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Abstract: 

Reliable internet connectivity is vital for emergency communication and disaster 
management, yet many remote and rural regions remain without access to stable net-
works. This study presents a simulation-based framework for deploying Unmanned 
Aerial Vehicles (UAVs) to establish temporary internet connectivity in such regions. 
The proposed system employs a terrain-aware deterministic region-filling algorithm to 
determine optimal UAV placement, ensuring full coverage with minimal energy con-
sumption and latency. UAVs act as aerial base stations operating within altitude and en-
ergy constraints, and the deployment is optimized to balance leftover energy among all 
drones. Simulation experiments are performed using MATLAB, NS-3, and OMNeT++ 
on the Pettimudi landslide region in Kerala, India. Results demonstrate that 100% cov-
erage of a 4×4 km² disaster area can be achieved with only sixteen drones, maintaining 
network efficiency of 98% and latency below 200 ms. Comparative analysis with tra-
ditional planar UAV, satellite, and Cell-on-Wheels (COW) systems highlights superior 
scalability, energy efficiency, and deployment speed. The proposed model provides a 
reproducible and practical solution for rapid communication restoration in remote or 
disaster-affected regions.

Keywords: UAV, temporary internet, drone deployment, deterministic algorithm, 
coverage optimization, network simulation, energy efficiency.
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مستخلص:

يُعــد الاتصــال الموثــوق بالإنترنــت أمــرًا بالــغ الأهميــة للاتصــالات الطارئــة وإدارة الكــوارث، ومــع ذلــك لا تــزال العديــد 
ــا عــى المحــاكاة لنــر  ــة تفتقــر إلى الوصــول إلى شــبكات مســتقرة. تقــدم هــذه الدراســة إطــارًا مبنيً ــة والنائي مــن المناطــق الريفي
المركبــات الجويــة غــر المأهولــة )UAVs( بهــدف إنشــاء اتصــال إنترنــت مؤقــت في مثــل هــذه المناطــق. يعتمــد النظــام المقــرح عــى 
خوارزميــة تعبئــة مناطــق حتميــة تعتمــد عــى شــكل التضاريــس لتحديــد أفضــل مواقــع لنــر الطائــرات المســرّة، ممــا يضمــن 
ــود  ــن قي ــة ضم ــث جوي ــات ب ــرّة كمنص ــرات المس ــل الطائ ــول. تعم ــن الوص ــة وزم ــتهلاك الطاق ــل اس ــع تقلي ــة م ــة كامل تغطي
الارتفــاع والطاقــة، ويتــم تحســن عمليــة النــر لتحقيــق تــوازن في الطاقــة المتبقيــة بــن جميــع الطائــرات. تــم إجــراء التجــارب 
باســتخدام برامــج MATLAB وNS-3 و++OMNeT عــى منطقــة الانهيــار الأرضي في “بيتمــودي” بولايــة كــرالا في الهنــد. 
أظهــرت النتائــج إمكانيــة تحقيــق تغطيــة بنســبة %100 لمنطقــة كــوارث بمســاحة 4×4 كــم² باســتخدام ســت عــرة طائــرة فقــط، 
مــع الحفــاظ عــى كفــاءة شــبكة تبلــغ %98 وزمــن وصــول أقــل مــن 200 ملــي ثانيــة. كــا يوضــح التحليــل المقــارن مــع أنظمــة 
الطائــرات المســرة التقليديــة، والأقــار الصناعيــة، وأنظمــة الأبــراج المتنقلــة )COW( تفــوق النمــوذج المقــرح مــن حيــث قابليــة 
التوســع وكفــاءة الطاقــة وسرعــة النــر. يوفــر النمــوذج المقــرح حــاً عمليًــا وقابــاً للتطبيــق لإعــادة إنشــاء الاتصــالات بشــكل 

سريــع في المناطــق النائيــة أو المتــررة مــن الكــوارث.
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1. Introduction
Reliable internet connectivity is in-

dispensable for modern communica-
tion, information exchange, and disas-
ter response; however, large portions 
of the world—particularly rural, re-
mote, and disaster-prone regions—re-
main disconnected. According to re-
cent ITU statistics, nearly 2.9 billion 
individuals globally still lack consistent 
internet access, limiting their ability to 
participate in critical activities such as 
emergency coordination, telemedicine, 
online learning, and post-disaster man-
agement. Conventional communica-
tion infrastructures, including fiber-op-
tic networks and cellular towers, are 
often unavailable or severely damaged 
in these environments, underscoring 
the necessity for rapid, flexible, and 
cost-effective solutions capable of es-
tablishing temporary network cover-
age [1].

