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ABSTRACT This study presents an ad-hoc network system for unmanned mobile vehicles (UMVs),
with an emphasis on system-level integration and experimental validation using customized hardware and
software. A standalone ad-hoc module is developed by integrating open-source firmware and the batman-
adv protocol, enabling multi-hop communication while remaining transparent to onboard control software.
This design allows UMVs to participate in an ad-hoc network without requiring modifications to existing
control or middleware stacks. Outdoor field experiments are conducted to evaluate multi-hop communication
performance in terms of throughput, latency, and packet loss under representative experimental conditions.
In addition, complementary case studies investigate the functional feasibility of supervisory UMV control
and monitoring over multi-hop links. The experimental results demonstrate that the proposed system provides
a practical reference implementation for integrated multi-UMV networking in outdoor experimental settings.

INDEX TERMS Ad-hoc network, multi-hop, unmanned mobile vehicles, multi-agent systems.

I. INTRODUCTION

Unmanned Mobile Vehicles (UMVs) have recently seen
significant advancements and are being utilized across a
wide range of applications. In particular, communication is
one of the most critical aspects for operations involving
multiple UMVs. To support this, various communication
methods have been introduced, including not only cellular
networks such as LTE, 5G, and the upcoming 6G [1], [2],
but also UMV-to-UMV networks, which help overcome the
limitations of cellular networks that are restricted to areas
within the coverage of base stations [3], [4]. Ad-hoc networks
are particularly suited for UMVs, where communication is
relayed between neighboring vehicles. This setup allows
UMVs to establish a network without central infrastructure,
providing greater flexibility and reliability in environments
where traditional cellular networks may be limited or
unavailable.
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A. RELATED WORK

Ad-hoc networking has been extensively studied across a
variety of domains, including MANETS [5], [6], [7], [8], [9],
[10], VANETsS [11], [12], [13], [14], and FANETSs [15], [16],
[17], [18]. Beyond UM V-specific studies, related multi-hop
mesh networking concepts have also been explored in
networked control systems [19], [20] and field robotics
applications, including emergency-response and exploration
scenarios where relay-based mesh backbones are employed
to maintain connectivity under infrastructure-degraded con-
ditions [28], [29]. However, these studies primarily focus
on mission execution or routing performance and provide
limited discussion on system-level integration with UMV
onboard control architectures.

Despite these advances, practical deployment of ad-hoc
networking in UMV systems remains challenging. Existing
solutions are often tightly coupled to specific hardware
platforms or software stacks, which complicates integration
as UMV onboard systems continue to evolve. Meanwhile,
several routing protocols have been proposed for ad-hoc
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networks, including OLSR [21], batman-adv [22], and
Babel [23]. While their routing performance has been
evaluated in simulations and testbeds, empirical validation in
outdoor multi-hop UMV operations remains limited.

For example, [24] evaluates batman-adyv in UMV networks
but does not address integration with UMYV control systems
or firmware customization. Simulation-based studies such
as [25] analyze routing behavior under idealized assumptions,
while other works focus on constrained environments,
including indoor teleoperation [26] or specialized deployable
infrastructures [27]. Overall, existing studies predominantly
emphasize routing-level performance or application-specific
deployments, whereas system-level integration between ad-
hoc networking mechanisms and UMV onboard control
architectures, together with empirical multi-hop perfor-
mance under realistic robotic traffic, remains comparatively
underexplored.

B. CONTRIBUTIONS

This paper presents an implementation-oriented study on
the integration of ad-hoc networking with UMV control
architectures. Specifically, a modular ad-hoc network system
based on dedicated hardware and custom firmware is devel-
oped and integrated with heterogeneous UMV platforms.
The proposed design isolates networking functionality within
a standalone module, allowing UMVs to participate in a
multi-hop ad-hoc network without requiring modifications to
their internal hardware or software configurations. Outdoor
field experiments are conducted to characterize multi-hop
communication performance under representative UMV
traffic.

The main contributions of this work are:

o The design of customized firmware that enables stan-
dalone operation of an ad-hoc module, allowing UMVs
to join a multi-hop network without additional hardware
or software modifications.

o The development and experimental validation of an
ad-hoc network system for multiple UMVs, demon-
strating its feasibility as a reference implementation in
outdoor experimental environments.

