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Fig. 1. 5G-NetBotSim architecture integrating an executable srsSRAN-based 5G with isolated ROS/Gazebo robotic applications.

Abstract—Connected robotic applications increasingly rely on
wireless communication for teleoperation, coordination, and
distributed autonomy. However, robotic simulators often use
ideal links or abstract delay models that do not capture cel-
lular scheduling and protocol-processing effects. We present
5G-NetBotSim, a real-time co-simulation framework integrating
ROS/Gazebo workloads with an executable, full-stack srsRAN
5G network emulator. The framework provides isolated User
Equipment (UE)-robot contexts and stage-level timing across the
host, gNB, UE, ROS, and robot-execution stages. We evaluate
human-to-robot teleoperation and robot-to-robot leader—follower
coordination under controlled channel-quality conditions. Results
show how CQI and MCS variations propagate to through-
put, communication latency, and robot performance. In leader—
follower coordination, higher channel quality reduces mean
tracking error from 0.558 m to 0.460 m, a 17.6% reduction. These
results demonstrate protocol-stack-in-the-loop co-simulation for
joint network and robotic-application evaluation.

Index Terms—5G; Robotics; co-simulation; ROS; srsRAN;
networked robots

I. INTRODUCTION

Connected robotic systems increasingly rely on wireless
communication for teleoperation, multi-robot coordination,
distributed perception, and collaborative autonomy. In such
applications, delay, jitter, throughput variation, and packet
loss can directly affect robot response, trajectory accuracy,
coordination, and task completion. Robotic simulators typ-
ically model dynamics, sensing, planning, and control in
detail, but often represent communication using ideal links
or application-level delay models. These abstractions do not
capture cellular scheduling, modulation and coding adaptation,
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protocol processing, per-device isolation, or RAN configu-
ration. Conversely, cellular-network platforms mainly report
network-level metrics without integrating the complete ROS-
enabled command, execution, and feedback path. This makes
it difficult to determine how network conditions propagate to
robot-level performance.

To address this gap, we present 5G-NetBotSim, a synchro-
nized protocol-stack-in-the-loop co-simulation framework that
integrates ROS/Gazebo robotic workloads with an executable,
standards-aligned srsRAN 5G stack, shown in Fig. . The
framework executes the complete 5G protocol-processing path,
including physical (PHY), medium access control (MAC),
radio link control (RLC), packet data convergence protocol
(PDCP), and higher-layer components. thereby capturing cel-
lular scheduling, protocol processing, and channel-dependent
communication behavior within the robotic control loop.
Rather than replacing the network with a fixed or stochas-
tic delay model, 5G-NetBotSim preserves the full protocol-
processing path and instruments each stage to relate network
metrics directly to task-facing behavior.

5G-NetBotSim consists of three integrated components: 5G-
NetSim, which provides the virtual-radio 5G communication
path using the executable srsSRAN protocol stack; BotSim,
which provides ROS/Gazebo-based robot simulation with sep-
arate ROS and network contexts for individual robots; and
EdgeSim, which extends the RAN-side architecture with edge
intelligence using EdgeRIC.

The main contributions are:

« We develop a synchronized protocol-stack-in-the-loop frame-
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Robot-network Multi-robot 5G/RAN Executable Stage-level Robot-task Per-robot RAN-edge D2D MAC
Framework co-simulation support aware 5G stack timing metrics isolation integration bypass
CORNET [1] v - - - - v - - -
SynchroSim [2] v v - - - v - - -
OROS [3] v v v - - v - v -
FogROS?2 family [4]-[6] - v - - - v - v -
NetROS-5G [7] v - v - - v - v -
5G Network Digital Twin [8] v - v - - v - - -
EdgeRIC [9] - - v v - - - v -
5G-NetBotSim v v v v v v v v v

TMulti-robot execution is experimentally demonstrated with two independently isolated robot—UE instances; Future scope involves more experiments with a swarm of a larger number of robots.

TABLE I: Capability comparison with representative robot-network, edge-robotics, and RAN-control platforms.

work coupling ROS/Gazebo with an executable srsSRAN 5G
stack.

o We provide per-robot UE, network, and ROS isolation with
sequence-aligned timing across host, gNB, UE, ROS, and
robot-execution stages.

« We integrate EdgeRIC through EdgeSim for RAN-side intel-
ligent control and communication-aware robotic applications.

« We evaluate teleoperation and leader—follower coordination
under controlled CQI regimes, linking network conditions to
robot performance.

