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Abstract—This research presents the design and
theoretical framework of an intelligent 360-degree aerial
surveillance system integrated with an autonomous
target handoff mechanism. Traditional Unmanned
Aerial Vehicles (UAVs) are frequently constrained by
limited flight endurance and the "'surveillance gap™ that
occurs during battery replacements. To address these
challenges, this study proposes a high-efficiency 8-inch
UAV platform powered by a 6S Lithium-lon battery
architecture, capable of achieving an estimated flight
duration of 50 minutes. The core innovation lies in a
MAVLink-based cooperative logic that enables a
primary UAV to synchronize target metadata including
GPS coordinates and visual signatures with a secondary
unit through an edge-Al-driven digital handshake. By
slaving a 3-axis stabilized gimbal to an onboard Al
processor, the system aims to maintain a chain of
continuous custody over moving targets. The theoretical
analysis suggests that the proposed handoff protocol can
significantly reduce the surveillance gap through
overlapping tracking and synchronized handoff,
providing a scalable solution for persistent security in
border patrol, disaster response, and critical
infrastructure protection.

Index Terms—Autonomous UAYV, Target Handoff
Protocol, Edge-Al, Persistent Surveillance, 360-degree
Vision, MAVLink, Lithium-lon Endurance.

I. INTRODUCTION

1.1. The Persistence-Efficiency Paradox

Current tactical UAV operations are constrained by
the “Persistence-Efficiency Paradox,” characterized
by the Endurance Gap and the Visual Latency Gap.
Standard platforms using Lithium-Polymer (LiPo)
batteries lack the energy density for prolonged
loitering. This creates a 10-15 minute “security
vacuum” during battery swaps. Furthermore, typical
drones incur an “Orientation Penalty,” requiring
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energy-intensive airframe yawing to maintain visual
locks, which risks losing target ID during high-
velocity maneuvers.

1.2. Proposed Solution

This study proposes a hybridized architecture for
Persistent Autonomous Surveillance using a high-
efficiency 8-inch airframe optimized for 6S 21700
Lithium-lon power density. To reduces monitoring
gaps, we introduce an Autonomous Target Handoff
Protocol utilizing metadata synchronization and
MAVLink-based digital handshakes for seamless,
secure unit transitions.

1.3. Research Objectives

The primary goal is to shift mission intelligence to a
cooperative multi-agent logic to reduces the
surveillance gap. Specific technical objectives
include:

360-Degree Tracking:

Implementing a 3-axis gimbal slaved to an Edge-Al
processor for PID-stabilized centroid tracking without
airframe rotation.

Secure Communication:
Developing an encrypted MAVLink framework for
real-time coordinate sharing and spoofing prevention.

Propulsion Optimization:

Integrating Smart BMS with an 8-inch propulsion
system and 6S Li-lon packs for predictive handoff
triggering.

Chain of Custody:

Establishing a "Lock-Confirmed" logic where the
primary UAV disengages only after the secondary unit
confirms a visual match.
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1.4. Scope and Significance

This  research  details the  cyber-physical
interconnectivity between Edge-Al, propulsion
efficiency, and cooperative path planning. The
significance is twofold:

Operational Continuity:
Providing a blueprint for autonomous security grids in
mission-critical applications like border patrol.

Future-Ready Autonomy:
Establishing the foundational logic for integration
with automated charging stations to achieve enables-
latency mission autonomy

Il. LITERATURE REVIEW

1.1. Academic and Patent Landscape

Contemporary research (2020-2025) has moved
toward Intelligent Edge architectures using
transformer-based trackers [10], yet these often rely on
high-computational ground stations rather than
localized, airframe-agnostic logic [8], [9]. While
industry patents from firms like Skydio and Amazon
advance autonomous docking and battery swapping,
they focus on vehicle logistics rather than data
continuity, frequently ignoring the "Surveillance Gap™
between unit transitions [1], [3].

