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Abstract—Human oversight can benefit scenarios with complex
tasks, such as pallet docking and loading and unloading con-
tainers, beyond the current capabilities of autonomous systems
without any failures. Furthermore, teleoperation systems allow
remote control of mobile ground robots, especially with the
surge of 5G technology that promises reliable and low latency
communication. Current works research on exploring the latest
features from the 5G standard, including ultra-Reliable Low-
Latency Communication (uRLLC) and network slicing. However,
these features may not be available depending on the Internet
Service Provider (ISP) and communication devices. Thus, this
work proposes a network architecture for the teleoperation of
ground mobile robots in industrial environments using com-
mercially available devices over the 5G Non-Standalone (NSA)
standard. Experimental results include an evaluation of the net-
work and End-to-End (E2E) latency of the proposed system. The
results show that the proposed architecture enables teleoperation,
achieving an average E2E latency of 347.19 ms.

Index Terms—S5G mobile network, remotely operated vehicles,
teleoperation, mobile robots

I. INTRODUCTION

Logistics and retail companies, warehouses, automotive and
aerospace industries, agriculture businesses, and healthcare
institutions use Autonomous Mobile Robots (AMRs) to au-
tomate the internal flow of materials, delivery processes, and
security monitoring tasks. Automating these tasks instead
of relying on human labour improves operational efficiency,
flexibility, and productivity, achieving higher efficiencies and
lower production costs [1]. Despite the progress in autonomous
systems, there are scenarios where human expertise is indis-
pensable. More specifically, human oversight and intervention
can benefit scenarios with complex tasks which may be beyond
the current capabilities of autonomous systems for automated
execution without any fails, such as pallet docking, containers
and trucks loading and unloading, among others.

Consequently, there is a need for teleoperation and remote
control of mobile ground robots in industrial environments.
Teleoperation systems require control mechanisms to enable

This work is co-financed by Component 5 — Capitalization and Business
Innovation, integrated in the Resilience Dimension of the Recovery and
Resilience Plan within the scope of the Recovery and Resilience Mecha-
nism (MRR) of the European Union (EU), framed in the Next Generation EU,
for the period 2021-2026, within project PRODUTECH R3, with reference 60.

the remote operation of autonomous vehicles. These mecha-
nisms are negatively impacted by time-varying control input
delays and intermittent communication. Indeed, latency and
its variability (jitter) significantly influence the immersive
experience of the operator [2]. With the launch and adoption
of the 5G network by the ISPs, this network should offer
improved data transmission speed with the enhanced Mobile
BroadBand (eMBB) core, support of uRLLC, and allow high-
density of devices connection with the Massive Machine-Type
Communications (mMTC) core [3].

This paper proposes a 5G network architecture with com-
mercially available communication devices to achieve the tele-
operation of ground mobile robots in industrial environments.
The system architecture includes using cameras to provide vi-
sual feedback to the operator via a video stream, implementing
both the Real Time Streaming Protocol (RTSP) and Web Real-
Time Communication (WebRTC), Message Queueing Teleme-
try Transport (MQTT) messages to handle the direct teleoper-
ation control of the robot’s linear and angular velocities, and
the 5G Non-Standalone (NSA) network topology definition.
Experimental results focus on the evaluation of the latency and
jitter of RTSP and WebRTC video streaming protocols, with
the proposed architecture achieving an average E2E latency of
347.19 ms. The results show that the architecture is capable
of performing teleoperation through the 5G NSA.

The remainder of this paper is organised as follows. Sec-
tion II reviews the literature on teleoperation of ground mobile
robots and network mediums. Next, Section III presents the
proposed 5G network architecture and control scheme for
the teleoperation of an AMR in an industrial environment.
Section IV analyses the experimental results obtained with
the proposed system, including latency measurements. Finally,
Section V formulates the final conclusions and future work.

