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Abstract

Long-endurance loitering munition Unmanned Aerial Vehicles (UAVs) have emerged as decisive force multipliers
within distributed reconnaissance—strike convergence architectures by enabling persistent surveillance, adaptive
engagement timing and stand-off precision strike capability across contested electromagnetic environments.
However, propulsion-energy constraints remain the dominant limitation governing mission persistence and
terminal engagement readiness, particularly under degraded Global Navigation Satellite System (GNSS)
conditions. This paper presents an integrated energy-aware trajectory optimisation architecture combining glide-
segment scheduling, adaptive loiter-geometry selection, wind-vector-aligned routing, multisensor navigation
fusion, and receding-horizon Model Predictive Control (MPC) guidance to maximise time-on-station while
preserving strike feasibility. Closed-loop simulation results demonstrate persistence improvements of up to 46%
relative to conventional circular-orbit loiter strategies. The proposed framework is positioned as a scalable
autonomy baseline for endurance-class distributed strike UAV systems operating in GNSS-degraded African
operational theatres characterised by sparse navigation infrastructure, extended mission radii, and contested
electromagnetic environments.

Keywords: Loitering munition, GNSS-denied navigation, trajectory optimisation, distributed strike UAV systems,
MPC guidance, endurance optimisation, African operational theatres.

I. Introduction

Recent conflicts have demonstrated that endurance-class loitering munition UAVs are transforming reconnaissance—
strike convergence architectures by enabling persistent intelligence, surveillance, and reconnaissance (ISR) coverage
combined with delayed engagement flexibility and reduced exposure of operators to contested environments [1]-[3].
Rather than functioning solely as expendable strike platforms, modern endurance-class UAVs increasingly operate as
persistent sensing nodes supporting distributed targeting workflows. Across African operational theatres—including the
Sahel, Lake Chad Basin, and trans-Saharan surveillance corridors—extended engagement radii, sparse infrastructure, and
degraded navigation availability impose additional constraints on autonomous aerial systems [4]-[6]. These conditions
require propulsion-efficient routing architectures capable of sustaining persistent ISR availability without continuous
satellite navigation support.

From an engineering standpoint, propulsion-energy availability remains the principal determinant of mission persistence
for fixed-wing loitering platforms. Conventional circular loiter strategies impose continuous curvature-induced
propulsion requirements that reduce endurance and limit engagement flexibility [7]. Consequently, trajectory-level
optimisation has become a critical enabling capability for next-generation distributed strike UAV systems. Existing
research addresses individual persistence-enhancement mechanisms including wind-awarerouting, glide exploitation,
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adaptive orbit selection, and predictive control-based trajectory tracking [8]-[11]. Similarly, navigation-resilience studies
have explored inertial, visual, terrain-referenced, RF-assisted, and multisensor localisation pipelines for GNSS-denied
environments [12]-[18]. However, these approaches remain largely fragmented and rarely integrated into unified
architectures suitable for endurance-class distributed strike UAV deployment.

This paper proposes an integrated trajectory optimisation architecture combining glide scheduling, adaptive orbit
geometry switching, wind-vector alignment, multisensor navigation fusion, and MPC guidance within a modular
autonomy stack suitable for GNSS-degraded African operational theatres. Primary contributions include:

Hybrid propulsion duty-cycle reduction scheduling

Adaptive loiter-geometry switching framework

Wind-aligned routing optimisation model

Multisensor GNSS-denied navigation fusion architecture

Receding-horizon MPC trajectory optimisation formulation

Demonstrated persistence improvement of 46% over baseline strategies

I1. Operational Background and Motivation
Distributed reconnaissance—strike convergence architectures increasingly depend on persistent aerial sensing assets
capable of maintaining availability within engagement envelopes over extended durations [1]—[3]. Persistence enhances
target confirmation probability, strike timing flexibility, and ISR continuity across contested environments. These
requirements are particularly relevant in African
e Operational theatres characterised by:
Intermittent GNSS availability
Sparse navigation infrastructure
Extended mission transit distances
Irregular terrain elevation
Limited communications coverage

Consequently, propulsion-efficient routing combined with resilient localisation becomes essential for sustaining
endurance-class UAV missions. GNSS degradation may arise from terrain masking, jamming, spoofing, or infrastructure
absence. Therefore, integrated localisation architectures combining inertial sensing, visual odometry, terrain referencing,
and RF opportunistic navigation are required to ensure trajectory continuity [12], [22], [27].

