೝ೚೛,೔ା ௉೎೚೘೘,೔
 (28) 

 
The evaluation considers three complementary 

lifetime indicators for the overall network. 
First Node Death (FND): the earliest point when any 
UAV exhausts its energy, 
 

𝑇ிே஽= min
௜∈୒

𝑇௜ (29) 
 
Half Node Death (HND): the first indicator measures 
the time at which half of the UAVs in the swarm 
exhaust their battery reserves, 
 

𝑇ுே஽ = time when 
|ேೌ೗೔ೡ೐|

|ே|
 = 0.5 (30) 

 
Network Connectivity Lifetime (NCL): the 
maximum time until the surviving UAVs can no 
longer maintain a connected graph, 
 

𝑇ே஼௅  = max{t ∣ ∃G(t) ⊆ 𝑁௔௟௜௩௘ 
is connected} 

(31) 

 
These three perspectives together give a 

comprehensive view of FANET endurance. While 
FND captures the worst-case endurance of a single 
UAV, HND reflects the swarm's resilience, and NCL 
measures how long the network remains useful for 
communication. 

SPARROW-EAR specifically extends network 
lifetime across all three aspects. By modeling 
propulsion-aware energy consumption, the protocol 
avoids routing through UAVs that are close to 
depletion. Its utility function balances fairness, 
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stability, and reliability, while opportunistic load 
balancing distributes traffic across multiple paths to 
prevent overburdening specific UAVs. As a result, 
SPARROW-EAR not only delays the first UAV 
failure but also sustains swarm-wide operation and 
preserves connectivity for a longer duration 
compared to traditional protocols. 

The graph of network lifetime against the 
number of UAVs highlights the endurance 
advantage of SPARROW-EAR over conventional 
routing schemes. In Figure 5, the x-axis represents 
the number of UAVs in the FANET (ranging from 
50 to 500 at intervals of 50). At the same time, the y-
axis shows the network lifetime, measured in 
simulation time units until either the first UAV 
depletes its energy or the network becomes 
partitioned. 

 

 
Figure 5. Network Lifetime 

 
Table 6. Network Lifetime 

Network Lifetime (m) 

Drones AODV EMGR LSTDA SPARROW-EAR 

50 12.17 13.53 14.08 15.03 

100 11.42 12.85 13.60 14.58 

150 10.88 12.37 13.23 14.37 

200 10.47 12.02 12.93 14.15 

250 10.02 11.63 12.67 13.97 

300 9.65 11.30 12.40 13.78 

350 9.27 11.00 12.17 13.60 

400 8.90 10.68 11.92 13.42 

450 8.52 10.37 11.68 13.22 

500 8.15 10.05 11.47 13.03 

Average 9.95 11.58 12.62 13.92 

 
5.5. Routing Overhead 

The routing overhead metric captures the 
fraction of control traffic generated during route 
establishment and maintenance compared to the 

actual data successfully delivered. It is usually 
expressed as the ratio of total control packets to data 
packets, as shown in Eq. (32). 

 

RO = 
஼೛ೖ೟

஽೛ೖ೟
 (32) 

 
Where 𝐶௣௞௧ is the number of control packets 
transmitted and 𝐷௣௞௧  is the number of data packets 
successfully delivered. A lower value indicates a 
more efficient protocol, as it consumes less 
bandwidth and energy for signaling. 

In FANETs, high mobility leads to frequent link 
breakages and rediscoveries, often inflating routing 
overhead. Classical reactive protocols, such as 
AODV, incur overhead whenever a route breaks, 
whereas proactive schemes, such as OLSR, maintain 
periodic control messages regardless of mobility 
conditions. Stability-driven methods like DLSA and 
LSTDA reduce rediscovery by predicting link 
durations, but still incur additional signaling during 
rapid topological shifts. Energy-focused strategies 
like EMGR and LBEAR improve load distribution 
but do not explicitly limit the volume of route control 
traffic. 

SPARROW-EAR reduces routing overhead 
through two complementary mechanisms. First, 
integrating propulsion-aware energy modeling and 
residual flight-time estimation prevents selecting 
UAVs that are likely to fail, thereby reducing the 
probability of premature path breakage and the 
associated rediscovery cycles. Second, link-
persistence prediction minimizes route churn by 
favoring links expected to remain stable. Together, 
these strategies substantially cut unnecessary 
signaling. 