Unmanned Aerial Vehicles (UAVs), 
commonly known as drones, have 
emerged as a promising alternative to 
address this challenge. Functioning 
as aerial base stations, UAVs can be 
rapidly deployed over regions lacking 

ground infrastructure and repositioned 
dynamically to optimize network per-
formance. Simulation-driven design 
plays a vital role in the development of 
these networks, enabling researchers to 
examine deployment strategies, cover-
age characteristics, throughput, laten-
cy, and energy efficiency under various 
conditions without incurring the cost 
and risk of real-world experiments [2]. 
In this study, UAVs are modeled as ae-
rial communication nodes that provide 
temporary internet access using ide-
al Wi-Fi or LTE links. The coverage 
radius of each UAV is formulated as 
R = h × tan (θ), where represents the 
UAV altitude and denotes the antenna 
half-beamwidth. The free-space path 
loss is calculated as PL(dB) = 20log10 
(f)+20log10 (d)+32.44, where f is the 
transmission frequency in MHz and is 
the communication distance in kilome-
ters [3]. These formulations allow real-
istic simulation of coverage and signal 
propagation across heterogeneous ter-
rains.

Despite the advantages of UAV-as-
sisted communication, several chal-
lenges persist. Existing approaches 
such as Cell-on-Wheels (COWs), satel-
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lite communication, and ground-based 
emergency stations exhibit limitations 
in terms of coverage, deployment la-
tency, and energy efficiency. Tempo-
rary UAV networks must therefore 
achieve a balance between maximiz-
ing coverage, minimizing energy con-
sumption, and maintaining low latency 
and reliable connectivity [4]. To over-
come these limitations, this study in-
troduces a simulation-based optimiza-
tion framework for UAV deployment. 
The framework employs a determin-
istic, terrain-aware region-filling al-
gorithm inspired by swarm coordina-
tion principles to identify the optimal 
number and placement of drones. The 
objective is to achieve maximum cov-
erage and balanced energy utilization 
while ensuring minimal communica-
tion delay. Comprehensive evaluations 
are performed using MATLAB, NS-3, 
and OMNeT++ simulation platforms 
across diverse geographical condi-
tions, including rural plains, urban en-
vironments, and mountainous disaster 
zones [5].

1.1 Problem Definition
Recent advancements in UAV-based 

communication frameworks have 
shown great potential; however, sev-
eral key limitations still persist. Many 
existing approaches rely on simplified 
environmental modeling that overlooks 
terrain elevation and obstructions, lead-
ing to unrealistic and overly optimistic 
coverage estimations. Traditional op-
timization methods often result in un-
even energy utilization among UAVs, 
where certain nodes deplete their ener-
gy faster than others, reducing the over-
all network lifetime. Moreover, the use 
of stochastic metaheuristic algorithms 
such as PSO and GA introduces ran-
domness, resulting in inconsistent and 
non-reproducible outcomes that hinder 
deployment validation.To overcome 
these challenges, this research aims to 
design a deterministic, terrain-aware 
UAV deployment framework that en-
sures complete network coverage over 
irregular landscapes while minimizing 
the number of UAVs, balancing their 
energy consumption, and maintaining 
low latency for reliable communica-
tion[6].

1.2 Contributions
The major contributions of this work 
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are as follows:
•	 Development of a deterministic re-

gion-filling algorithm for UAV de-
ployment that eliminates stochastic 
uncertainty while ensuring full ter-
rain-aware coverage.

•	 Integration of energy-aware mod-
eling to balance leftover power 
among UAVs, enhancing overall 
network lifetime.

•	 Simulation-based evaluation using 
MATLAB, NS-3, and OMNeT++ 
to analyze coverage, throughput, 
latency, and energy performance in 
real-world terrain data (Pettimudi 
landslide region, Kerala, India).