II. RELATED WORK

A teleoperation system allows the human operator to interact
with an environment remotely. This interaction requires a link
between the operator and the robot to connect them and enable
communication and exchange of information.
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A. Bluetooth communication

Bluetooth is a possible communication medium for creating
the link, benefiting from a low implementation cost and quick
setup [4]. Nadvornik and Smutny [5] use Bluetooth due to
its low power requirements with up 720 kbps data rate in
asynchronous mode to perform direct teleoperation control
of the robot’s motor speed. At the same time, the operator
has feedback in terms of obstacles from ultrasonic sensors.
Similarly, Butnaru ez. al. [6] control a robot via Bluetooth with
feedback from proximity sensors. Both works [5] and [6] use
peer-to-peer communication between robot and operator.

In contrast to [5] and [6], Xue et. al. [7] use a server
to communicate with the operator’s computer and the robot.
While the communication server—robot is on a Bluetooth con-
nection that supports up to 100 kbps, the server—teleoperator
link uses a standard Ethernet local network. The authors also
focuse on direct teleoperation but with visual feedback from
a 352 x 288 px Complementary Metal Oxide Semiconductor
(CMOS) colour camera, among other onboard sensors, in-
cluding ultrasonic and infrared sensors. However, Bluetooth
wireless connections suffer low range and bandwidth and are
severely affected by obstacles in the scene [4].

B. Wireless Local Area Networks (WLAN)

Furthermore, another common topology is Wireless Lo-
cal Area Networks (WLAN). Wang and Liu [8] propose a
teleoperation system with supervisory control (linguistic and
reference velocity commands). A 2.54 GHz WLAN intercon-
nects the proprioceptive and exteroceptive sensory data from
the robot and the camera feed sent to a streaming server
to the Internet. Then, teleoperators consume the data and
interact with the robot. However, the Internet telephone line
limited the client’s connection to 33.6 kbps. Similarly, both
Wang et. al. [9] and Song et. al. [10] implement a WLAN
also connected to the Internet to achieve remote control from
an external location. While work [9] allows both direct and
supervisory teleoperation (travel distance or to a specific point)
from sensor information, robot position, and live video data
transmitted over the User Datagram Protocol (UDP), in [10]
only focus on direct teleoperation with a shared control (robot
reduces or inhibits the user’s direct control commands to
prevent any possible collision).

Caccamo et. al. [11] only use a WLAN with IEEE 802.11n
2.4 GHz channels to remotely control a ground mobile robot
through direct teleoperation in an Search And Rescue (SAR)
application. The authors concluded that providing network
connectivity information is helpful for the intended SAR
application. Moreover, Birk ef. al. [12] underline the impor-
tance of data serialisation and video compression with motion
Joint Photographic Experts Group (JPEG) format instead of
video codecs to achieve lower latency in wireless networks.
Finally, Tikanméki ez. al. [13] differ from the previous works
by adopting the WLAN IEEE 802.11ac 5 GHz standard,
achieving up to 1000 Mbits/s at close range and almost 400
Mbit/s in the 30 m range. This use case includes the WLAN
connection between a ground robot and a quadcopter (DJI

Inspire 1) using a bridge configuration of two WLANSs to
provide fast, multichannel and long-distance communication.
Also, [13] employs raw point cloud streaming and adaptive
data reduction to reduce latency and increase the frame rate.

C. Mobile networks

Mobile 3G/4G networks may offer more extensive coverage,
range, capacity, security, and possibly higher bandwidths,
compared to WLAN networks [4]. Jincun et. al. [14] and
Duong et. al. [15] employ 3G for their proposed teleoperation
systems, while Uddin et. al. [16] adopt the 4G network.
Work [14] proposes a long-range remote control system for
rescue robots based on 3G, where both the supervisory and
control centre and the robot are connected to the Internet.
Moreover, [15] proposes a teleoperation system with both
direct and supervisory control, where the client is connected
directly to the Internet and the robot to a 3G network using a
USB device. The system implements the video, sensing data,
and administrative/supervisory control data transmission over
Real-time Transport Protocol (RTP), UDP, and Transmission
Control Protocol (TCP), respectively. Results show a 103 ms
time delay of the network for 100 B and 255 ms for 2000 B,
considering a distance of 30 km. As for Uddin et. al. [16],
the teleoperation system connects the robot to the Internet
through a 4G modem for supervisory teleoperation (translation
and rotation motions). However, the proposed system does not
provide any feedback from the environment.