I1I. Layered Autonomy Architecture

The proposed framework adopts a hierarchical autonomy structure comprising mission planning, tactical optimisation,
guidance, and control layers, enabling scalable deployment across endurance-class distributed strike UAV networks. The
mission-planning layer (Fig.1) defines waypoint constraints, engagement envelopes, and endurance-allocation policies
for sector-based ISR coverage. The tactical optimisation layer performs glide-segment scheduling, adaptive loiter-
geometry switching, and wind-vector-aligned routing to minimise propulsion demand and extend persistence. The
guidance layer implements receding-horizon Model Predictive Control (MPC) for constraint-aware trajectory shaping
under navigation uncertainty. The control layer translates guidance commands into stabilised actuator inputs via autopilot
integration consistent with fixed-wing UAV architectures. This modular structure supports decentralised optimisation,
resilient operation under GNSS degradation, and scalable deployment across extended surveillance corridors typical of
African operational theatres
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Fig. 1. Layered autonomy architecture for endurance-aware trajectory optimisation in distributed strike UAV
systems operating in GNSS-degraded environments.

IV. Energy-Aware Optimal Control Formulation

Trajectory optimisation is formulated as a constrained nonlinear optimal control problem that minimises cumulative
propulsion-energy expenditure over the mission horizon while preserving aerodynamic safety and engagement feasibility.
The performance index is defined as:

T
1= [ PR,y
0

subject to the vehicle dynamics:

x = f(x,u,w)
where the state vector is:

x = [px, Py, BV, 9, ¥]"

the control vector is:

u=|[T, ¢ 6]
and the wind-disturbance vector is:

w = [Wy, Wy, W,]"

Here, p, and p, denote planar position, h is altitude, V' is airspeed, ¥ is heading angle, y is flight-path angle, T is thrust,
¢ is bank angle, and 8 is pitch angle. The optimisation is subject to the following constraints:

Vstall SV< Vmax

I ¢) |S ¢max

hmin <h< hmax

I p — Prarget IS Rengage

@ 2026 | PUBLISHED BY GJR PUBLICATION, INDIA



Global J Res Eng Comput Sci. 2026, 6(2), 133-146

These constraints ensure that the generated trajectory remains within the aecrodynamic envelope, respects manoeuvre
limitations, maintains altitude safety bounds, and preserves terminal strike feasibility. Accordingly, the formulation
provides a rigorous basis for energy-efficient routing of endurance-class distributed strike UAVs operating in GNSS-
degraded environments.

V. Glide-Segment Scheduling Strategy

Hybrid propulsion switching is introduced to reduce propulsion duty cycle by alternating between powered cruise and
energy-efficient glide phases based on real-time vehicle energy dynamics, as illustrated in Fig. 3. The thrust control input
is defined as:

w = {Tmme, powered segment
r- 0, glide segment

Switching between propulsion modes is governed by the mechanical-energy gradient condition:

dE _
ac ¢

where the total mechanical energy of the UAV is expressed as:

1
E= EmVZ +mgh

Here, m denotes vehicle mass, V airspeed, haltitude and g gravitational acceleration. When sufficient energy margin
exists, propulsion is temporarily disengaged and the vehicle transitions into glide flight, thereby reducing cumulative
power consumption without compromising trajectory feasibility.
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Fig. 2: Glide—segment scheduling principle showing intermittent propulsion disengagement during positive mechanical-
energy intervals, resulting in reduced cumulative energy consumption relative to continuous-thrust circular loiter
trajectories.

As shown in Fig. 2, glide intervals introduce measurable reductions in propulsion duty cycle while maintaining
aerodynamic stability within the flight envelope. This glide—cruise scheduling mechanism enables dynamic exploitation
of altitude—velocity energy exchange during loiter operations and constitutes a primary persistence-enhancement driver
within the proposed optimisation architecture. Simulation results indicate that glide-assisted routing alone yields
endurance improvements of approximately 22% relative to conventional continuous-thrust circular loiter strategies,
confirming its effectiveness for endurance-class ISR—strike UAV deployments in GNSS-degraded operational
environments.

VI. Adaptive Loiter Geometry Selection

Adaptive loiter-geometry selection is introduced to improve endurance by dynamically switching between candidate orbit
patterns according to aerodynamic efficiency and mission-coverage requirements. The optimal trajectory geometry is
selected using:

geometry” = arg min J(geometry)

where J () represents the propulsion-energy cost functional subject to wind conditions, coverage constraints, and terminal
engagement feasibility. The candidate geometries considered include:

e  Circular loiter, providing stable tracking and predictable engagement alignment.

o Elliptical loiter, improving aerodynamic efficiency through wind-vector alignment.

e Racetrack loiter, expanding surveillance footprint along elongated target corridors.
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Fig. 2: Adaptive loiter-geometry switching framework enabling energy-efficient orbit selection based on wind alignment,
surveillance footprint requirements, and engagement-envelope constraints.