•	 Comparative analysis demonstrat-
ing the superiority of the proposed 
model over planar UAV, satellite, 
and COW-based systems in terms 
of coverage efficiency, latency, and 
energy optimization.

•	 Provision of a reproducible frame-
work that can serve as a guideline 
for rapid communication resto-
ration in future disaster manage-
ment systems.

1.3 Paper Organization
The remainder of this paper is or-

ganized as follows: Section 2 reviews 
related work on UAV-based communi-
cation networks and identifies existing 
research gaps. Section 3 describes the 
proposed system model, algorithmic 
design, and mathematical formula-
tions. Section 4 explains the simulation 
setup and experimental parameters and  
discusses the results and performance 
evaluation, while Section 5 outlines 
practical implications and limitations. 
Finally, Section 6 concludes the study 
and suggests directions for future work, 
including AI-based routing, RIS-assist-
ed UAV communication, and integra-
tion with LEO satellite constellations 
for global coverage.

2. Related Work 
Several studies have explored 

UAV-assisted communication net-
works aimed at providing temporary 
internet connectivity in regions lacking 
fixed infrastructure. Zhang et al. [7] in-
troduced a UAV deployment approach 
based on region-filling algorithms to 
maximize coverage in rural terrains. 
Their MATLAB simulations modeled 
coverage radius as R=h×tan(θ), where 
h represents UAV altitude and denotes 
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the antenna half-beamwidth. The study 
achieved approximately 92% area cov-
erage with minimal drones and high-
lighted the trade-off between altitude 
and energy consumption, noting that 
higher altitudes improved coverage 
but significantly increased power us-
age.Swathi and Kodukula [8] proposed 
a swarm-based cooperative UAV 
framework for disaster-affected urban 
environments. Using Particle Swarm 
Optimization (PSO), they determined 
optimal UAV positions that maintained 
inter-UAV connectivity. NS-3 simu-
lations revealed an 18% reduction in 
latency and a 22% improvement in 
throughput compared to uniform ran-
dom placements, emphasizing the 
importance of swarm coordination in 
maintaining stable communication un-
der dynamic conditions.

Too and Mirjalili [9] developed 
a hybrid PSO–Genetic Algorithm 
(PSO-GA) for UAV deployment that 
optimized both coverage and energy 
efficiency. MATLAB and NS-3 exper-
iments across planar and mountainous 
terrains demonstrated a 15% improve-
ment in the coverage-to-energy ratio 
compared to standalone PSO or GA. 

Their findings underscored the ben-
efits of multi-objective optimization 
for UAV placement in real-time envi-
ronments.Ouadfel and Abd Elaziz [10] 
introduced a terrain-aware UAV place-
ment strategy that incorporated prob-
abilistic line-of-sight (LoS) models. 
The LoS probability was calculated as 

 , where a and b are 
terrain-dependent constants and θ rep-
resents the elevation angle. MATLAB 
simulations showed that terrain-aware 
optimization improved effective cov-
erage by 10–12% compared with al-
titude-only methods, reinforcing the 
significance of accounting for environ-
mental obstructions in UAV deploy-
ment.

Ghosh et al. [11] presented a coop-
erative multi-UAV network with en-
ergy-efficient flight paths integrated 
into a coverage optimization model. 
By maintaining safe inter-UAV dis-
tances (dij ≥ dmin), their NS-3 simu-
lations demonstrated a 20% reduction 
in energy consumption while sustain-
ing over 90% coverage. Kumar and 
Li [12] conducted a simulation-based 
evaluation of UAV-assisted LTE net-
works for emergency response. They 
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showed that adaptive altitude control 
reduced latency by up to 15% while 
maintaining throughput above 85% 
of the theoretical maximum.Hassan 
et al. [13] proposed a modified Ge-
netic Algorithm for optimizing UAV 
placement with respect to both cover-
age and connectivity. Results indicated 
improved reliability in urban scenar-
ios by reducing network congestion 
through distance-based connectivity 
constraints. Al-Obaidi et al. [14] ex-
plored energy-efficient UAV routing 
combined with coverage optimization, 
modeling drone energy as Edrone​=∑N

i=1
​

Phover​⋅thover​+Pmove​⋅tmove and demonstrated 
an 18% increase in mission duration 
while maintaining over 90% coverage.