Moreover, Shen et. al. [17] propose a Virtual Reality (VR)-
based teleoperation system, using the RTP to transmit the
video feed over the GStreamer pipeline, and the other control
signals utilise the Robot Operation System (ROS). The exper-
imental results compare WLAN, 3G, and 4G networks. Al-
though 3G/4G mobile networks offer more range and broader
area coverage than WLAN, the 3G/4G available bandwidth
may depend on proximity to network towers, number of users,
and vehicle speed. Also, the WLAN network offered the best
teleoperation experience and lower network latency (average
of 106.5 ms for video, with a standard deviation of 10.5 ms,
compared to 183.9 ms and 16.7 ms in 4G, respectively).

With the 5G development, this network is designed to en-
hance the experience of mobile devices, including the Internet
of Things (IoT), mobile vehicles (V2X), and eMMB experi-
ence, while supporting uRLLC equipment for remote appli-
cations and industrial automation [3]. Moreover, 5G networks
operate on other frequency ranges designated explicitly for
them. While WLAN is widely used in industrial environments
nowadays, these networks cannot be used for communication
requiring high reliability, since most devices in the industries
are already networked via free Industrial, Scientific, and Med-
ical (ISM) bands [18]. Thus, European-funded projects, such
as SG-TOURS [19], 5G-Blueprint [20], SG-HEART [21], and
5G-ERA [22], demonstrate future use cases for employing 5G
networks, including teleoperation. These projects research on
improving the throughput by aggregating different carriers of
the same or different technologies, such as 4G and 5G, in
the case of SG NSA [19], network slicing, Multi-access Edge
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Fig. 1: Architecture of the teleoperation system proposed in this work
over a 5G Non-Standalone (NSA) network.

Computing (MEC), Network Function Virtualization (NVF),
Service-Based Architecture (SBA) [20]. Moreover, the re-
search projects validate the usage of 5G networks in health,
transport, and aquaculture environments [21], and cloud-native
network applications in order to enhance robot autonomy
and supports continuous deployment and integration through
a cloud-native application approach [22]. Nevertheless, the
experience of teleoperation applications with commercial 5G
networks depends on the evolution and adoption of the 5G
standard by the ISPs and the communication devices.

III. TELEOPERATION SYSTEM ARCHITECTURE

This work proposes a system architecture to enable teleoper-
ation through the 5G network with commercial communication
devices. The proposed teleoperation system, illustrated in
Figure 1, consists of two cameras on the AMR to provide
visual feedback to the operator from the robot’s surroundings,
where one is for the front view and the other for the rear
view. Furthermore, the operator is in a remote location with
a computer running the video player application for visual
feedback from the cameras and the command transmission
application, in which the operator interacts with a joystick to
perform direct teleoperation over the velocity commands of the
robot. All the communications are over a 5G-based network
architecture, set up at the iiLab — industry and innovation Lab'
facilities from INESC TEC, powered by the NOS SGPS ISP.

A. 5G Non-Standalone (NSA) mobile network

First, the proposed teleoperation system operates in the
network infrastructure at the iilLab facilities and emulates
an industrial environment. This network infrastructure im-
plements a Radio Access Network (RAN) consisting of the
5G NSA standard following the 3GPP RI15 release, with
different carriers for the 4G Long-Term Evolution (LTE)
and 5G technologies (in this case, 2.6 GHz and 3.5 GHz,

Thttps://www.inesctec.pt/en/laboratories/iilab-industry-and-innovation-lab

respectively). Still, the network infrastructure is based on the
4G LTE technology because the ISP does not yet support the
5G Standalone (SA) standard.

Furthermore, the RAN is employed in the industrial envi-
ronment by small cells from the Ericsson Radio DOT system:
Ericsson DOTs B78L 3.5 GHz 4 x 4 Multiple Inputs Multiple
Outputs (MIMO) for the 5G carrier band, and Ericsson DOT's
B7 2.6 GHz 2 x 2 MIMO for the 4G band. The Indoor Radio
Units (IRUs) power and control the Radio DOTs through the
IRU 2242 and IRU 8846 devices for the 4G LTE anchoring
system and the 5G technology, respectively. Then, the Base-
band 6630 is connected to the IRUs to provide the pooled
baseband resources for the environment area. The connections
between all these radio units is ensured by Ethernet CAT6a
cables. This RAN setup employed in this work provides
enhanced connectivity to the 5G core without being solely
dependent on the public radio cells.