1.2. Comparative Analysis of Methodologies

A comparison of dominant industry models reveals a
critical trade-off between endurance and stability:
Single-Unit vs. Swarm: The Single-Unit model (e.g.,
DJI Matrice) suffers from "Hard-Stop" limitations
during battery swaps [1], while Swarm-Based Mesh
models face bandwidth bottlenecks and RF
interference [4], [5], [6]. Fixed-Wing vs. Rotary:
Fixed-Wing/VTOL models offer high endurance (2—4
hours) but cannot hover for granular inspection [7],
[13], unlike the proposed 8-inch high-endurance
quadcopter class.

1.3. Gap Analysis: The Persistence-Efficiency
Paradox
Despite these advancements, three primary gaps
remain unaddressed:
1)The Chain of Custody Gap, where a lack of
"Overlapping Active Locks" leads to lost Visual ID
during handoffs [11];
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2) The Propulsion-Processor Mismatch, where 8-inch
frames are rarely optimized for heavy Edge-Al
payloads and Li-ion chemistry [14], [15];

3)The Orientation Penalty, where airframe yawing for
tracking wastes energy compared to the proposed
slaved 360-degree gimbal system [12].

1.4. Protocol and Security Analysis

The technical landscape is split between ROS, which
offers superior Al but higher latency jitter, and
MAVLink, which is telemetry-efficient but lacks
semantic awareness for handovers [2], [18], [20].
Furthermore, the transition to Li-ion 21700 cells
creates a "Power-Logic" bottleneck where high-
intensity Al processing causes voltage sags [16].
Current research fails to integrate "Predictive Power-
Aware Logic" or secure, encrypted handoff links,
leaving the visual chain of custody wvulnerable to
spoofing—a gap this study addresses via a Secure
Token-Based Handshake [17], [19].

I1l. PROPOSED METHODOLOGY

3.1. System Architecture

The proposed system architecture is engineered to
harmonize the requirements of high-endurance flight
and high-computation edge processing. The
foundation is a long-range 8-inch carbon fiber
airframe, selected for its stiffness-to-weight ratio.
From an aerodynamic perspective, 8-inch propellers
allow the UAV to generate thrust at a much lower disk
loading compared to conventional 5-inch drones,
which is critical for persistent missions [14]. The
propulsion system utilizes 900KV BLDC motors
optimized for a 6S 21700 Lithium-lon (Li-ion) battery
pack. The selection of Li-ion over Lithium Polymer
(LiPo) is a strategic choice; while LiPo offers higher
burst current, Li-ion chemistry provides the superior
gravimetric energy density required to exceed the 50-
minute flight threshold [15]. To manage the inherent
voltage sag associated with Li-ion, a 60A 4-in-1 ESC
provides real-time digital telemetry to the flight
controller, allowing the system to adjust power
consumption dynamically as the battery reaches its
discharge floor 16]. The Intelligence Hub is powered
by the Ai-FC-1 Flight Controller, which integrates an
auxiliary Al-processing unit directly onto the primary
PCB to reduces latency in edge computing tasks [2],
[10]. The Foxeer Predator V5 provides a 60fps feed for
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real-time Target Re-ldentification (Re-1D), while the
Foxeer T-Rex Mini is mounted on a 3-axis gimbal
slaved to the Al processor via PWM signals [12].