    Sharma and Singh [15] investigat-
ed cooperative UAV swarms for disas-
ter monitoring and temporary connec-
tivity. Their NS-3 simulations showed 
that swarm coordination improved 
coverage by 12% and reduced data la-
tency by 20% compared with non-co-
operative systems. Similarly, Chen et 
al. [16] introduced a hybrid PSO–Re-
lief algorithm for UAV placement in 
rural and mountainous environments, 
which reduced the required number of 

drones by 10% while maintaining full 
coverage.Despite these contributions, 
most prior works optimize only isolat-
ed metrics such as coverage, latency, or 
energy efficiency, often neglecting the 
combined effects of terrain elevation, 
energy balance, and reproducibility. 
Few frameworks provide an integrated 
solution that jointly optimizes cover-
age, latency, and energy under realistic 
terrain constraints using reproducible 
deterministic algorithms [17].

In contrast, the present study propos-
es a deterministic, terrain-aware UAV 
deployment methodology that unifies 
coverage optimization, energy balanc-
ing, and latency minimization within 
a single simulation-driven framework. 
Unlike stochastic or hybrid heuristic 
methods (e.g., PSO-GA or SA-based 
approaches), the proposed region-fill-
ing algorithm ensures deterministic 
placement without random initializa-
tion, enhancing reproducibility and 
computational stability. Moreover, this 
work uniquely validates the proposed 
framework on real-world terrain data 
from the Pettimudi landslide region, 
offering practical insights into UAV-
based emergency communication de-
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ployment in challenging topographies.

3. System Modelling 
This section presents a compre-

hensive mathematical and algorithmic 
framework for UAV-based temporary 
Internet networks. The goal is to deter-
mine UAV placement strategies that:

1.	 Achieve full coverage of the de-
ployment region.

2.	 Ensure balanced leftover energy 
among all UAVs.

3.	 Minimize the number of UAVs 
deployed.

The modeling is simulation-ori-
ented, without hardware constraints, 

focusing on coverage, energy optimi-
zation, and deterministic placement 
strategies. 

3.1 Overview of the System Model 
– Expanded 

In this framework, deterministic re-
fers to the absence of stochastic or ran-
dom initialization during UAV place-
ment. All UAV positions are computed 
using fixed geometric rules and math-
ematical relationships. Given identical 
input parameters, the algorithm always 
produces identical placement outputs, 
ensuring full reproducibility of simula-
tion results.

Figure 1. Flowchart of the overall system.
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Expanded explanation:
Inputs include region size, UAV 

energy capacity, coverage angle, and 
base station locations. Outputs are op-
timized UAV locations ensuring cover-
age and energy constraints.

Table 1 UAV and region parameters

Parameter Description
m Length of the region
n Breadth of the region

H min Minimum altitude of a drone

H max
 Maximum permissible

height of a drone

H td
 Threshold height for

drone deployment

SH x,y,z

Height of the lowest point 
in a circular region with center 

at (x, y) and radius r 
(SH is a sub Height Matrix, 

a subset of H)
Ei Remaining energy of UAV i
B Initial energy of a drone

W  Ratio of horizontal lift to drag
ratio to vertical lift to drag ratio

C  Energy dissipation rate
per kilometres

a  Coverage angle of network
drone in degrees

GR Golden Ratio constant (1.618)
PM Pattern Memory
CR Convergence Ratio
CF Creative Factor

3.2. Notation 
The notations used throughout the 

section are summarized in Table 1, in-
cluding:

•	 Ai​: Coverage area of UAV iii
•	 r: Ground coverage radius
•	 ei​: Leftover energy of UAV iii
•	 disti ​: Horizontal distance from 

base station to UAV deployment
•	 PM: Pattern Memory storing can-

didate UAV positions
•	 CR: Convergence Ratio
•	 CF: Creative Factor
•	 GR: Golden Ratio

These variables are referenced in 
equations, algorithms, and figures.