As illustrated in Fig. 2, elliptical trajectories reduce effective drag exposure when aligned with prevailing wind
directions, while racetrack patterns increase ISR sector coverage without increasing propulsion demand. Circular
geometries remain preferable during terminal alignment phases requiring symmetric engagement envelopes. Simulation
results show that adaptive geometry switching alone produces persistence improvements of approximately 18% relative
to fixed circular loiter strategies, confirming its effectiveness as a secondary endurance-enhancement mechanism within
the proposed optimisation architecture for distributed strike UAV operations in GNSS-degraded environments.

VII. Wind-Vector-Aligned Routing

Wind-vector-aligned routing is introduced to minimise aerodynamic drag and propulsion power consumption by
adjusting the vehicle heading relative to prevailing wind conditions. Instead of maintaining a fixed circular orbit
orientation, the trajectory is continuously aligned to reduce effective airspeed along the dominant wind axis, as illustrated
in Fig. 3. The effective airspeed under wind influence is expressed as:

Vet = Vaircraft — W)
where Wrepresents the wind component parallel to the aircraft velocity vector. The corresponding aerodynamic drag
becomes:

1 2
D =5 pCoSVe
and propulsion power scales approximately with:

Px V3

Thus, even modest reductions in effective airspeed produce disproportionately large reductions in propulsion energy
demand. The optimal wind-aligned heading is obtained from:
W,
— y
= tan ! (—)
lpopt VVx
where W, and W, denote horizontal wind components along the inertial reference axes. This heading adjustment enables
continuous exploitation of favourable wind projections while preserving surveillance geometry and engagement
feasibility.
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Fig. 3: Wind-vector-aligned routing principle showing effective airspeed reduction through heading optimisation relative
to prevailing wind direction, resulting in lower drag and propulsion-power demand during endurance-class loiter
operations.
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Simulation results indicate that wind-vector-aligned routing contributes an additional persistence improvement of
approximately 6%, complementing glide scheduling and adaptive geometry switching within the integrated endurance-
optimisation framework for distributed strike UAV deployment in GNSS-degraded operational theatres.

VIII. Multisensor Navigation Fusion

Reliable trajectory execution in contested or infrastructure-limited environments requires navigation robustness beyond
satellite-only positioning. Accordingly, the proposed framework adopts a multisensor fusion architecture based on an
Extended Kalman Filter (EKF) to maintain localisation continuity during GNSS degradation. The nonlinear state
prediction model is expressed as:

Xir1 = f (oo ug) + wy

while the measurement update model is:
Z = h(x,) + v
The covariance propagation step follows:
Pr1 = FiPcFy + Qy
and the correction step is computed using:
Ky = PcHy, (HiPieHi + Ri)™?

where @ and R;, denote process and measurement noise covariance matrices respectively.

The fusion architecture integrates multiple complementary sensing modalities to ensure robust navigation performance in
GNSS-degraded environments. These include the Inertial Navigation System (INS) for continuous motion tracking,
vision odometry (VIO) for drift-bounded relative positioning, Terrain-Referenced Localisation (TRN) for map-based
correction, RF opportunistic positioning for signal-of-opportunity navigation support, and Ultra-Wideband (UWB)
ranging for precise short-baseline relative distance estimation. Together, these sensors provide resilient, multi-layered
state estimation capable of sustaining accurate trajectory control under contested electromagnetic conditions. As
illustrated in Fig. 4, sensor redundancy enables continuous navigation availability under degraded electromagnetic
conditions typical of extended surveillance corridors.
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Fig. 4: Multisensor navigation fusion architecture integrating INS, vision-based localisation, terrain-referenced
navigation, RF positioning, and UWB ranging for resilient operation in GNSS-degraded environments.

Observed localisation drift during GNSS denial remained bounded within:

e 2.4 musing vision—inertial fusion.
e 5.7 musing terrain-referenced navigation.
e 8.1 musing RF fallback positioning.

These results confirm suitability for endurance-class distributed strike UAV deployment across GNSS-challenged
operational theatres.

IX. MPC Guidance Architecture

Trajectory shaping within the proposed autonomy framework is implemented using receding-horizon Model Predictive
Control (MPC), enabling continuous optimisation of vehicle motion while respecting actuator limits and mission

constraints. The MPC objective function is defined as:
N

min (xk - xref)TQ(xk - xref) + uz;Ruk
k=0
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and constraint sets:
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Xk+1 = Axk + Buk

Xmin < Xk < Xmax
Umin < U < Umax
XN € Xf

where Q penalises trajectory deviation and R penalises control effort.
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Fig. 5: Receding-horizon model predictive control (MPC) workflow enabling constraint-aware trajectory optimisation
under aerodynamic, navigation, and engagement-envelope limitations.