As illustrated in Figure 1, both the AMR and the tele-
operator systems have 4G/5G compatible routers. The robot
uses a Teltonika RUTXS50 industrial router to connect to the
5G NSA network through a Subscriber Identity Module (SIM)
card provided by the ISP to enable the connection to the
dedicated 5G NSA RAN. This router has four RJ-45 ports,
connecting the two cameras used in this work via Ethernet
cables to provide visual feedback to the operation. In the case
of the teleoperator system, a Teltonika TRB500 5G Gateway
with a SIM card connects the computer to the network.
Also, in order to enable access to the cameras and MQTT
topics outside of AMR and the teleoperator system’s Local
Area Network (LANS), the ports 554 (camera feed) and 1883
(MQTT communication) are forward to three external ports,
two for the two cameras and one for the computer.

B. Command transmission

The MQTT protocol? is chosen for the proposed teleopera-
tion architecture. This choice stems from the fact that the AMR
used in the experiments employs the MQTT protocol as the
bridge between external connections and its internal software
system. Nevertheless, MQTT is widely used for machine-to-
machine communication in industrial scenarios. This protocol
implements a lightweight publish-subscribe messaging pattern,
focusing on low bandwidth usage. Moreover, MQTT uses a
broker with the ability to handle multiple clients, facilitating
the configuration of new devices, functionalities, and enabling
the scalability of the teleoperation system. The protocol only
supports TCP communication, guaranteeing delivery within
the same network. Finally, MQTT has support for basic
Quality of Service (QoS) functionality, user authentication,
and data encryption [23].

Consequently, the remote operator and the AMR represent
two clients in the data communication structure for this
study, illustrated in Figure 2. The operator client publishes
the commands in the /cmd_vel MQTT topic in JavaScript
Object Notation (JSON) format, which contains information

Zhttps://mqtt.org/
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Fig. 2: MQTT data communication structure.

on linear (“v” for forward/backward, “vn” for left/right)
and angular (“wn”) reference velocities for the robot. This
information makes the commands generic for any steering
geometry of the teleoperated vehicle, independently of its
holonomic constraints. Then, the vehicle client subscribes to
the /cmd_vel to set the desired reference velocity for the
robot’s internal software. In this study, the broker runs on the
vehicle’s computer to reduce latency, allowing the vehicle’s
MQTT client to publish and subscribe information through an
internal loopback interface, instead of running it through the
network. However, in a multi-vehicle teleoperation application,
the broker may run on a separate server to offload the broker
computational resources from the robots. Additional topics
would also have to be introduced for each individual robot.

C. Video Streaming

The video streaming system captures, encodes, and trans-
mits video from one node to another over a network. The
streaming architecture can comprise two or three nodes, de-
pending on the protocol. Moreover, three of the most common
video streaming protocols are Real Time Messaging Proto-
col (RTMP), RTSP, and WebRTC. When using RTMP and
RTSP, the video source and encoder on the sender side transmit
the encoded video over the network to the video server, which
then forwards it to the video player to decode and play
the streamed video. In contrast, WebRTC allows peer-to-peer
communication between the receiver and sender. Thus, the
streaming transmission does not require an intermediate server.
Overall, each component in the video streaming pipeline
introduces a delay component, and the sum of these delays
gives the E2E latency.

This work employs two low-cost Internet Protocol (IP)
cameras Tapo C310 with an embedded H.264 encoder as
video sources. The cameras support the RSTP protocol by
default, while also being compatible with WebRTC. Indeed,
the Tapo C310 camera captures the frames, compresses them,
and sends them to the RTSP server, which the video player can
access via the RTSP link with the defined user and password.
Communication between server and player can take place
either via TCP or UDP, even though only UDP transmission
is considered in this study. Regarding technical specifications,

the Tapo C310 has a frame rate of 15 fps and a 1920 x 1080
streaming resolution.