II. RELATED WORK

Prior robot-network co-simulation frameworks such as
CORNET and SynchroSim jointly evaluate robotic behav-
ior and communication-network performance [1], [2]. How-
ever, these platforms primarily focus on general network
modeling and simulation synchronization rather than exe-
cuting a cellular protocol stack within the complete robotic
command and execution path. Several studies investigate
5G-enabled robotics, network orchestration, and cloud/edge
support. OROS jointly manages collaborative robot op-
eration and wireless resources [3], while task-aware 5G
resource-allocation approaches improve communication and
control performance in latency-sensitive telerobotic appli-
cations [10]-[12]. NetROS-5G integrates ROS 2 with net-
work slicing and edge/cloud resources [7], network digital-
twin approaches model communication-aware 5G-connected
robots [8], and FogROS2 supports cloud/fog deployment of
robotic components [4]-[6]. EdgeRIC further enables near-
real-time application-aware RAN control [9]. Communication-
aware robotic studies show that network delay and middle-
ware behavior can directly affect teleoperation and multi-
robot performance [13], [14]. Motivated by these observa-
tions, SG-NetBotSim integrates ROS/Gazebo workloads with
an executable srsRAN 5G stack and EdgeRIC-based RAN
intelligence, while providing isolated UE-robot contexts and
stage-level timing across the network, middleware, and robot-
execution stages.

III. SYSTEM DESIGN AND ARCHITECTURE

The 5G-NetBotSim integrates a 5G environment into
ROS/Gazebo applications. Each robot is mapped to an inde-
pendent UE, Linux namespace, ROS namespace, and control
process. Commands are transferred through ZeroMQ to the
Dockerized gNB, traverse the executable 5G downlink, and
are forwarded from the selected UE to the corresponding ROS

process. Sequence identifiers and monotonic timestamps align
network and robot-execution events.

A. 5G-NetSim: Executable 5G Network Emulation

5G-NetSim uses the simulation mode of the open-source
srsRAN stack. The gNB and UE processes run inside Docker
and retain PHY, MAC, RLC, PDCP, and higher-layer pro-
cessing through a virtual-radio interface, enabling repeatable
network configuration. Each UE operates in an independent
network context mapped to a robot, supporting per-device
routing, configuration, logging, and measurements such as
CQI, MCS, throughput, and packet latency. The experiments
use virtual-radio rather than over-the-air RF transmission,
focusing on controlled protocol-stack execution and its impact
on robotic applications.

B. BotSim: Isolated Robotic Execution

BotSim provides the robotic application layer using ROS
Noetic and Gazebo 11. Each UE endpoint connects to a
dedicated ROS namespace and robot instance, forwarding
received commands to the corresponding ROS control node
for planning or execution.

The one-to-one UE-to-robot mapping provides routing and
measurement isolation. ZeroMQ is used only at the host—
Docker boundaries to keep ROS/Gazebo and srsRAN indepen-
dently configurable and does not replace the evaluated gNB—
UE path. This separation also allows robotic workloads and
network configurations to be modified independently.

C. EdgeSim: RAN-Side Edge Integration

EdgeSim provides RAN-side support for edge-assisted com-
munication and control using EdgeRIC, enabling near-real-
time interaction with the RAN and application-aware network
control without modifying the ROS/Gazebo layer.

D. End-to-End Integration and Timing Instrumentation

Each command k carries a sequence identifier and times-
tamps generated using time.monotonic_ns (). Because
the Dockerized 5G and host-side ROS processes run on
the same computer, they share a common monotonic timing
reference. The stage-level delays are
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Fig. 1: Selected MCS for different CQI levels and correspond-
ing throughput results.

(b) Throughput measurements

Here, L—Ls5 represent host-to-gNB transfer, gNB processing,
gNB-to-UE communication, UE-to-ROS handoff, and robot
execution, respectively. Thus,

Ldelivery = Ll + L2 + L3- (2)

This instrumentation separates communication delay
from application-side queueing, planning, and execution.
The single-host setup also avoids cross-machine clock-
synchronization uncertainty. All experiments run on Ubuntu
20.04 with one gNB, two UEs, 10 MHz bandwidth, 15 kHz
subcarrier spacing, 1 ms TTI, and a MAX-CQI scheduler.
Low-, medium-, and high-CQI regimes are evaluated with
fixed robotic workloads and control parameters.

IV. PERFORMANCE EVALUATION

This section evaluates whether the configured CQI condi-
tions propagate consistently through the executable 5G stack
to produce measurable effects at the network and application
levels, from MCS selection and throughput to communication
latency and robot-task performance.