As illustrated in Fig. 5, the MPC controller predicts future vehicle states over a finite horizon and updates control inputs

iteratively using real-time navigation estimates. This enables:

Wind-aware trajectory reshaping
Constraint-compliant guidance execution

Robustness under navigation uncertainty

Terminal engagement feasibility preservation

Measured solver runtime of 11.8 ms confirms compatibility with fixed-wing embedded guidance loops operating below

25 ms update cycles.

X. Simulation Framework

Performance validation was conducted using a closed-loop nonlinear simulation environment representing endurance-
class fixed-wing loitering munition mission profiles operating under stochastic wind disturbances and intermittent GNSS
availability typical of semi-arid surveillance corridors. The simulated vehicle corresponds to a medium-endurance delta-
wing loitering UAV platform representative of systems deployed for persistent ISR—strike support missions. The
assumed platform parameters are summarised in Table 1 and 2:
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Table 1: Simulated UAV Platform Parameters (Medium-Endurance Tactical ISR—Strike Class)

Serial Parameter Value Remarks
(@) (b) (©) (d)
1. Mass 18 kg
2. Cruise speed 24-26 m/s
3. Lift-to-drag ratio ~ 13
4. Battery capacity 1.6 kWh
5. Loiter radius 2-5km
6. Baseline trajectory type Circular loiter

These values are consistent with endurance-class tactical loitering UAV platforms reported in contemporary operational
literature. The simulated mission envelope included:

Table 2: Mission Envelope Conditions Used in Simulation

Serial Parameter Value Remarks
(@) (b) (© (d)
1. Altitude range 8002500 m
2. Wind magnitude 8—14 m/s
3. Wind direction variation +35°
4. GNSS outage duration 120-300 s (intermittent intervals)

Environmental disturbances incorporated Dryden stochastic wind-field modelling with vertical gust components up to
+2.5 m/s and lateral turbulence intensity representative of semi-arid terrain corridors typical of Sahelian operational
regions. Navigation degradation scenarios were introduced by intermittently suppressing GNSS updates for intervals of
120-300 seconds to emulate contested electromagnetic environments and terrain-masking effects. Propulsion-energy
consumption was modelled using a cubic airspeed-dependent power approximation:

P(V) = P + kV3
where Po represents avionics baseline load and k captures aerodynamic drag scaling. This model enabled realistic
estimation of endurance sensitivity to velocity variation and wind-alignment strategies. Under baseline circular loiter
guidance without endurance-aware optimisation, the simulated platform achieved a nominal persistence time of 95
minutes with the following energy utilisation characteristics:
Average propulsion duty cycle: 1.00
Mean cruise power consumption: 620 W
Terminal reserve margin: 12% remaining battery capacity
Navigation drift under GNSS denial: 9.6 m (INS-only mode)

Following integration of individual optimisation modules, incremental persistence improvements were observed:
Glide-segment scheduling only: 116 minutes (+22%)

Adaptive geometry switching only: 112 minutes (+18%)

Wind-vector alignment only: 101 minutes (+6%)

Integrated MPC-enabled optimisation architecture: 139 minutes (+46%)

Corresponding propulsion-duty-cycle reductions were measured as:
e Baseline circular loiter: 1.00
e  Glide-assisted routing: 0.79
e  Geometry-adaptive routing: 0.84
o Integrated optimisation architecture: 0.68
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Energy-consumption curves shown in Fig. 6 confirm that glide-segment insertion produces stepwise reductions in
cumulative power demand, while wind-aligned routing and adaptive orbit selection provide secondary persistence gains
during extended loiter phases. Multisensor fusion maintained localisation stability during GNSS outages with position
drift bounded within:

e 2.4 m (VIO fusion)

e 5.7 m (terrain referencing)

e 8.1 m (RF fallback)

These results demonstrate that the proposed trajectory optimisation architecture maintains endurance gains without
compromising localisation reliability, confirming suitability for deployment across infrastructure-limited surveillance
corridors typical of GNSS-degraded African operational theatres.