Figure 6 shows the routing overhead graph, 
plotting the number of UAVs on the x-axis and the 
average control overhead ratio on the y-axis. The 
results show a clear divergence in performance 
among the protocols as the swarm size increases 
from 50 to 500 UAVs. AODV shows lower overhead 
in smaller networks but experiences sharp increases 
beyond 300 UAVs due to repeated route discoveries 
in unstable conditions. Energy-aware schemes like 
EMGR reduce control signaling by avoiding energy-
drained nodes, but their lack of predictive stability 
causes rediscovery costs to resurface at larger scales. 
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Figure 6. Routing overhead in % 

Table 7. Routing Overhead %  
Routing overhead in % 

Drones AODV EMGR LSTDA SPARROW-EAR 

50 12.00 10.00 7.00 6.00 

100 15.50 11.80 8.30 6.60 

150 19.00 13.60 9.60 7.20 

200 22.50 15.40 11.00 7.80 

250 25.00 16.80 12.00 8.20 

300 27.50 18.00 13.00 8.60 

350 29.50 19.20 14.00 9.00 

400 31.50 20.40 14.80 9.40 

450 33.00 21.00 15.40 9.70 

500 35.00 22.00 16.00 10.00 

Average 25.05 16.82 12.11 8.25 

 
5.6. Throughput 

Throughput quantifies the effective rate at 
which valid data reaches the destination across the 
FANET, expressed in bits per second (bps). It is 
directly shaped by the packet delivery ratio (PDR), 
end-to-end delay, energy efficiency, network 
lifetime, and routing overhead. A protocol that 
maintains a high PDR and low delay typically 
sustains higher throughput, since more packets reach 
their destination within the required time window. 

Throughput measures the effective data 
successfully delivered per unit time and directly 
reflects network capacity under varying loads, as 
expressed in Eq. (33). 

 

𝑇௛ = 
∑  ௉ೝ೐೎ೡ.ೕ ௑ ௌ೛ೖ೟

ಾ
ೕసభ

்ೞ೔೘
 (33) 

Where 𝑆௣௞௧ is the average size and 𝑇௦௜௠  is the total 
simulation time. 

By balancing load and maintaining stable, 
energy-aware routes, SPARROW-EAR sustains 
higher throughput than traditional protocols, 
especially at larger swarm sizes, where uneven 
energy depletion often reduces performance. 

Conventional routing schemes such as AODV 
or OLSR often exhibit fluctuating throughput in 
dense or highly mobile UAV networks, mainly due 
to frequent route breaks and excessive control 
signaling. Energy-aware protocols such as EMGR 
and LBEAR improve fairness but may sacrifice data 
rate because they do not explicitly balance load in 
real time. Similarly, stability-driven methods like 
DLSA and LSTDA enhance link persistence but 
incur latency penalties during corridor or multipath 
selection, thereby reducing throughput in fast-
changing aerial environments. 

 
SPARROW-EAR demonstrates a significant 

improvement in throughput by integrating 
propulsion-aware energy modeling, link stability 
prediction, and opportunistic load balancing. By 
ensuring that relay nodes are neither energy-depleted 
nor unstable, the protocol sustains higher PDR. Its 
Pareto-pruned route discovery avoids unnecessary 
delays, and its balanced traffic allocation prevents 
bottlenecks, ensuring packets flow smoothly across 
the network. Lower routing overhead also 
contributes, as more bandwidth is available for 
actual data transmission rather than control 
exchanges. 

As a result, SPARROW-EAR consistently 
delivers higher throughput across all network scales, 
maintaining stable performance even under high 
mobility and dense UAV conditions. The protocol's 
throughput efficiency aligns with its superior 
performance in packet delivery ratio, latency, energy 
consumption, network lifetime, and routing 
overhead, demonstrating its capability to sustain 
communication reliability in demanding aerial 
scenarios. These characteristics make SPARROW-
EAR a strong candidate for mission-critical FANET 
applications, such as surveillance, disaster 
assessment, and environmental monitoring, where 
continuous, reliable data transmission is essential. 

Throughput generally declines as networks 
grow due to congestion and instability. AODV 
shows the steepest drop, reflecting frequent packet 
loss and unstable routing. EMGR performs 
moderately better, while LSTDA sustains higher 
throughput by maintaining stable routes. 
SPARROW-EAR achieves the highest throughput 
across all scales, with only slight reductions even at 
500 UAVs. This superior performance stems from 
its stable link prediction, energy fairness, and 
opportunistic load balancing, which together sustain 
higher data delivery rates.  
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Figure 7. Throughput 

 
Table 8 and Figure 7 clearly show SPARROW-

EAR's consistent advantage across the entire range 
of UAV counts. Its propulsion-aware energy 
modeling ensures that nodes close to depletion are 
avoided as relays, while link stability prediction 
minimizes interruptions caused by rapid topology 
changes. The opportunistic load balancing further 
spreads data traffic across multiple reliable paths, 
preventing congestion at any single UAV. As a 
result, SPARROW-EAR maintains higher 
throughput even at 500 UAVs, where traditional and 
energy-based protocols show significant 
performance degradation. This demonstrates the 
protocol's ability to maintain reliable, high-capacity 
communication even in large-scale, highly dynamic 
FANET environments, reinforcing its suitability for 
real-time aerial networking applications. 