3.3 Coverage Model
Each UAV is modeled as a cone 

with half-angle α.

r = hi.tan(α)               (1)

Ai = πr2 = π(hi tan α)^2     (2)

A ground point (x,y) is covered by 
UAV i if:

( x - xi )
2+ ( y - yi )

2 ≤ r2    (3)
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Explanation:
Coverage is evaluated using a dis-

cretized grid. Overlap minimization 
reduces wasted coverage. Geometric 
modeling provides the foundation for 
deterministic UAV placement.

3.4 Energy Model
Each UAV has an initial energy B 

(Wh). Energy consumption arises from 
horizontal travel and vertical ascent. 
The leftover energy is:

   (4)
Equal leftover energy constraint:

        (5)
Rearranging gives UAV altitude:

            (6)

Figure 2. View of Network Coverage

Figure 3. Minimum and Maximum UAV Deployment Altitudes.
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Table 2 Various parameters 
of the drones used for the experiments

Parameter Value

Coverage angle 30o

Weight kg 5
 Diameter (distance between

)two opposite rotors 0.4m

)rotors 0.4m

Battery Capacity mAh 20,000

Battery voltage V 22.2

 Battery energy Wh 444

Battery efficiency 0.9

3.5 Deterministic UAV Placement
Unlike stochastic swarm-based op-

timizers, the proposed region-filling al-
gorithm is deterministic because it uses 
fixed coefficients (CF, GR, CR)  and a 
rule-based Pattern Memory structure. 
No random parameters or probabilistic 
functions are used; therefore, identical 
initial inputs produce identical UAV 
trajectories and placements. This en-
sures reproducibility, stability, and 
computational predictability across all 
simulations.

Algorithm 1: Region Filling

In the UAV-based implementation, 
each filled pixel corresponds to a dis-
tinct ground coverage footprint within 
the disaster or rural region. The algo-
rithm ensures systematic, non-over-
lapping coverage by assigning UAVs 
to each filled zone according to calcu-
lated coverage radius and energy con-
straints.
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Stage 1: Initialization
•	 UAVs are placed at base stations initially.

Figure 4. Initial Circle Pacement at Base Stations.

Stage 2: Local Optimization
•	 Compute local best positions Xilbest to maximize coverage and minimize over-

lap.

Figure 5. Deployed UAV Coverage.

Stage 3: Global Coordination
•	 Global best configuration Xgbest is identified.
•	 UAVs update positions:
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Stage 4: Creativity
•	 Creative Factor (CF) and Golden Ratio (GR) refine UAV positions:

Stage 5: Pattern Memory Update
•	 PM is refreshed with the best global solution.

Figure 6. Flowchart of the Region-Filling algorithm

3.6 Optimization Objectives
Dual objectives:
1. Minimize UAV count:
           minN              (10)
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2. Maximize average leftover ener-
gy:

 (11)

Constraints include Eq. (7) and cov-
erage conditions (Eq. (3)).

Table 1 and Table 3 provide param-
eter references.

3.7 Computational Complexity
The deterministic region-filling al-

gorithm operates with time complexi-
ty O(n×m),, where n is the number of 
UAVs and m is the number of discret-
ized terrain cells. Memory usage pri-
marily depends on the Pattern Memory 
structure, with O(n) storage. Because 
all update coefficients are fixed, the 
algorithm converges deterministical-
ly within fewer than twenty iterations. 
This ensures consistent runtime behav-
ior and low computational overhead 
for all tested scenario

Required number of UAVs:

Algorithmic complexity:

4. Experimental 
Results and Discussions 

This section presents the exper-
imental evaluation of the proposed 
terrain-aware drone deployment algo-
rithm for disaster-struck regions. We 
conduct detailed simulations on the 
Pettimudi landslide region (Kerala, In-
dia) and assess the performance of the 
system in terms of coverage efficiency, 
number of drones required, through-
put, energy consumption, and laten-
cy. The results are compared against 
conventional deployment strategies to 
highlight the effectiveness of the pro-
posed model. 
  

4.1 Simulation Assumptions and 
Parameters

To ensure realism, the simulation 
setup replicates the geographical pro-
file of Pettimudi, a 

region severely affected by land-
slides in 2020. The Universal Trans-
verse Mercator (UTM) coordinate 
system is used for precise spatial rep-
resentation, and altitude data are col-
lected via the Google Elevation API.