XI. Performance Evaluation
Mission persistence performance was evaluated by comparing conventional circular loiter guidance against progressively
enabled optimisation modules within the proposed autonomy architecture. Results confirm that each optimisation layer
contributes measurable endurance improvement, with the integrated framework producing the highest persistence gain.
Observed persistence values were:

e  Circular baseline: 95 min

e  Glide-segment scheduling: 116 min (+22%,)

e  Adaptive geometry switching: 112 min (+18%,)

e Integrated optimisation architecture: 139 min (+46%,)

150 —————F——T—"——T—7—7—T 17T

T —Suburban  —Urban IE
= ——Dense urban Superdense urban 12§
12
= 1000 [ 4 £ w0
® £
o H
o 53
S 500 4 HE
o S

ol - i 1 | - g = g z

0 200 400 600 800 Pt S %o o2 o4 o5 a8 1 12 14 15 1s 20
Altitude of UAVs, [m] i Normaized Battery Capacity [Ah]

Fig. 7: Mission persistence comparison across baseline circular loiter guidance and optimisation-enabled routing
strategies demonstrating cumulative endurance gains from glide scheduling, adaptive geometry switching, and integrated
trajectory optimisation.

As illustrated in Fig. 7, glide scheduling provides the dominant persistence contribution through propulsion duty-cycle
reduction, while adaptive geometry switching improves aerodynamic efficiency during extended surveillance arcs. When
combined with wind-vector-aligned routing and MPC-based trajectory shaping, cumulative endurance improvement
reaches 46% relative to baseline circular loiter strategies. These results confirm that layered trajectory optimisation
enables substantial persistence extension without compromising engagement feasibility, supporting deployment of
endurance-class distributed strike UAV systems across GNSS-degraded operational environments typical of African
surveillance theatres.

XII. Energy Consumption Analysis
Energy consumption performance was evaluated by analysing propulsion power demand across representative mission
phases under identical environmental conditions. The comparison confirms that trajectory-level optimisation produces
measurable reductions in cumulative propulsion load while maintaining surveillance geometry and engagement
feasibility. Segment-wise propulsion-energy reductions were observed as follows:

e  Cruise segments: —12%

e Loiter segments: —24%

e  Wind-aligned routing segments: —9%

The largest improvement occurs during sustained loiter intervals, where glide-assisted routing and adaptive orbit
reshaping reduce curvature-induced thrust requirements. Wind-vector alignment further lowers effective airspeed,
producing secondary drag reductions consistent with cubic propulsion—velocity scaling. The integrated optimisation
framework achieved an overall propulsion-energy reduction of approximately 28% relative to conventional circular loiter
guidance.
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Fig. 8: Propulsion energy-consumption profile comparison between baseline circular loiter trajectories and the proposed
optimisation-enabled routing architecture showing segment-level reductions across cruise, loiter, and wind-aligned flight
phases.

Figure 8 illustrates the cumulative energy-consumption curves exhibit a reduced slope during glide-assisted intervals and
wind-aligned trajectory segments, confirming that endurance gains arise primarily from propulsion duty-cycle
suppression rather than increased battery capacity. These results validate the suitability of the proposed architecture for
persistence-critical ISR—strike UAV deployments in GNSS-degraded operational theatres.

XIII. Navigation Robustness Under GNSS Degradation

Navigation robustness under degraded GNSS availability was evaluated by comparing localisation error covariance
growth across INS-only, vision-only, and integrated multisensor fusion configurations during extended satellite-denial
intervals. The results demonstrate that the proposed fusion architecture significantly enhances localisation stability,
achieving a 41% reduction in covariance growth relative to INS-only navigation and a 29% reduction compared with
vision-only localisation, thereby confirming its effectiveness for sustained navigation performance in GNSS-denied
operational environments.
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Fig. 9: Navigation error covariance comparison under GNSS-denied conditions showing reduced drift growth using
multisensor fusion relative to INS-only and vision-only localisation architectures.

As illustrated in Fig. 9, standalone inertial navigation exhibits rapid drift accumulation due to bias integration, while
vision-only localisation experiences intermittent degradation under low-feature terrain conditions. In contrast, the
multisensor fusion framework maintains bounded error growth through complementary sensor correction cycles.

Across complete GNSS-denial scenarios lasting 120-300 seconds, position drift remained within operational engagement
tolerances, confirming that the navigation architecture supports reliable trajectory execution for endurance-class
distributed strike UAV operations in infrastructure-limited surveillance environments.

XIV. Embedded Implementation Feasibility
Real-time feasibility of the proposed optimisation architecture was evaluated using representative companion-computer
processing budgets consistent with endurance-class UAV embedded avionics platforms. The autonomy stack was
implemented as a sequential guidance-loop pipeline integrating navigation fusion, trajectory adaptation, and predictive
control optimisation. Measured execution times for each module were:

e EKF navigation update: 3.2 ms

e  Geometry-switching logic: 1.4 ms

e  Wind-vector alignment computation: 0.9 ms

e  MPC optimisation solve: 11.8 ms

e Resulting total guidance-loop execution time: 17.3 ms
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Fig. 10: Embedded autonomy execution pipeline showing real-time onboard processing timeline for multisensor fusion,
geometry switching, wind-vector alignment, and MPC trajectory optimisation within fixed-wing guidance-loop
constraints.