Il. PROBLEM FORMULATION AND SCOPE

This study considers the problem of enabling supervisory
control and state monitoring of UMVs over a multi-hop
ad-hoc network. Unlike low-level motion control loops,
which are typically executed onboard under strict real-
time constraints, the considered control architecture relies
on high-level command, status, and telemetry exchange
between a ground control station and UMVs. Such super-
visory control architectures are widely adopted in practical
UMV experiments, where real-time safety-critical control is
handled locally, while mission-level commands and system
monitoring are performed over wireless communication
links.
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In the scope of this work, UMV control and monitoring
are realized using MAVROS, which interfaces onboard
autopilots with external control and monitoring software.
MAVROS communication consists of periodic state updates,
sensor information, and command messages exchanged at
moderate data rates, and thus represents a typical supervisory
communication workload in outdoor UMV experiments.
Accordingly, the feasibility of supervisory UMV control
over an ad-hoc network can be assessed by examining
whether the communication system can reliably support such
message exchanges under multi-hop conditions. Based on
this setting, the communication requirements for supervisory
UMV operation over a multi-hop ad-hoc network can be
summarized as follows:

Condition 1: To support supervisory UMV control and
state monitoring via MAVROS over a multi-hop ad-hoc
network, the communication system should satisfy the
following conditions:

(C1) sufficient end-to-end throughput to sustain continuous
MAVROS message exchange,

(C2) tolerable latency, jitter, and packet loss for supervisory
control and state monitoring;

(C3) robustness to multi-hop propagation effects and
environmental interference in outdoor experimental
settings.

The objective of this work is to experimentally validate
whether a modular ad-hoc networking system can reliably
satisfy Condition 1 under representative outdoor multi-UMV
operations.

IIl. METHOD AND DESIGN

Based on the problem scope and communication require-
ments defined in the previous section, this section describes
the design and implementation of the proposed ad-hoc
networking system for multi-UMV systems. The focus is
on system-level integration and practical implementation,
including the architectural separation of communication and
control functions, custom firmware design for standalone
operation, and the system configuration for multi-hop
communication.

A. NECESSITY OF AD-HOC MODULE

The onboard computing systems of UM Vs continue to evolve
to support increasingly complex autonomy and control func-
tions. However, integrating communication software across
heterogeneous and rapidly changing hardware-software
stacks remains challenging. In existing UMV systems,
communication algorithms are often deployed directly on
the companion computer, where they are tightly coupled
with internal software dependencies and libraries. This tight
coupling can lead to compatibility issues during system
integration. Such challenges may result in communication
failures or unintended software breakdowns, potentially
leading to safety concerns.
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To address these challenges, the proposed ad-hoc module
is designed as a dedicated communication unit that operates
independently of the UMV’s primary control system. The
module connects to the companion computer via a standard
Ethernet interface and autonomously manages network
transmission, multi-hop routing, and related communication
tasks. By decoupling communication functionality from
the companion computer, the proposed design enables
independent operation of networking and control subsystems,
thereby simplifying integration across heterogeneous UMV
platforms.

To meet the computational and connectivity requirements
of ad-hoc networking, commercial off-the-shelf wireless
routers equipped with SoC processors and Wi-Fi interfaces
were selected and customized as prototype ad-hoc modules.
While custom hardware could be developed for this purpose,
the use of commercial devices provides a practical and
reliable solution for experimental validation and rapid
deployment.

Remark 1: Decoupling communication from the primary
control system can improve overall system robustness. Even
if the companion computer fails or reboots, the ad-hoc
network remains operational, preserving connectivity among
UMVs.

B. CUSTOM FIRMWARE

This subsection describes the custom firmware architecture
implemented within the proposed ad-hoc module to enable
standalone multi-hop networking operation. Commercial
Wi-Fi routers are typically equipped with vendor-specific
firmware optimized for consumer networking, which pro-
vides limited flexibility for system-level customization and
integration in multi-UMV environments.

To support independent operation of the ad-hoc module,
the firmware must be open, self-contained, and freely
configurable. Accordingly, OpenWrt, an open-source Linux-
based operating system for network devices, is adopted as the
foundation of the custom firmware. Its modular architecture
allows a commercial router to operate as an independent
computing platform, managing all networking functions
and dependencies locally. Using build-time customization,
wireless drivers, kernel-level networking components, and
device-specific configurations are integrated into a single
firmware image tailored to the target hardware, as illustrated
in Fig. 1.