Environmental Parameters:
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Table 3 :
Various environmental parameters

Parameter Value
Length 4KM
Width 4KM

Normalized Hmin km 0.185
Height threshold km 0.05

Air density kg/m3 1.293

Key highlights:
•	 Region size: 4 × 4 km²
•	 Normalized minimum altitude 

(Hmin) = 0.185 km
•	 Maximum drone altitude (Hmax) = 2 

km
•	 Air density = 1.293 kg/m³

4.2 Drone Deployment Results
Applying the region-filling algo-

rithm to Pettimudi yields the optimal 
deployment of 16 drones for complete 
coverage of the disaster region.
•	 Fig. 7 shows the spatial coverage 

map with drones positioned strate-
gically to ensure no voids in com-
munication.
To evaluate the performance and 

generalizability of the proposed ter-
rain-aware UAV deployment algo-
rithm, two representative scenarios 

were simulated:
(i) a mountainous terrain corre-

sponding to the Pettimudi landslide re-
gion (Kerala, India), and

(ii) a flat rural terrain repre-
senting a generic open-field en-
vironment (Tamil Nadu, India). 
Both regions span 4 × 4 km² and were 
modeled using the Universal Trans-
verse Mercator (UTM) coordinate sys-
tem. Terrain elevation data were ex-
tracted via the Google Elevation API 
to ensure geographic realism. Each ex-
periment was repeated five times using 
identical initial parameters to validate 
repeatability; results presented repre-
sent the mean of all trials, with stan-
dard deviations below 1.5%.
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Key observations:
•	 Coverage efficiency achieved: 

100% (no voids)
•	 Average leftover energy per drone: 

significantly higher than planar de-
ployment approaches

•	 Drones closer to base stations op-
erate at higher altitudes, cover-
ing larger areas and balancing sys-
tem-wide energy consumption.

4.3 Parametric Analysis
Parametric analysis was performed 

to examine the influence of aerody-

namic, geometric, and network param-
eters on UAV deployment efficiency. 
The results, shown in Figure 8 (a–h), 
confirm the scalability and adaptability 
of the proposed model.

Effect of Lift-to-Drag Ratio (W): 
Increasing W decreases the number of 
drones required but reduces average 
leftover energy due to higher aerody-
namic drag compensation. An optimal 
trade-off was identified at W=2.4 using 
the elbow method, beyond which di-
minishing energy efficiency gains were 
observed.

Figure 7.  Drone coverage in Pettimudi region.
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Effect of Coverage Angle (α): Wid-
er antenna beamwidths reduce the to-
tal drone count in a sub-linear manner, 
with negligible improvement beyond 
α=400.

Effect of Maximum Altitude 
(Hmax): UAV count decreases expo-
nentially with increasing Hmax, while 
leftover energy grows linearly due to 
lower path-loss compensation. An alti-
tude of 2 km achieved the best balance 

between coverage and endurance.
Effect of Number of Base Stations: 

Increasing the number of ground base 
stations reduces required UAVs and im-
proves link throughput. Energy gains 
saturate beyond two base stations, sug-
gesting diminishing returns.

Collectively, these results validate 
that the proposed algorithm maintains 
high scalability and energy efficiency 
under varying operational parameters.

(a) W vs. drones,

(b) W vs. leftover energy,

(c) area vs. drones,

 (d) α vs. drones,
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 (a) Effect of Lift-to-Drag Ratio (W)
•	 Increasing W reduces the number 

of required drones (Fig. 18a).
•	 However, average leftover energy 

decreases with W (Fig. 18b).
•	 Optimal trade-off occurs at W = 2.4, 

 (e) Hmax vs. drones,  (f) Hmax vs. leftover energy,

(g) base stations vs. drones,  (h) base stations vs. leftover energy.

selected using the elbow method.
(b) Effect of Area

•	 Number of drones required scales 
linearly with region size (Fig. 18c).

•	 Confirms algorithm scalability for 
larger terrains.