A. Network-Level Performance

Fig. 1 shows the selected MCS and corresponding user-
plane throughput under low-, medium-, and high-CQI condi-
tions. Higher CQI results in higher MCS indices and greater
achievable throughput, while lower CQI leads to more robust
modulation and coding and reduced data rate. These results
confirm that the configured CQI conditions affect the actual
scheduling and transmission behavior of the executable 5G
stack rather than remaining only simulation parameters. The
stage-level latency measurements, shown in Fig. 3, further
decompose command delivery across the host-to-gNB trans-
fer, gNB processing, gNB-to-UE transmission, and robot-side
handling. This decomposition helps distinguish network delay
from application-side processing and execution effects, which
is important because low communication latency alone does
not necessarily imply low task-facing response time.

B. Application-Level Performance

We evaluate 5G-NetBotSim using two representative
connected-robot workloads: human-to-robot teleoperation and
robot-to-robot leader—follower coordination, shown in Fig. 2.

(b) Robot-to-Robot Leader—Follower Coordination

Fig. 2: Representative 5G-NetBotSim: (a) human-to-robot tele-
operation and (b) robot-to-robot leader-follower coordination.

1) Human-to-Robot Teleoperation: For waypoint-based
commands, Fig. 3, communication and application delays
affect the task response time while the requested target remains
unchanged. For velocity-based commands, newly received
commands may interrupt the current trajectory and trigger
replanning from the robot’s current state. Thus, variations in
command-delivery time can change the realized trajectory.

2) Robot-to-Robot Leader—Follower Coordination: The
leader transmits its state to the follower at 10 Hz, and the
follower uses the latest received state to maintain a desired
2 m offset. Under high CQI, (Fig. 4), the mean tracking error
decreases from 0.558 m to 0.460 m, corresponding to a 17.6%
reduction compared with low CQI. The improvement is most
visible during turns and waypoint transitions, where delayed
state updates increase the follower’s spatial lag.

V. DISCUSSION

The experiments demonstrate the value of protocol-stack-in-
the-loop simulation when protocol behavior and its impact on
robotic applications are of interest. Unlike abstract delay/loss
models, an executable stack exposes effects such as CQI-
dependent MCS selection, scheduling, per-UE behavior, and
stage-level processing. The current evaluation uses virtual-
radio operation on a single host with two robot—-UE pairs.
Thus, the results characterize controlled protocol/application
interactions rather than over-the-air fidelity or large-scale
scalability. Physical-radio and larger multi-robot evaluations
remain future work.

VI. CONCLUSION

This paper presented 5G-NetBotSim, a protocol-stack-in-
the-loop co-simulation framework integrating an executable
srsRAN virtual-radio network with ROS/Gazebo robotic appli-
cations. Per-robot communication and ROS isolation together
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Fig. 3: Application- and task-level latency measurements.

— Leader (a)
— - Follower (B)

3D Trajectory

Altitude Profile

—— Leader (a)
— - Follower ()

Altitude (m)

2
0 20 40 60 8 100 120 140 ‘6
Time (s) * iy s 0

(a) Low CQI: Altitude (b) Low CQI: 3D trajectory

— Leader (a)
— - Follower (B)

2
1 &
4

— Leader (@)
— - Follower (8)

Altitude (m)

0 20 40 60 80 100
Time (s)

(e) High CQI: Altitude

6 1 &
¥y f o 3¢

(f) High CQI: 3D trajectory

(c) Low CQI: XY trajectory

6 1 — Leader (a)
— = Follower () m End

2D Trajectory (XY Plane) Formation-Keeping Error

- bl

— Tracking error
~= Mean: 0.558 m L
Acceptable (<0.3 m)

S

10 20 30 40 50 60 70 80
Time (s)

(d) Low CQI: Tracking error

— Leader (@) o Start|”” ==
—~ Follower (§) ® End

Error (m)

-2 0 2 4 6 8 10 0
X (m)

- Max: 0.929 m

e start”” T

A
— Tracking error
_ == Mean: 0.460 m
Acceptable (< 0.3 m)

H"\

-2 o 2 4 6 8 0 10 20 30 40 50 60 70

(g) High CQI: XY trajectory

x (m) Time (s)

(h) High CQI: Tracking error

Fig. 4: Leader-follower trajectory and tracking performance under low- and high-CQI conditions. The first row shows the low-CQI case,

and the second row shows the high-CQI case.

with stage-level timing allow network measurements to be
related directly to task-facing robotic behavior. Teleoperation
and leader—follower experiments demonstrate how controlled
channel-quality conditions propagate through MCS selection,
throughput, communication latency, and robot execution. In
the leader—follower experiment, improved channel quality
reduces mean tracking error from 0.558 m to 0.460 m,
corresponding to a 17.6% improvement. Future work will
investigate physical-radio validation, distributed execution, and
larger multi-robot deployments.
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