Therefore, the video player that processes the streaming data
runs on the teleoperator side. The player receives the images,
decodes, and displays them. As a result, this node introduces
decoding and display delays. This work uses two video player
applications, explained next, to compare the impact of using
RSTP versus WebRTC as streaming protocols. Also, in order
to start the video streaming, a request is made to the RUTXS50
(see the network architecture in Figure 1) via an RTSP link
(WebRTC also requires RTSP as a signalling server) that refers
to the IP of the Wide Area Network (WAN) interface and
the external port, defined on a forwarding configuration. This
request is sent through the TRB500 gateway that forwards the
request from the teleoperator side to the 5G network. Then,
the request is received by the cameras located on the robot,
connected to the 5G network through the RUTX50 router.

1) Real Time Streaming Protocol (RTSP): The RTSP [24]
is an application-level protocol designed to transmit real-
time streaming media. This protocol establishes and controls
media sessions between endpoints, managing a session state
using session identifiers. Servers using this protocol can be
positioned at different points in the network and act as inter-
mediaries between the media source and the client. Moreover,
RTSP is usually based on the RTP and Real-time Transport
Control Protocol (RTCP) protocols. A client can request a
media stream from an RTSP server by sending an RTSP
request to the server. Then, the server responds with the
requested stream using RTP. RTSP is often used to control
the streaming of multimedia content, such as video and audio.

A video player application compatible with RTSP, devel-
oped in the scope of this work is implemented in C++ using the
OpenCYV library®. This application requests access to the RTSP
server, which then the latter streams the video over the network
back to the video player. The player application decodes
and displays the video using the ffmpeg library available in
OpenCV with an H.264 decoder.

2) WebRTC protocol: WebRTC [25] is an open-source
project that provides real-time communication for web
browsers and applications via Application Programming In-
terfaces (APIs). This protocol supports video, voice, and
general data transfers between peers. Unlike other streaming
protocols like RTSP or RTMP, WebRTC is designed for peer-
to-peer communication. As a result, the media streams are
sent directly between clients without an intermediary server,
reducing latency. Furthermore, WebRTC includes several key
components, such as signalling server to initiate and manage
the initial communication setup between peers, session traver-
sal utilities to address Network Address Translation (NAT)
and firewall traversal to achieve peer-to-peer communication,
and secure audio and video transmission by using the Secure
Real-Time Protocol (SRTP) to ensure that media streams are
protected from eavesdropping and tampering.

3https://github.com/opencv/opency

Authorized licensed use limited to: b-on: UNIVERSIDADE DO PORTO. Downloaded on January 16,2025 at 22:54:23 UTC from IEEE Xplore. Restrictions apply.



The Ispy Agent DVR* application is used as the video player
in this work to test the WebRTC protocol and provide visual
feedback to the teleoperator. This application is an open-source
surveillance video application that uses WebRTC to connect
the user to an IP camera. When using the Ispy Agent DVR
application, the WebRTC protocol uses the RTSP server as
a signalling server to establish peer-to-peer communication
to the camera. Then, the image transmission is sent over the
5G NSA network to the teleoperator computer.

IV. TESTS AND RESULTS

The experiments used the mobile ground robot Go-
Mouse AMR400 from Flowbotic®. Figure 3 illustrates both
the AMR and the visual feedback provided to the teleoperator
from the two Tapo C310 cameras. In terms of the experi-
mental methodology, first, the performance of three MQTT
brokers (Mosquitto®, EMQX’, and VerneMQ?®) is evaluated
in terms of mean latency and its jitter. Next, similarly, the
My TraceRoute (MTR) is used to evaluate average latency
and jitter for the network infrastructure. Finally, the other
evaluation presented in this paper is the E2E latency for the
teleoperation system of an AMR proposed in this work.