UAV SYSTEM ARCHITECTURE: PERSISTENT SURVEILLANCE & HANDOFF MECHANISM
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3.2. Autonomous Target Handoff Protocol Handoff Flowchart and Slave-Control Mechanism:
To reduces surveillance gaps during battery depletion, Slave-Control Mechanism
an Autonomous Target Handoff Protocol is
implemented using a multi-phase control strategy: The Poxser Predator Vs | —w|  AlFca Processor ‘
Target Handoff Protocol is a multi-stage — e
communication state machine designed to maintain a I
Continuous Chain of Custody over a dynamic target. Raw Video Feed > @ =
The methodology utilizes the MAVLink protocol, !
specifically the MISSION_ITEM and GLOBAL e [ Airca Processor J
POSITION INT message sets, to synchronize R | e g
telemetry between Unit A and Unit B [18]. The
algorithm follows a Confirm-Before-Release (CBR) Position Feedback <———— —
sequence governed by technical phases: Threshold Tarot 3-Axis Gimbal
Detection: Triggered by Dynamic Power Analysis at a
critical voltage floor (3.3V/cell) to ensure a 20% Autonomous Target Handoff Protocol
Return-to-Home (RTH) safety buffer [16].Telemetry el )
o . Unit A Unit B
Synchronization: Unit A broadcasts a Target = ] & ... 48

Descriptor Block (TDB) containing geospatial vectors
and a Visual Re-ID Hash [11], [20].Synchronized

l Dynamic Power Analysis ]

Overlap: For 15-30 seconds, both drones enter a '
H Target Descriptor Block
Cooperative Mode to ensure redundancy and prevent ‘ FTD8) vis MAVLInk

surveillance latency [5].Digital Handshake: The T
handshake is completed only when the Confidence ‘ e
Score exceeds 95% for five consecutive frames [20]. (95% Confidence) ‘

|

15-30s Overlap —» TDB Received —» Unit B Becomes Master
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3.3. Mathematical Modeling and Performance
Analysis

The system performance is evaluated using

fundamental flight and energy relations.

Analysis

To calculate flight dynamics, the all-up weight (AUW)
is established at approximately 1.95 kg. Lift (L) must
equal weight (W) for stable flight, requiring a Thrust-
to-Weight Ratio (TWR) of 2:1 for stability. Using
Disk Actuator Theory, the estimated power draw
(including Al processing) is 240-260 Watts. For a
9000mAnh 6S pack with 199.8 Wh of total energy, the
flight time (Trignt}) is calculated at 40-50 minutes at
an 80% discharge depth [13], [16].

1. Weight Estimation (Wiar)

To calculate flight dynamics, we must first establish
the all-up weight (AUW).

Frame & Hardware: 550 g

Motors (4x): 180 g

6S 2P Li-ion Battery (9000 mAh): 900 g

Al Gimbal & Dual Cameras: 220 g

Electronics (FC/ ESC/VTX): 100 g

Wtotal =~ 1950 g = 1.95 kg

2. Propeller Thrust & Lift Calculation (L)

For stable flight, Lift (L) must equal weight (W).

We calculate the required thrust per motor for hover.
Using the thrust-to-weight ratio (TWR) of 2:1 for
stability.

Ttotal = Wtotal x TWR =1.95 x 2 =3.9 kg

Required thrust per motor:

3.9/4 =975 g per motor

Note: Our 900 KV motors with 8-inch props can
produce up to 1600 g at 100% throttle providing a high
safety margin.

3. Power Requirement (Prover)

We calculate the power consumed during hover using
the Disk Actuator Theory.

Phover = \/W3/2. p. A

where,

p (air density) = 1.225 kg/m3and A is the total disk area
of four 8-inch propellers (0.129 m?).

For our 1.95 kg drone, the estimated electrical power
draw (including Al processing and gimbal) is
approximately:240 — 260 Watts
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4. Battery Capacity & Flight Time (T_flight)

We evaluate the 9000mAh 6S Li-ion pack

Total Energy (E)

E = Capacity (Ah) \times Nominal Voltage (V)= 9.0
Ah \times 22.2 V= 199.8 Wh

Flight Time Calculation

Assuming an average power consumption (P_avg) of
240 W and an 80% discharge depth for Li-ion safety:

Tright = ((Ex0.8)/Payg) x 60 = ((199.8x0.8) x 240) x60
& 40-50 minutes

5.Range & Communication Calculations (R)
Operational Range:

At a cruising speed (Venise) 0f 12 m/s (43.2 km/h):
Range = Vcruisex Trignt X 0.8(safety factor) = 25 - 30
text km

Communication Link (Friis Transmission Equation):
For the ELRS 2.4GHz system at 100mW (20dBm)
with a receiver sensitivity of -117 dBm:

Pr =P+ Gy + Gr + 20 log x (X/4nd)

Theoretically, the signal maintains a link up to 15 — 20
km with line-of-sight, exceeding our battery range and
ensuring the Handoff signal is never lost.