Within the ad-hoc module, the firmware encapsulates all
components required for multi-hop networking, including the
Linux kernel, wireless drivers, network stack, and routing
mechanism. In this work, batman-adv is adopted as the
core routing component [22]. Unlike user-space routing
protocols such as OLSR or Babel [30], [31], batman-
adv operates as a kernel module at the data link layer,
forming a virtual Layer-2 mesh interface that is transparent
to IP-level communication. This design allows the ad-hoc
module to present a conventional Ethernet interface to the
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companion computer, enabling it to join the multi-hop
network without requiring explicit routing configuration or
subnet management.

Based on this firmware design, the ad-hoc module bridges
communication between its mesh interface and an external
Ethernet port connected to the companion computer. As a
result, the companion computer interacts with the ad-hoc
network as if it were connected to a standard local area
network, without installing additional drivers or modifying its
internal software stack. By embedding routing mechanisms,
wireless parameters, and related dependencies directly into
the firmware, the ad-hoc module achieves portability across
heterogeneous UMYV platforms.

Remark 2: Embedding routing protocols and required
dependencies directly into the firmware ensures version
consistency across devices, preventing compatibility issues
that commonly arise in multi-vendor UMYV deployments.

C. SYSTEM ARCHITECTURE

This subsection describes the overall system architecture
for supervisory control and state monitoring of multiple
UMVs over the proposed ad-hoc network. The architecture
is designed to support the communication requirements
defined in Condition 1 by separating control, computation,
and networking functionalities across dedicated system
components. The resulting data flow and communication
paths are illustrated in Fig. 2.

1) SINGLE-UMV ARCHITECTURE
As shown in Fig. 2(a), each UMV consists of three main
components: a companion computer, a UMV controller
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FIGURE 2. System architecture illustrating UMV components and multi-hop communication.(a) Interaction between the
companion computer, UMV controller, and ad-hoc module within a single UMV.(b) Multi-hop communication path

between UMVs and the GCS via the ad-hoc network.

(autopilot), and an ad-hoc module. The companion computer
runs the Robot Operating System (ROS) and serves as the
interface between user-level control applications and the
onboard system. Supervisory commands, telemetry, and sta-
tus messages are generated through MAVROS, which bridges
ROS and the UMV controller via MAVLink communication.

All network traffic generated by the companion computer
is forwarded through a wired Ethernet connection to the
ad-hoc module. From the perspective of the companion
computer, the ad-hoc module appears as a conventional
network interface, requiring no modification to the onboard
software stack. This design allows supervisory control
and state monitoring messages to be transmitted transpar-
ently over the ad-hoc network, while time-critical low-
level control loops remain locally executed on the UMV
controller.

2) MULTI-HOP COMMUNICATION ARCHITECTURE

Figure 2(b) illustrates the multi-hop communication path
established among multiple UMVs and the Ground Control
Station (GCS). Each ad-hoc module communicates with
neighboring modules via its wireless interface, forming
a distributed multi-hop mesh network based on batman-
adv. Supervisory control messages and telemetry data are
relayed hop-by-hop through the ad-hoc network, ultimately
reaching the GCS without requiring centralized infrastructure
or predefined routing paths.

This architecture enables end-to-end communication
between the GCS and each UMYV, even when direct wireless
connectivity is unavailable, and provides the structural basis
for satisfying Condition 1 in outdoor multi-UMYV operations.

3) GROUND CONTROL AND NETWORK MONITORING

The GCS connects to the ad-hoc network via a wired interface
and supports standard TCP/IP-based access to UMVs.
While a generic GCS is sufficient for supervisory control,
it offers limited visibility into ad-hoc—specific network
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states such as connectivity and topology. For experimental
analysis and network monitoring, an auxiliary interface was
therefore employed to visualize and collect ad-hoc network
information. Further details are provided in Section IV.

IV. EXPERIMENTS

This section describes the experiments conducted to validate
the proposed system using actual hardware and software. The
primary objective is to evaluate the multi-hop communication
performance of the ad-hoc network in terms of latency,
throughput, and packet loss, and to examine the operational
feasibility of the system with respect to the communication
requirements defined in Condition 1.

A. HARDWARE AND SOFTWARE

The experimental platform consists of multiple UMVs,
including both Unmanned Aerial Vehicles (UAVs) and
Unmanned Ground Vehicles (UGVs). These commercially
available platforms were selected to ensure sufficient payload
capacity for carrying the companion computer and ad-hoc
module while maintaining safe operation in outdoor experi-
mental environments. The UAV and UGV platforms are based
on the DJI F450 and SCX-10 frames, respectively. All UMVs
are equipped with a Pixhawk Cube Orange autopilot running
Ardupilot 3.4.2. The companion computer is a Raspberry
Pi 3 running Ubuntu MATE 20.04.6, integrated with ROS
Noetic, MAVLink, and MAVROS for communication with the
autopilot.