A. MQTT Broker Performance

In this work, three open-source implementations of an
MQTT broker are considered for the teleoperation system:
Mosquitto, EMQX, and VerneMQ. As a way to evalute the
performance of those brokers, the mgtt-benchmark® tool is
used to test a broker with a given number of simulated clients,
message size, number of messages, and the QoS level. For
the test, two clients are simulated representing the setup of
one remote operator and one operated AMR with messages of
30 B, which originates from the size of the JSON command
message previously presented in Section III. Furthermore,
100 messages are published to the broker, with an interval
of one second between each. In order to understand the
performance of each broker in different reliability levels, the
tests are performed for each QoS level of the MQTT protocol.
This test is done using a computer with the Ubuntu 20.04
Operating System (OS), where the three different brokers
are implemented as services. For each test, only the service
activated from the three brokers is the one being tested by the
benchmarking tool. This setup relies solely on the internal
loopback interface of the computer for the communication
between the simulated clients to not have interference from
the latency and possible jitter from the network infrastructure.

Table I presents the average latency and jitter results
obtained from mgtt-benchmark. In terms of mean latency,
the Mosquitto broker slightly outperforms both EMQX and
VerneMQ, independently of the QoS. As for jitter, VerneMQ

“https://github.com/ispysoftware/iSpy ?tab=readme-ov-file
Shttps://www.flowbotic.eu/

Ohttps://mosquitto.org/

"https://www.emqx.com/

8https://vernemq.com/
“https://github.com/krylovsk/mqtt-benchmark
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Fig. 3: Experimental setup: (a) Flowbotic GoMouse AMR400; (b) vi-
sual feedback to the teleoperator.

TABLE I: Latency Metrics for Different Brokers and QoS Levels.

Broker QoS | Average Latency (ms) | Jitter (ms)
0 0.149 0.004
Mosquitto 1 0.428 0.022
2 0.643 0.034
0 0.151 0.016
EMQX I 0.815 0.036
2 1.095 0.003
0 0.164 0.003
VerneMQ 1 0.688 0.005
2 0.970 0.003

shows the best results, showing smaller values in this metric.
Consequently, Mosquitto is chosen in this work as an MQTT
broker for the teleoperation system. This choice is mainly due
to a low average latency being seen as a primary factor for
teleoperation applications. Similarly, the QoS level is set to
level O, given the lower latency obtained in the experiments.

B. Network Latency

Next, the MTR tool available in Linux devices is used to
test the average latency and jitter of the network infrastructure.
MTR combines the functionalities of traceroute and ping into
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Fig. 4: Latency and jitter timing results throughout the day for the 5G
Non-Standalone (NSA) network architecture proposed in this work.

a unified network diagnostic tool. Upon initialisation, MTR
probes the network connection between the host and a spec-
ified hostname by transmitting packets with deliberately low
Time-to-Live (TTL) values. The tool continues this process by
monitoring the response times of intermediate routers. Then,
MTR reports the percentage of responses received and their
respective round-trip times along the internet route to the
specified hostname.

A CronJob!'? is configured on the operator’s computer to
execute a MTR command hourly for 24h to gather data,
sending 500 packets every hour to the RUTX50 where the
AMR is connected to and saving the results report to a file.
Figure 4 presents the average latency and jitter obtained from
the CronJob execution. The average network latency between
the robot and the operation station reveals a range from 38 ms
to 50 ms throughout the day. Latency is relatively stable during
the early morning hours, averaging around 40 ms. However,
a significant increase occurs post—08:00, which coincides
with typical working hours and suggests increased network
congestion. As for the jitter results, this metric shows minimal
fluctuation during the day, ranging from 9 ms to 10 ms. These
results indicate stable packet delay and favourable network
performance for teleoperation systems, given that the jitter
may also be problematic for the teleoperation activity [2].
Overall, these latency and jitter results could be further im-
proved with a 5G SA network infrastructure. Indeed, a recent
study [26] presenting the main conclusions from the 5G-
Blueprint project [20] refers that 5G SA plays an essential
role to achieve the strict requirements for teleoperation. Nev-
ertheless, the availability of the 5G SA is dependent on the
ISP and the compatibility of the communication devices with
the 5G SA specification.

10https://cron-job.org/
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Fig. 5: Test methodology of the End-to-End (E2E) latency evaluation.

C. End-to-End (E2E) Latency

Lastly, Figure 5 illustrates the testing methodology con-
sidered in this paper to measure the E2E latency of the
proposed teleoperation system. The teleoperator computer
sends a boolean command in the JSON file, alongside the
reference linear and angular velocities for the AMR, to turn
a LED on and off. Then, the AMR computer processes the
subscribed MQTT topic with the desired LED state and sends
a command via a serial port with 115200 bps of baud rate to an
Arduino Mega. The latter is the microcontroller that changes
the physical state of the LED in terms of being on or off.