Figure 8.  Parametric analysis of UAV deployment performance: 
(a) W vs. drones, (b) W vs. leftover energy, (c) area vs. drones, (d) α vs. drones, 
(e) Hmax vs. drones, (f) Hmax vs. leftover energy, (g) base stations vs. drones, 

(h) base stations vs. leftover energy.
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(c) Effect of Coverage Angle (α)
•	 Wider coverage angle reduces 

drone count (Fig. 18d).
•	 Relationship is sub-linear; dimin-

ishing returns observed beyond 40°.
(d) Effect of Maximum Altitude 

(Hmax)
•	 Higher Hmax reduces drone count 

exponentially (Fig. 18e).
•	 Average leftover energy increases 

linearly with Hmax (Fig. 18f).
Optimal value: Hmax = 2 km, balanc-

ing coverage and energy.
(e) Effect of Number of Base Sta-

tions
•	 Increasing base stations reduces 

drone count (Fig. 18g).

•	 Energy efficiency improves up to 
2 base stations; adding more offers 
negligible gains (Fig. 18h).

•	 Optimal: two diagonally opposite 
base stations.

4.4 Simulation of Communication 
Network

The UAV-based communication 
framework was simulated using OM-
NeT++ with the INET module to eval-
uate end-to-end network performance. 
Figure 9(a) illustrates the terrain eleva-
tion profile of Pettimudi, while Figure 
9(b) shows the final UAV deployment 
layout derived from the deterministic 
region-filling algorithm.

)a)                                                       (b(  

Figure 9. (a) Terrain profile of Pettimudi 
(b) Final deployment layout after applying the algorithm.



341 مـجـلــة الـدراســـات التربـويـــة والعلـمــيــة - كـلــيــة التـربـيــة - الجــامـعــة العـراقــيــة
الـعدد السابـع والـعـشـرون - الـمجلد التاسع - علوم الفيـزياء - نيـسـان  2026 م

Key Results:
•	 Coverage: 100% of the affected re-

gion achieved using sixteen UAVs.
•	 Throughput: Sustained 98% net-

work efficiency with average per-
node throughput of 3.2 Mbps.

•	 Latency: Maintained below 200 ms 
for 95% of communication events.

•	 Energy balance: Variance of left-
over energy across UAVs was un-
der 3%, indicating uniform power 
utilization.

•	 Drone count reduction: Compared 
to naive grid-based placement, pro-
posed method reduced drone re-
quirement by ~20–25%.
The results presented in Section 4 es-

tablish that the proposed terrain-aware 
UAV deployment algorithm ensures 
complete coverage of disaster-struck 
regions while optimizing energy effi-
ciency and minimizing drone count. To 
contextualize these findings, we com-
pare our system with alternative ap-
proaches documented in literature and 
practice.

Conventional planar UAV deploy-
ment methods achieve acceptable cov-
erage in flat terrains but suffer from 
voids in hilly or uneven landscapes, a 

limitation eliminated in our approach 
through altitude-aware placement. 
Ground-based solutions such as Cell-
on-Wheels (COWs) offer high trans-
mission power and broad coverage in 
accessible regions, but their deploy-
ment speed is severely constrained by 
damaged roads, rendering them un-
suitable in landslides, floods, or earth-
quakes. Satellite communication sys-
tems provide global connectivity and 
immediate deployment, yet their high 
cost, limited bandwidth, and latency 
above 300 ms restrict large-scale adop-
tion. Low-cost solutions such as two-
way radios or walkie-talkies remain 
effective for localized, short-range 
rescue coordination but fail to serve 
as population-wide connectivity plat-
forms.

Thus, the comparative evaluation 
highlights the unique advantage of the 
proposed UAV model: the ability to 
balance coverage, scalability, energy ef-
ficiency, and deployment speed while 
maintaining moderate cost. This dual 
optimization of minimal drone count 
and maximal leftover energy differen-
tiates it from existing UAV or ground-
based solutions
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4.5 Comparative Discussion
Reliable post-disaster connectivity 

can be achieved through several tech-
nologies such as Unmanned Aerial Ve-
hicles (UAVs), ground-based mobile 
towers (Cell-on-Wheels – COWs), 
satellite networks, and short-range ra-
dio systems. Each alternative offers 
distinct operational benefits but also 
faces critical deployment constraints in 
real-world emergencies. COWs func-
tion effectively on flat terrain with in-
tact road infrastructure; however, their 
utility declines sharply in landslide- or 
flood-affected regions where surface 
mobility is restricted. Satellite systems 
provide wide-area coverage and rapid 
activation, yet their high latency, lim-
ited bandwidth, and cost per link make 
them unsuitable for large-scale emer-
gency backhaul. Low-cost two-way 
radios offer immediate local communi-
cation but are limited by line-of-sight 
range and the absence of internet con-
nectivity.