 
Table 8. Throughput (kbps) 

Throughput (kbps) 

Drones AODV EMGR LSTDA SPARROW-EAR 

50 282.00 298.00 305.00 322.00 

100 264.00 281.00 291.00 312.00 

150 254.00 274.00 287.00 309.00 

200 241.00 266.00 280.00 306.00 

250 230.00 258.00 276.00 303.00 

300 218.00 249.00 271.00 298.00 

350 206.00 241.00 266.00 294.00 

400 194.00 231.00 258.00 289.00 

450 181.00 221.00 251.00 283.00 

500 169.00 212.00 245.00 277.00 

Average 223.90 253.10 273.00 299.30 

 
 
 
 

6.0 CONCLUSION 
 

This paper presented SPARROW-EAR, a 
sustainable power-aware routing protocol designed 
specifically for FANETs. Unlike conventional 
routing schemes adapted from terrestrial networks, 
SPARROW-EAR integrates propulsion-aware 
energy modeling, predictive link stability, and 
opportunistic load balancing into a unified 
framework. The protocol accounts for the dominant 
propulsion energy in UAVs and distributes traffic 
intelligently across multiple feasible routes to 
prevent uneven energy depletion. Simulation results 
confirm that SPARROW-EAR consistently 
outperforms AODV, EMGR, and LSTDA in packet 
delivery ratio, end-to-end delay, energy 
consumption per packet, network lifetime, routing 
overhead, and throughput. These improvements 
arise from its adaptive traffic distribution and its 
alignment of routing logic with real UAV endurance 
characteristics. The simulation results show 
substantial performance gains, but the model's 
accuracy depends on precise mobility and energy 
predictions, which can be affected by external 
factors such as atmospheric turbulence and sensor 
uncertainty. These limitations present opportunities 
for refinement through adaptive calibration and real-
flight validation. Overall, SPARROW-EAR 
establishes itself as a technically robust and 
sustainable routing solution for resilient, energy-
efficient aerial communication systems. 

The SPARROW-EAR protocol offers practical 
value for UAV-based applications that depend on 
sustained aerial communication and energy-efficient 
operation. Real UAV network systems can 
incorporate the propulsion-aware routing design to 
extend mission endurance, reduce connectivity 
disruptions, and improve energy allocation during 
dynamic flight operations. In industrial domains 
such as precision agriculture, surveillance, and 
disaster response, SPARROW-EAR enables longer 
operation cycles and stable data delivery across large 
UAV fleets. For defense and emergency missions, its 
stability-aware routing ensures reliable coordination 
in high-mobility environments. The protocol's 
energy modeling framework also provides system 
engineers with a foundation for developing flight-
adaptive routing algorithms that align UAV power 
usage with real-time communication demands, 
advancing both operational reliability and energy 
sustainability in professional aerial networks. 

Future research will focus on extending 
SPARROW-EAR toward real-world deployment 
and adaptive intelligence. Incorporating renewable 
energy support, such as solar-assisted power 
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replenishment, could further mitigate battery 
constraints in long-duration missions. Integrating 
security-aware routing mechanisms will strengthen 
network resilience in adversarial environments. 
Moreover, machine learning-based weight 
adaptation may enhance the accuracy of utility 
decisions under dynamic mobility and 
environmental variations. Future work will 
implement large-scale UAV testbed experiments to 
validate scalability, communication robustness, and 
energy sustainability under practical flight 
conditions. 
 
7.0 OPEN RESEARCH ISSUES 
 

The results of this study demonstrate that 
SPARROW-EAR significantly improves packet 
delivery ratio, energy efficiency, and network 
lifetime compared with AODV, EMGR, and 
LSTDA. Its propulsion-aware modeling and 
predictive routing enable more balanced energy use 
and stronger link stability under high mobility. 
Despite these achievements, several challenges 
remain open for further investigation. The protocol 
currently assumes accurate position and velocity 
data, which may be affected by GPS errors or 
sensing delays in real-world UAV systems. 
Propulsion energy modeling also relies on ideal 
aerodynamic parameters that can change with UAV 
type, wind conditions, and flight altitude. 
Furthermore, scalability under dense swarm 
deployments, interoperability with heterogeneous 
UAV platforms, and security-aware routing in 
adversarial conditions remain unresolved. 
Addressing these issues through adaptive machine 
learning, hardware-level energy sensing, and cross-
layer integration will enhance SPARROW-EAR's 
practicality and resilience in operational aerial 
networks. 
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