For ad-hoc networking, each UMV and the GCS is
equipped with a GL-AR300M16-Ext wireless router, which
serves as the dedicated ad-hoc module. The device features
a single-core MIPS SoC, IEEE 802.11n (Wi-Fi 4) wireless
support, and an external 2 dBi antenna. All ad-hoc modules
run custom firmware based on OpenWrt 22.03.5, enabling
automatic formation and maintenance of a multi-hop ad-hoc
network. The hardware configuration of the UMVs and the
ad-hoc modules is illustrated in Fig. 3.
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FIGURE 3. Hardware configuration of the UGV and UAV. Each UMV integrates three core
components: an ad-hoc module (GL-AR300M16-Ext, red)a companion computer (Raspberry Pi 3,
blue), and an autopilot (Pixhawk Cube Orange, green).

| Field View: Multi-hop Performance

| Routing Path |
4 S
° #4

‘l\[« GCS

| Routing Path |
GCS —
#1

N WS NN P

Fleld Vlew Multl hop UAV Control
§ AP

(b) Case 2

FIGURE 4. Routing paths and field-test views for the two experimental cases. Case 1 illustrates the multi-hop routing
paths among UGVs and the corresponding field setup used for quantitative evaluation. Case 2 shows the multi-hop
routing path between the GCS and a UAV, with the field view of the UAV flight test.Video demonstrations are available at
https://youtube.com/playlist?list=PLUIBjqIFRraHPR5gWhHmYErhmzvj_fMGH&si=Arq1TkAchhiOf yT.

B. EXPERIMENT SETUP

Two GCS units were connected to the ad-hoc network via
dedicated ad-hoc modules, providing redundancy in case of
system malfunction. The primary GCS ran Mission Planner
on Windows 10, while the auxiliary GCS operated on Ubuntu
20.04.6 and hosted the ad-hoc network monitoring GUI. The
auxiliary GCS executed roscore and a WebSocket bridge
to provide external access to ROS topics exchanged with
the UMVs. A custom GUI developed using Python 3.9 and
the PyQt5 framework was used to visualize ad-hoc network
status, connectivity information, and positional data in real
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time. Finally, the ad-hoc modules ran additional scripts
to extract mesh connectivity information using alfred and
batadv-vis.

To evaluate the proposed ad-hoc networking system from
complementary perspectives, two experimental cases were
designed with distinct objectives, as illustrated in Fig. 4.

1) CASE 1 (MULTI-HOP PERFORMANCE)

Case 1 was designed to quantitatively evaluate the commu-
nication performance of the ad-hoc network under enforced
multi-hop conditions. Four UGVs were deployed around the
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perimeter of a building, with approximately 60 m separation
between adjacent vehicles. This deployment intentionally
prevented direct one-hop wireless communication, thereby
forcing all data traffic to be relayed through multi-hop
paths. By constructing a controlled multi-hop topology
with increasing hop counts, this case focuses on measuring
network performance metrics, including throughput, latency,
jitter, and packet loss.

2) CASE 2 (MULTI-HOP UAV CONTROL)

Case 2 was designed to validate the functional feasibility of
supervisory UAV control over a multi-hop ad-hoc network. In
this scenario, a UAV was designated as the controlled target,
while UGVs equipped with ad-hoc modules served as relay
nodes to establish a communication path between the GCS
and the UAV.

Unlike Case 1, which emphasizes quantitative performance
benchmarking, this case focuses on verifying whether
command-and-telemetry exchange required for UAV oper-
ation can be maintained reliably over the ad-hoc network.
The experiment evaluates the continuity of control com-
mands, telemetry feedback, and real-time monitoring during
actual flight operation, thereby demonstrating practical
feasibility.

C. MULTI-HOP PERFORMANCE

Multi-hop communication performance was evaluated in
Case 1 with the objective of quantitatively assessing whether
the proposed ad-hoc network satisfies the communication
requirements for supervisory UMV control defined in
Condition 1. To this end, three complementary tests were
conducted to measure end-to-end throughput, latency, jitter,
and packet loss under enforced multi-hop routing conditions.