In contrast, the proposed ter-
rain-aware UAV framework achieves 
an optimal balance among these tech-
nologies. Through elevation-adaptive 
placement and energy-aware deploy-

ment, it maintains void-free coverage 
across irregular topography while re-
quiring fewer drones than planar or 
grid-based UAV models. The frame-
work’s rapid mobility allows network 
establishment within minutes—an 
essential capability during the gold-
en hour of disaster response. Uniform 
residual-energy distribution across 
drones extends operational lifetime 
and prevents premature node failure, 
ensuring sustained connectivity during 
prolonged rescue operations.

Performance comparison was con-
ducted across five normalized eval-
uation metrics: coverage reliability, 
deployment speed, scalability, energy 
efficiency, and cost effectiveness. Table 
4 summarizes the relative performance 
(scored 1–5), and Figure 10 visualizes 
the results through a radar chart for in-
tuitive comparison.
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The comparative analysis demon-
strates that the proposed UAV-based 
system offers the most balanced and 
adaptable solution. It delivers com-
plete coverage, high energy efficiency, 
and rapid deployment at moderate cost, 
outperforming both terrestrial and sat-

ellite alternatives. Planar UAV schemes 
are hindered by terrain irregularities, 
COWs by logistical immobility, and 
satellites by cost and latency. Although 
radios remain valuable for localized 
rescue coordination, they cannot sup-
port broadband connectivity. Overall, 

Table 4 – Comparative Evaluation of Connectivity Solutions 

Method Coverage Speed Scalability Energy Cost
Proposed UAV 5 5 4 5 4

Planar UAV 3 3 4 2 4
COWs 4 1 2 4 2

Satellites 5 5 5 3 1
Radios 1 5 1 3 5

Figure 10.  Comparative radar chart of disaster connectivity solutions
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the results establish terrain-aware UAV 
networks as a scalable, energy-effi-
cient, and resilient backbone for emer-
gency communication infrastructures.

5. Conclusions
This study presented a determinis-

tic, terrain-aware region-filling algo-
rithm for the optimal deployment of 
Unmanned Aerial Vehicles (UAVs) to 
provide temporary internet connectiv-
ity in disaster-affected and remote re-
gions. The proposed framework was 
evaluated using high-fidelity simula-
tions on the Pettimudi landslide region 
in Kerala, India. Results demonstrated 
that full coverage of a 4 × 4 km² disas-
ter zone could be achieved using only 
sixteen UAVs, achieving an average 
network efficiency of 98% and main-
taining latency below 200 ms. Com-
pared to planar UAV deployment and 
ground-based solutions such as Cell-
on-Wheels (COWs) and satellite links, 
the proposed model achieved up to 
25% reduction in the number of drones 
required while maintaining balanced 
energy utilization and extended mis-
sion lifetime.

These findings confirm the poten-

tial of UAV-assisted networks to act as 
rapidly deployable, energy-efficient, 
and scalable emergency communica-
tion infrastructures. By incorporating 
terrain elevation data and deterministic 
optimization, the model ensures void-
free coverage with reproducible re-
sults. Unlike stochastic metaheuristic 
algorithms, the deterministic design 
minimizes computational uncertain-
ty and guarantees stable performance 
across multiple runs.

However, the current implemen-
tation assumes ideal communication 
channels and does not account for en-
vironmental disturbances such as wind, 
signal fading, or hardware faults. Fu-
ture research will extend this work by 
integrating AI-based autonomous rout-
ing, reconfigurable intelligent surfaces 
(RIS) for dynamic signal adaptation, 
and Low-Earth-Orbit (LEO) satellite 
collaboration to enhance global cov-
erage and resilience of UAV-enabled 
temporary internet systems.
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