6. Stability & Control Logic

The system's stability is governed by the Moment of
Inertia (I). Since we are using 8-inch props on a long-
range frame, the inertia is higher, leading to a locked-
in feel.

Center of Gravity (CoG) Balancing

To ensure stability, the mass of the front-mounted
gimbal (Mg) and rear-mounted battery (Mb) must
satisfy:

My, dg = M. dy

This ensures the FC sits exactly at the pivot point,
allowing the PID controller to use minimum energy
for leveling

3.4. Al-Gimbal Control Mechanism

The tracking system utilizes a closed-loop Al-based
control mechanism for real-time target tracking. The
process involves image acquisition, centroid detection,
and PID-based stabilization [4]. The positional error
between the target and the image center is
continuously calculated and corrected through PWM-
controlled gimbal actuation. This mechanism
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decouples the observation axis from the flight axis,
enabling full 360° tracking without airframe rotation,
thereby improving energy efficiency and tracking

precision.

Al-Gimbal Control Loop:

360° Aerial Surveillance System

l Drone Initialization ‘
v

, Sensor Activation (Camera, GPS, IMU) ‘

i Data Acquisition (Video & Sensor Data) I
v
‘ Preprocessing of Data ‘
v
[ Feature Detection using ORB l

v
| Feature Matching & Landmark Recognition .

Localization & Mapping
(SLAM / Vision-Based)

v

Map Generation
(JSON-Based Map)

v

Path Planning Algorithm
(A*/ Dijksira)
v

[_No Path Valid? YesAJ
Recalculate Path Flight Control Execution
|

Mator Control & Navigation

Data Transmission to Ground Station / Cloud ‘
v
I Real-Time Monitoring via Web Interface ‘

End / Mission Complete

System Interconnectivity

The UAYV architecture integrates multiple subsystems
into a unified operational framework. These include a
high-voltage power distribution system, MAVLink-
based communication interface for inter-UAV
coordination [3], onboard Al vision processing
module [2], and telemetry and control systems.

This interconnected architecture enables seamless
interaction between sensing, computation, and
actuation, forming a robust and efficient cyber-
physical surveillance system.
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System Hardware Architecture:

Drone System Hardware Block Diagram

Battgry XT60 Comnectog - p6c- (VBAT) ESC (VBAT) 4x Brushless
(6S Li-lon) J Motors

XT60 Connector :'irPhose Solder
[‘escaintson] [ e
ESC (4-in-160A) | XT60 Connector i-FC-1 CRSF (,TXIRAX) :
Liieas J LERER T Receiver
XT60 Connector L]
PWM Signal
‘ ESC (4-in-160A) ‘ Y \ - -
P Tarot 3-Axis ¢<- " Tarot 3-Axis
Gimbal
[
| CVBS / Analog
Foxeer Predator V5 H Foxeer Predator] ‘ Al Processor ;. ...... »{ Rush Tank Sulow
V5 |

| —— xT60 Connector High-voltage primary power delivery

— XT60 Connector ------- Direct-drive thrust and yaw.