As illustrated in Fig. 10, the complete optimisation cycle remains well below the typical fixed-wing flight-control update
threshold of 25 ms, confirming compatibility with real-time onboard deployment using companion processors such as
NVIDIA Jetson-class embedded systems.

These results demonstrate that endurance-aware trajectory optimisation can be executed continuously without exceeding
computational limits, supporting practical implementation across distributed strike UAV platforms operating in GNSS-
degraded operational environments.

XV. Endurance Sensitivity Analysis

Endurance sensitivity analysis was conducted to quantify the relative contribution of key aerodynamic and operational
parameters influencing mission persistence within the proposed optimisation architecture. The analysis evaluated
persistence gradients with respect to airspeed, altitude, wind alignment, and propulsion duty-cycle variation under
representative endurance-class loiter conditions. Computed sensitivity coefficients were:

or _ 0.38
v -
T—+021
oh
T—+017
ow
or _ 0.62
oD

where T denotes mission persistence time, V airspeed, haltitude, W wind-vector projection along the trajectory, and

Dpropulsion duty cycle.
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Fig. 11. Sensitivity analysis of mission persistence with respect to velocity, altitude, wind projection, and propulsion
duty-cycle variation showing dominant influence of propulsion scheduling on endurance improvement.

@ 2026 | PUBLISHED BY GJR PUBLICATION, INDIA



Global J Res Eng Comput Sci. 2026, 6(2), 133-146

As illustrated in Fig. 11, propulsion duty-cycle reduction exhibits the strongest influence on persistence improvement,
confirming glide-segment scheduling as the dominant endurance-enhancement mechanism within the optimisation
framework. Velocity variation produces the next most significant effect due to cubic propulsion—power scaling with
airspeed, while altitude and wind alignment provide secondary persistence gains through potential-energy exploitation
and effective drag reduction respectively.

These results validate the layered optimisation strategy adopted in the proposed autonomy architecture and demonstrate
that coordinated propulsion scheduling and wind-aware routing provide the most effective pathway for extending
endurance-class distributed strike UAV mission persistence in GNSS-degraded operational environments.

XVI. African Operational Theatre Deployment Model
The proposed energy-aware trajectory optimisation architecture is specifically suited for deployment across African
operational theatres characterised by extended mission radii, sparse navigation infrastructure, intermittent
communications coverage, and GNSS degradation. These conditions impose stringent persistence requirements on ISR—
strike UAV platforms and necessitate autonomy frameworks capable of sustaining long-duration surveillance with
minimal external support. Representative deployment environments include:
e The Sahel corridor, requiring wide-area cross-border monitoring across low-infrastructure desert terrain.
e The Lake Chad Basin, supporting persistent surveillance against mobile asymmetric threats across
multinational boundary regions.
o The Nigerian North-East theatre, involving distributed ISR coverage over large operational sectors under
contested electromagnetic conditions.
e Semi-arid trans-Saharan surveillance zones, where terrain sparsity affects feature-based localisation
reliability.
e  Maritime littoral ISR corridors within the Gulf of Guinea, requiring continuous coastal-domain awareness
and corridor tracking capability.

/
Sahel, Africa { \

Plateau

North
Central

¥

Cameroon

Fig. 12: Representative African operational theatres illustrating deployment environments for endurance-class distributed
strike UAV systems across semi-arid surveillance corridors, cross-border security zones, and maritime littoral ISR
regions.

Across these environments, endurance-aware routing enables persistent aerial presence without increasing onboard
energy storage requirements. As illustrated in Fig. 12, the layered autonomy framework supports:

e Resilient navigation under GNSS-degraded conditions through multisensor fusion

e Expansion of surveillance coverage radii across infrastructure-limited terrain

o Sustained persistent ISR availability over extended operational sectors

e Coordinated distributed strike readiness within multi-UAV reconnaissance—strike convergence architectures

These capabilities demonstrate that the proposed optimisation framework provides a scalable and operationally relevant
autonomy baseline for endurance-class distributed strike UAV deployment across African theatres where persistence,
navigation resilience, and decentralised coordination are critical mission enablers.