« TCP test: TCP packets were transmitted using iperf3.!
This test evaluates achievable end-to-end throughput and
TCP retry behavior as the hop count increases, providing
an upper bound on sustainable data rates under multi-
hop operation.

o UDP test: UDP packets were transmitted at a fixed rate
of 250 Kbps using iperf3. This rate intentionally exceeds
the estimated bandwidth required for MAVROS-based
command-and-telemetry traffic summarized in Table 1,
thereby introducing a conservative margin for evaluating
(C1) under multi-hop operation. This test measures UDP
throughput, jitter, and packet loss, which are directly
related to (C2).

« Latency test: End-to-end delay was measured using
Lagscope,”> providing latency distributions and tail
characteristics across different hop counts.

The measured performance metrics for Case 1 are obtained
from the time-series results shown in Fig. 5 and are

1iperfB’ is an open-source tool widely used for benchmarking TCP and
UDP network performance.

2Lagscope transmits timestamped packets to measure one-way or round-
trip latency.
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summarized in Table 2. These results collectively provide a
quantitative basis for assessing the feasibility of supervisory
UMYV communication over multi-hop paths.

1) TCP TEST

The TCP test results are shown in Fig. 5(a) and Fig. 5(b).
In the 1-hop scenario, throughput slightly exceeded 2 Mbps,
which is well above the bandwidth requirements for supervi-
sory UMV command and telemetry traffic considered in this
study. As the hop count increased, throughput decreased to
approximately 250 Kbps, yet remained sufficient for essential
ROS-based communication. The increase in TCP retries
with hop count indicates greater exposure to environmental
interference along longer relay paths.

2) UDP TEST

Figs. 5(c)-5(e) present the UDP test results. Across all hop
counts, more than 237 Kbps of UDP traffic was successfully
delivered, exceeding the estimated MAVROS bandwidth
requirements in Table 1. As the hop count increased, jitter
and packet loss rose due to cumulative multi-hop effects
and environmental interference. In particular, the loss rate
increased to 3.74% at three hops, indicating that while overall
delivery remained sufficient for MAVROS traffic, multi-
hop propagation introduced occasional packet drops under
external interference. Initial jitter spikes were observed as the
ad-hoc modules stabilized their links, but values converged to
within 100 ms during sustained transmission.

3) LATENCY TEST

Fig. 5(f) illustrates the latency distribution obtained from
10,000 TCP packets measured with Lagscope. Most packets
exhibited low latency, but intermittent long-delay outliers
produced a log-normal-like tail [32]. Both average and
median latency increased with hop count, and the tail became
more pronounced, indicating that environmental interference
accumulates along extended multi-hop paths.

Remark 3: All experiments were conducted using com-
mercially available devices operating in the 2.4 GHz band
under regulatory transmission-power limits (20dBm in
South Korea). Surrounding buildings with enterprise-grade
Wi-Fi access points operating in the same band introduced
non-negligible interference, amplifying multi-hop effects
and performance variability, particularly with respect to
robustness against environmental interference as required in
(C3).

D. MULTI-HOP UAV CONTROL
This subsection reports the experimental results of Case 2,
which focuses on verifying the functional feasibility of
supervisory UAV control over a multi-hop ad-hoc network
under outdoor operating conditions.

During the experiment, supervisory control commands
were transmitted from the GCS to the UAV through the
established multi-hop ad-hoc network, while telemetry data,
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TABLE 1. Topic frequencies and estimated bandwidths for MAVROS communication.

Topic (Message size in bytes) Frequency Bandwidth
/mavros/imu/data (100 bytes)* 50 Hz 50 Kbps
/mavros/gps/fix (128 bytes) 10 Hz 10 Kbps
/mavros/setpoint_position/local (84 bytes) 20 Hz 13 Kbps
/mavros/battery (40 bytes) 1 Hz 1 Kbps
/mavros/rc/in (35 bytes) 20 Hz 6 Kbps
/mavros/state (48 bytes) 1 Hz 1 Kbps
/mavros/cmd/arming (3 bytes) Event-based 0.1 Kbps
Estimated Network Overhead (20%) Approx. 16.2 Kbps
Total Estimated Bandwidth (Including Overhead) 97.3 Kbps

* Estimated packet size excludes IMU covariance fields.

TABLE 2. Summary of averaged network performance metrics for Case 1. Each entry represents the overall mean value of the corresponding results

shown in Fig. 5.