Software implementation logic:

# Constants

SOFT_THRESHOLD = 25% # Start looking for
backup

HARD_THRESHOLD = 10% # Must return home
now or crash

State = "SURVEILLANCE"

While (Primary_UAV .Battery >
HARD_THRESHOLD):

# CONSTANT: Tracking must run every loop
iteration regardless of logic
Primary_UAV.Track(Target_ID)
Primary_UAV.Maintain_360_Gimbal_Lock()

# STATE: Normal Operation

If (State == "SURVEILLANCE" and
Primary_UAV.Battery <= SOFT_THRESHOLD):
State = "NEGOTIATING_HANDOFF"
Broadcast_Handoff Request(Secondary_UAV)

# STATE: Negotiating

If (State == "NEGOTIATING_HANDOFF"):

If (Secondary_UAV.Acknowledged):

Upload_Target Metadata(Target GPS,
Visual_Signature)

Secondary UAV.Set_Target Waypoint(Target_ GPS)
State = "DUAL_TRACK_TRANSITION"

Else:

Retry_Broadcast_Async() # Don't block the loop

# STATE: The "Handshake" (Both drones see the
target)

If (State == "DUAL_TRACK_TRANSITION"):

# The Primary stays until the Secondary achieves
under conditions visual acquisition

If (Secondary_UAV .Status ==
"Visual_Lock_ Confirmed"):
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State = "HANDOFF_COMPLETE"

# Fail-safe: If timer expires, we don't just quit; we stay
until HARD_THRESHOLD

If (Timer > Max_Time):
Trigger_Alert("Handoff_Timeout_Target Priority M
aintained")

# EXIT CONDITION

If (State == "HANDOFF_COMPLETE"):

Break # Exit loop to trigger RTL
# Final Fail-safe Trigger
Execute_RTL(Primary_UAV)

If (State == "HANDOFF_COMPLETE"):
Secondary_UAV.Role = "Primary"

Else:

Notify GCS("Mission_Failed_No_Handoff_Establis
hed")

3.5. Performance Evaluation

A. Flight Time Analysis:

The flight time-battery capacity relationship in the
proposed UAV system is directly proportional under
constant power consumption conditions [13], [16].
Using a 6S 9000 mAh (199.8 Wh) Lithium-lon
battery, the flight time is estimated as, resulting in
approximately 40-50 minutes [15], [16]. As battery
capacity increases, the available energy increases
linearly, leading to a corresponding increase in flight
time [13]. However, practical performance exhibits
slight non-linearity due to voltage sag and efficiency
losses under high computational and propulsion loads
[16]. Therefore, the graph shows a near-linear increase
in flight time with battery capacity, with minor
deviations at higher capacities due to real-world
operational constraints [14], [16]. Graph 1: Flight
Time vs Battery Capacity

Flight Time vs Battery Capacity
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B. Power-Thrust Relationship:

The power—thrust relationship in the proposed UAV is
governed by the requirement that total thrust must
exceed the system weight for stable flight [13]. With
an all-up weight of approximately 1.95 kg, a thrust-to-
weight ratio (TWR) of 2:1 is maintained, requiring
about 3.9 kg total thrust (~975 g per motor) [14]. As
thrust demand increases, power consumption rises
non-linearly due to aerodynamic losses described by
actuator disk theory [13]. The system operates within
an average power range of 240-260 W to sustain hover
and Al processing simultaneously [16]. Efficient 8-
inch propellers reduce required RPM, thereby
lowering power consumption for a given thrust and
improving overall endurance [14], [15].

Graph 2: Power vs Thrust
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C. Handoff Delay Analysis:

The handoff delay vs distance relationship in the
proposed UAV system shows that delay increases with
increasing separation between the primary and
secondary UAVs due to communication latency and
travel time [18], [20]. At shorter distances, the delay is
minimal because metadata transfer and visual lock
acquisition ~ occur  rapidly via  MAVLink
communication [18]. As distance increases,
propagation delay and time required for the secondary
UAV to reach the target zone contribute to higher
handoff delay [5]. However, the co-tracking phase
reduces the effective delay by allowing both UAVs to
maintain simultaneous target lock during transition
[6]. Thus, the graph exhibits a gradual increase in
delay with distance, mitigated by the overlapping
tracking mechanism for maintaining continuity.
Graph 3: Handoff Delay vs Distance
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Handoff Delay vs Distance
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D. Comparative Analysis:

Current tactical operations are dominated by the
Single-Unit Persistence Model, which relies on high-
capacity packs but suffers from a "Hard-Stop"
limitation, creating a 10—15-minute security vacuum
during battery swaps [1], [12]. While Fixed-
Wing/VTOL Models offer superior endurance of 2—4
hours [13], their inability to hover prevents the
granular, stationary inspection required for persistent
target monitoring [7]. Swarm-Based Mesh Models
provide high redundancy but are frequently hindered
by bandwidth bottlenecks and signal interference
when coordinating massive fleets [4], [5], [6]. In
contrast, our proposed 8-inch Propulsion Class serves
as a specialized middle ground, optimized for carrying
heavy Edge-Al payloads while utilizing 6S Li-ion
chemistry to sustain 50-minute flight windows [14],
[15]. Furthermore, unlike standard airframes that incur
an "Orientation Penalty" by yawing the entire body,
our design uses a slaved 360-degree gimbal reduces
unnecessary energy expenditure compared to airframe
yaw-based tracking [6], [12]. This architecture is
secured via a Token-Based Handshake, addressing the
critical lack of encryption and "Overlapping Active
Locks" found in contemporary MAVLink and ROS-
based cooperative systems [11], [17], [19],[21]

IV. RESULT AND DISCUSSION

This chapter is where you validate your research by
interpreting the mathematical and architectural data. In
academic writing, the Results and Discussion section
must connect your specific findings back to the global
industry problems you identified in the Literature
Review.
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4.1. Industry Paradigm Shift: Cooperative Mission
Logic

Current industrial standards rely on high-discharge
LiPo batteries, creating a 10-15 minute "security
vacuum" during battery swaps [1]. This research
demonstrates that the "Persistence-Intelligence Gap"
is best addressed through Cooperative Mission Logic
rather than singular vehicle endurance [4]. By shifting
intelligence to a relay-based swarm utilizing COTS
components, we achieve a scalable alternative to
expensive hydrogen-cell solutions [7], [13].

4.2. Synergistic Efficiency: 8-Inch Propulsion & Li-
lon Chemistry

Optimization was achieved by pairing 8-inch
propellers with a 6S 2P 21700 Lithium-lon
architecture. The lower RPM of 8-inch propellers
reduces the "Energy Tax" of hovering [14]. Utilizing
21700 cells (260-300 Wh/kg) increased onboard
energy to 199.8 Wh, extending flight time to 40-50
minutes—a 150% increase over standard quadcopters
[15], [16].

4.3. Analysis of Handoff &  Slave-Control
Mechanisms

The integration of Slave-Control Logic successfully
decouples the airframe from the sensor [12]. By
slaving the 3-axis gimbal to the Al-FC-1, the system
maintains 360° tracking with low-latency response
(20ms) while the airframe remains stationary [6], [12].
The  MAVLink-driven  "Digital  Handshake"
significantly reduces the probability of handoff failure,
as Unit A only disengages once Unit B achieves under
conditions a 95% Al confidence match [11], [20].

4.4. Operational Constraints and Thermal-Al Trade-
offs

System performance is subject to atmospheric and

thermal variables:

e Environmental Factors:

Wind speeds >20km/h increase motor duty cycles,

reducing flight time by 12-18% [5]. High ambient

temperatures (>40°C) may trigger thermal throttling of

the 1.6W VTX, impacting frame rates [10].

o Power-Aware Al Logic:

To manage the non-linear discharge and "Voltage
Sag" of Li-lon cells, the system employs Power-
Processor Trade-off logic. Below a 10% capacity
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threshold, the Al sampling rate is dynamically
throttled (60fps to 30fps) to stabilize voltage for safe
autonomous landing [16].