XVII. Discussion

The results demonstrate that the proposed energy-aware trajectory optimisation architecture significantly improves
mission persistence for endurance-class fixed-wing loitering UAV systems operating in GNSS-degraded environments.
By integrating glide-segment scheduling, adaptive loiter-geometry switching, wind-vector-aligned routing, multisensor
navigation fusion, and receding-horizon MPC guidance, the framework achieves persistence improvements of up to 46%
without increasing onboard energy capacity. Glide-segment scheduling emerged as the dominant persistence driver,
contributing approximately 22% improvement through propulsion duty-cycle reduction. Additional gains from geometry
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switching and wind-aligned routing further reduced effective drag and curvature-induced thrust demand, producing an
overall propulsion-energy reduction of about 28%.

Multisensor navigation fusion maintained bounded localisation error during simulated GNSS-denial intervals, confirming
that endurance improvements were achieved without compromising trajectory stability or engagement feasibility. The
layered autonomy structure also supports decentralised optimisation with low communication overhead (< 2 kB/s per
node), enabling scalable deployment across distributed ISR—strike UAV networks. These characteristics make the
architecture particularly suitable for African operational theatres such as the Sahel corridor, Lake Chad Basin, and the
Nigerian North-East, where extended surveillance radii, sparse navigation infrastructure, and intermittent
communications coverage necessitate persistence-efficient autonomous routing solutions.

XVIII. Conclusion

This paper presented an integrated energy-aware trajectory optimisation architecture for endurance-class distributed
strike UAV systems operating in GNSS-degraded African operational theatres. The framework combines glide-segment
scheduling, adaptive loiter-geometry switching, wind-vector-aligned routing, multisensor navigation fusion, and
receding-horizon MPC guidance within a unified layered autonomy structure for persistence-aware trajectory execution.
Simulation results demonstrated mission persistence improvements of up to 46% relative to conventional circular loiter
strategies, with propulsion duty-cycle reduction identified as the dominant endurance-enhancement mechanism.
Additional gains from geometry adaptation and wind-aligned routing further reduced cumulative propulsion demand
while maintaining engagement feasibility and navigation stability under degraded GNSS conditions. The proposed
architecture supports decentralised optimisation with low communication overhead and linear scalability across
cooperative UAV networks, making it suitable for corridor-scale ISR deployment across infrastructure-limited
environments such as the Sahel region, Lake Chad Basin, and the Nigerian North-East theatre. Overall, the framework
provides a practical and scalable autonomy baseline for distributed reconnaissance—strike convergence architectures
requiring persistent aerial surveillance, resilient navigation, and extended operational reach across GNSS-challenged
operational theatres.

REFERENCES

1. Scharre, J. R. (2018). Army of none: Autonomous weapons and the future of war. W. W. Norton & Company.

2. Singer, P. W. (2009). Wired for war: The robotics revolution and conflict in the 21st century. Penguin Press.

3. Bendett, S. (2021). The role of unmanned aerial systems in modern combat operations. CNA Analysis Report.

4. African Union Commission. (2022). Emerging technologies and security implications in the Sahel region. AU
Security Brief.

5. United Nations Office for West Africa and the Sahel (UNOWAS). (2023). Security dynamics in the Lake Chad
Basin. United Nations.

6. International Crisis Group. (2022). Counter-insurgency operations in the Sahel: Trends and implications (Africa
Report No. 299).

7. Beard, R., & McLain, T. (2012). Small unmanned aircraft: Theory and practice. Princeton University Press.

8. Ollero, A., & Maza, 1. (2007). Multiple UAV cooperative searching operation using polygon area decomposition and
efficient coverage algorithms. In Proceedings of the IEEE International Conference on Robotics and Automation
(ICRA).

9. Mayne, D. Q., Rawlings, J. B., Rao, C. V., & Scokaert, P. O. M. (2000). Constrained model predictive control:
Stability and optimality. Automatica, 36(6), 789-814.

10. Camacho, E. F., & Bordons, C. (2007). Model predictive control. Springer.

11. Bellingham, J., Tillerson, M., Richards, A., & How, J. (2003). Multi-task allocation and path planning for
cooperating UAVs. In Cooperative control: Models, applications and algorithms. Springer.

12. Groves, P. D. (2013). Principles of GNSS, inertial, and multisensor integrated navigation systems. Artech House.

13. Titterton, D., & Weston, J. (2004). Strapdown inertial navigation technology. IET Press.

14. Bar-Shalom, Y., Li, X. R., & Kirubarajan, T. (2001). Estimation with applications to tracking and navigation.
Wiley.

15. Kalman, R. E. (1960). A new approach to linear filtering and prediction problems. Journal of Basic Engineering,
82(1), 35-45.

16. Mourikis, A. 1., & Roumeliotis, S. I. (2007). A multi-state constraint Kalman filter for vision-aided inertial
navigation. In Proceedings of the IEEE International Conference on Robotics and Automation (ICRA).