Test Parameter 1 hop 2 hops 3 hops
TCP Test Throughput [Kbps] 2195 359 243
Retries (Average) [Count/s] 1.0 1.5 2.5
UDP Test Throughput [Kbps] 246 249 237
Jitter* (Average) [ms] 249.77 370.39 1766.58
Jitter (Last) [ms] 9.19 40.38 55.11
Loss Rate [%] 0.0 0.0 3.74
Latency Test Latency (Average) [ms] 20.22 110.48 146.61
Latency (Median) [ms] 7.72 38.67 76.81
Latency (95% Percentile) [ms] 70.42 41091 516.81

* Jitter indicates the variation in packet delay, representing transmission stability across consecutive packets.

including system status and position information, were con-
tinuously relayed back to the GCS. The developed monitoring
GUI enabled real-time visualization of both UAV states
and network connectivity throughout the flight operation.
Unlike Case 1, which quantitatively evaluates network-level
performance metrics, this experiment emphasizes operational
continuity and basic controllability at the system level. In
particular, the experiment examines whether command-and-
telemetry exchange required for supervisory UAV operation
can be sustained over a multi-hop wireless path without
manual reconfiguration or additional software intervention.

As observed during the flight test and confirmed by GUI
outputs and the supplementary video, the UAV remained
responsive to supervisory commands, and telemetry feedback
was maintained throughout the experiment. No notice-
able communication-induced interruptions or safety-critical
anomalies were observed under the tested conditions. These
results demonstrate that the proposed system can support
supervisory UAV control over a multi-hop ad-hoc network
in outdoor experimental environments, thereby validating
its functional feasibility as a reference implementation for
integrated UMV networking.

E. DISCUSSION

From a control perspective, the throughput across all
hop counts exceeds the bandwidth requirements for
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MAVROS-based command-and-telemetry traffic summa-
rized in Table 1. This indicates that, under the evaluated
experimental conditions, the proposed ad-hoc network can
support supervisory UMV control and state monitoring
without bandwidth saturation.

Building on this observation, the experimental results
demonstrate the feasibility of system-level integration and
multi-hop operation using commercial off-the-shelf hardware
and a custom ad-hoc networking stack. The evaluation
was conducted with a limited number of nodes and hop
counts (up to three hops) in outdoor environments using
2.4 GHz Wi-Fi hardware and representative command-and-
telemetry traffic. Accordingly, the results should be inter-
preted as an empirical reference for integrated multi-hop
UMV networking under the tested conditions, rather
than as a comprehensive characterization across diverse
environments.

To obtain repeatable and interpretable measurements,
mobility effects were minimized in the baseline experiments,
enabling stable observation of throughput, latency, jitter, and
packet loss under enforced multi-hop conditions. As with
typical wireless ad-hoc networks, overall performance and
scalability remain influenced by factors such as airtime
contention, external interference, and cumulative multi-hop
effects. These aspects constitute important practical consider-
ations for broader deployment scenarios and motivate further
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FIGURE 5. Case 1 experimental results for 1-hop, 2-hop, and 3-hop communication.(a)-(e) show time-averaged metrics
computed over fixed 1-second windows, including TCP throughput and retries, UDP throughput, jitter, and loss
rate.(f) presents a latency histogram obtained from 10,000 individually measured TCP packet delays.

evaluation under more diverse environmental and operational
conditions.

V. CONCLUSION AND FUTURE WORK

This paper presented a practical ad-hoc networking sys-
tem for UMVs, enabled by a standalone ad-hoc module
and custom firmware, with an emphasis on system-level
integration and experimental validation. By decoupling
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networking functions from onboard control and computation,
the proposed design supports multi-hop communication
without requiring modifications to each platform’s internal
hardware or software.

Two complementary experiments were conducted to eval-
uate the proposed system. Case 1 quantitatively characterized
multi-hop communication performance, while Case 2 demon-
strated the functional feasibility of supervisory UAV control
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over a multi-hop ad-hoc link. Together, these results provide
an empirical reference for multi-UMV networking under the
evaluated outdoor experimental conditions.

Beyond the conducted experiments, the proposed frame-
work is applicable to UMV operations in environments where
direct communication between a ground control station and
vehicles is constrained by distance, occlusion, or wireless
interference. In such settings, cooperative multi-hop relaying
among UMVs can extend communication coverage and
enable continued supervisory control and state monitoring.

Future work will focus on extending the current implemen-
tation toward performance-aware optimization, including
energy-efficient communication strategies, evaluation under
larger network scales, and additional field experiments in
more diverse and dynamic environments.
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