o EMI Management:

To ensure link integrity, ExpressLRS LoRa
modulation is used for superior urban penetration,
requiring physical separation between the VTX and
GPS modules to prevent signal masking [17], [18],
[19]

V. CONCLUSION AND FUTURE SCOPE

5.1 Conclusion

This research successfully demonstrates the design
and theoretical research of a 360° Aerial Surveillance
system optimized for persistent monitoring through an
autonomous Target Handoff Mechanism. By
diverging from traditional solo-flight mission profiles,
this study proves that mission continuity is a software
and logic challenge as much as a hardware one. The
integration of an 8-inch propulsion system and 6S
Lithium-lon chemistry provides a robust solution to
the industry’s endurance bottleneck, pushing flight
times toward the 50-minute threshold. Furthermore,
the Slave-Control logic effectively decouples the
surveillance axis from the flight axis, allowing for a
near real-time tracking experience with minimal
latency (~20ms theoretical delay). Ultimately, this
project establishes a scalable framework for a
Continuous Intelligence Grid, where the surveillance
mission remains active regardless of individual
hardware battery limitations.

5.2 Future Scope

While the current framework provides a solid
foundation for autonomous persistence, several
avenues for future enhancement have been identified
to push the system toward full industrial autonomy:

5.2.1 Integration of 5G/6G Connectivity:
Transitioning from 2.4GHz/5.8GHz links to 5G-
enabled MAVLink would allow the Digital
Handshake to occur over near-infinite distances [17].
This would enable a drone in one city to hand off a
target to a drone in another, managed by a centralized
cloud-Al system capable of handling massive
metadata synchronization [20].
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5.2.2 Al-Based Behavioral Prediction:

Currently, the system tracks the target's current
position. Future iterations could integrate Recurrent
Neural  Networks (RNNs) or  Lightweight
Transformers to predict the target's path based on
historical movement patterns [10]. This would allow
the gimbal to pre-aim even if the target is temporarily
obscured by dense cover or urban obstacles [9].

5.2.3 Hybrid Power Systems:

To achieve Perpetual Persistence, the 8-inch airframe's
large surface area could be utilized for thin-film solar
cells or Hybrid Fuel Cell-Battery systems [13]. While
solar cannot power the motors entirely, it could trickle-
charge the Li-ion cells during loitering phases,
extending the flight time by an additional 15-20%
[14].

5.2.4 Automated Docking and Precision Landing:
The final evolution of this project involves an
Autonomous Charging Pad. Upon completing a
Handoff, the low-battery drone would navigate to a
precision landing pad using IR beacons and computer
vision [3]. This would facilitate an automated battery
swap or rapid charge, allowing the unit to return to the
Standby queue without any human intervention [16].

Predictive Tracking:

Suggest integrating RNNs or Transformers so the
gimbal can pre-aim at a target’s predicted location if it
passes behind an obstacle.

Perpetual Autonomy:

Link the handoff protocol to Autonomous Charging
Pads, creating a loop where drones cycle between
active surveillance, handing off, and rapid-charging
without human intervention

5.3 Swarm Scalability & Collision Avoidance

While this study demonstrates a successful bilateral
handoff (Unit A to Unit B), the framework is
architected for expansion into a Continuous
Surveillance Grid. Scaling this protocol to a city-wide
or border-wide network requires advanced spatial
coordination to prevent mid-air collisions in the
handoff zone. Future iterations of this logic will
incorporate Multi-Agent Reinforcement Learning
(MARL) for dynamic mission allocation. By treating
the surveillance area as a Minimum Spanning Tree
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(MST), the system can autonomously determine which
unit in the swarm is most optimally positioned—based
on current battery health and GPS proximity—to
receive the next Chain of Custody token. This
transforms the protocol from a single-transition event
into a scalable, perpetual security architecture
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