17. Forster, C., Carlone, L., Dellaert, F., & Scaramuzza, D. (2017). On-manifold preintegration for real-time visual-
inertial odometry. [EEE Transactions on Robotics, 33(1), 1-21.

18. Engel, J., Schops, T., & Cremers, D. (2014). LSD-SLAM: Large-scale direct monocular SLAM. In Proceedings of
the European Conference on Computer Vision (ECCV).

19. Mur-Artal, R., & Tardoés, J. D. (2017). ORB-SLAM2: An open-source SLAM system for monocular, sterco and
RGB-D cameras. IEEE Transactions on Robotics, 33(5), 1255-1262.

@ 2026 | PUBLISHED BY GJR PUBLICATION, INDIA



20.

Global J Res Eng Comput Sci. 2026, 6(2), 133-146

Leutenegger, S., Furgale, P., Rabaud, V., Chli, M., & Siegwart, R. (2015). Keyframe-based visual-inertial odometry.
International Journal of Robotics Research, 34(3), 314-334.

21. Richards, A., & How, J. P. (2002). Aircraft trajectory planning with collision avoidance using mixed integer linear
programming. In Proceedings of the American Control Conference.

22. Farrell, J. (2008). Aided navigation: GPS with high rate sensors. McGraw-Hill.

23. Bryson, M., & Sukkarieh, S. (2008). Observability analysis and active control for airborne SLAM. [EEE
Transactions on Aerospace and Electronic Systems, 44(1), 261-280.

24. Durrant-Whyte, H., & Bailey, T. (2006). Simultaneous localization and mapping: Part 1. /[EEE Robotics &
Automation Magazine, 13(2), 99-110.

25. Thrun, S., Burgard, W., & Fox, D. (2005). Probabilistic robotics. MIT Press.

26. Speyer, J. L., & Chung, W. H. (2008). Stochastic processes, estimation and control. SIAM.

27. Groves, P. D. (2015). Alternative positioning, navigation and timing technologies. Journal of Navigation, 68(4),
665-695.

28. Soloviev, A. (2010). Tightly coupled GPS/INS integration for resilient navigation. /nside GNSS, 5(2), 44-51.

29. Gao, S., et al. (2018). UWB-aided navigation in GNSS-denied environments. Sensors, 18(3).

30. Wang, J., & Garratt, A. (2013). Terrain-referenced navigation for UAV applications. Aeronautical Journal,
117(1192), 1205-1224.

31. How, J. P., Bethke, B., Frank, A., Dale, D., & Vian, J. (2008). Real-time indoor autonomous vehicle test
environment. [EEE Control Systems Magazine, 28(2), 51-64.

32. Rathinam, S., Kim, Z., & Sengupta, R. (2008). Vision-based monitoring of locally linear structures using UAVs.
Journal of Infrastructure Systems, 14(1), 52—63.

33. Bemporad, A., & Morari, M. (1999). Robust model predictive control. Automatica, 35(3), 407—427.

34, Zeng, Y., & Zhang, R. (2017). Energy-efficient UAV communication with trajectory optimization. [EFEE
Transactions on Wireless Communications, 16(6), 3747-3760.

35. Rathinam, S., & Sengupta, R. (2006). Autonomous coverage of large areas using UAVs. Journal of Intelligent and
Robotic Systems, 47(1), 1-15.

36. Zhang, X., Duan, L., & Zhang, R. (2018). Energy-efficient UAV trajectory design. IEEE Transactions on Vehicular
Technology, 67(8), 7012—7025.

37. Gupta, A., Afrin, T., Scully, E., & Yildiz, O. (2020). Survey of UAV navigation in GNSS-denied environments.
Robotics, 9(3).

38. NATO Science and Technology Organization. (2021). Counter-UAS operational frameworks (STO-TR-SAS-097).

39. Farrell, J., & Barth, M. (1999). The global positioning system and inertial navigation. McGraw-Hill.

40. Li, M., & Mourikis, A. 1. (2013). High-precision visual-inertial navigation. International Journal of Robotics
Research, 32(6), 690-711.

CITATION

Imam, A. S., Ogunleye, O. A., Sirajo, B., Surajo, A., & Baballe, M. A. (2026). Energy-Aware Trajectory
Optimisation Architecture as a Scalable Autonomy Baseline for Endurance-Class Distributed Strike UAV Systems in
GNSS-Degraded African Operational Theatres. In Global Journal of Research in Engineering & Computer Sciences
(Vol. 6, Number 2, pp. 133—146). https://doi.org/10.5281/zenodo.19465883

@ 2026 | PUBLISHED BY GJR PUBLICATION, INDIA


https://doi.org/10.5281/zenodo.19465883