Furthermore, the LED is positioned within the field of view
of the AMR’s front camera to capture pixel colour alterations
in the video transmission. Then, the OpenCV library is em-
ployed to analyse the computer screen for a colour change in
a series of pixels, where the LED is located in the feedback
image. A thread is implemented to ensure a 1.5 s delay before
issuing the command to activate the LED, with the timestamp
being saved as f¢mg on- If the pixel colour change is not
detected within this period, a timeout occurs, the command
is resent, and the f.mg on value is updated accordingly. Upon
successfully recognition of the pixel colour alteration, the
corresponding timestamp is saved as ¢; gp, and the command to
deactivate the LED is dispatched by the teleoperator computer.
As both timestamps are collected from the same system, the
timestamp synchronisation is guaranteed, enabling the accurate
calculation of total latency as formulated in Equation 1.

Atlatency = tLED — Temd_on (1)

Figure 6 provides the comparison of the E2E latency distri-
bution results for the RTSP and WebRTC video players (see
Section III), highlighting key differences in their performance
characteristics. This comparison represents a data collection of
at least 100 E2E latency results for each protocol using the net-
work infrastructure proposed in this work. The median latency
(indicated by the white dot within each violin plot) shows
a significant difference between the two protocols. WebRTC
has a median latency of 347.19 ms, reflecting relatively lower
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Fig. 6: End-to-End (E2E) latency distribution results for the teleoper-
ation application using the WebRTC and RTSP streaming protocols.
Median value represented by a white dot in the data distributions.

latency. The WebRTC latency distribution is also narrower and
concentrated around the median, with a pronounced peak at
347.19 ms and limited spread. In contrast, RTSP exhibits a
median latency of 981.98 ms, indicating substantially higher
latency. The latency distribution for this protocol is broader
and more dispersed when compared to the WebRTC results,
indicating higher variability in latency.

Overall, the WebRTC protocol demonstrates a more stable
and predictable behaviour in terms of latency, making it the
preferred choice to develop a teleoperation application in
comparison to RTSP. Also, the network latency represents
around 12% of the total E2E latency, indicating that the video
streaming application layer is the main cause for obtaining
347.19 ms of median E2E latency. As for the latency require-
ments for a teleoperation application, Moniruzzaman et. al. [2]
refers that vehicle control while driving at ground speeds up
to 90 km/h, equivalent to 25 m/s, degrades significantly once
latency exceeds 170 ms. Although the proposed teleoperation
system achieves a median latency of 347.19 ms, exceeding the
170 ms limit, this latency was considered acceptable from the
teleoperator point-of-view. Indeed, the AMRs usually travel at
around 1 to 2 m/s maximum linear velocity within industrial
environments, being 12 to 25 times slower that the reference
speed referred in [2].

V. CONCLUSIONS AND FUTURE WORK

This study was able to successfully demonstrate the feasi-
bility of teleoperation over a 5G NSA public network. The
experiments included a comparative study of three MQTT
brokers (Mosquitto, EMQX, and VerneMQ), network latency
evaluation, and E2E latency analysis considering two different
video streaming protocols (RTSP and WebRTC). As a result,
the teleoperation system proposed in this work employs the
Mosquitto MQTT broker and the WebRTC streaming protocol
over a 5G NSA public network, achieving an average E2E
latency of 347.19 ms in the remote control of an AMR
in an industrial environment. This latency result was con-
sider acceptable for industrial environments, considering the

maximum linear velocity of 1 to 2 m/s for AMRs in those
scenarios. As future work, improvements can be made on
reducing both network and E2E latency. In terms of network
infrastructure, the 5G NSA network may be upgraded to a
5G SA topology, while also exploring other capabilities of
the 5G standard, such as uRLLC, network slicing, and the
configuration of the SIM cards to ensure connectivity with
the nearest 5G station. Regarding the streaming application
layer, other cameras may be tested to evaluate their internal
processing speed in terms of video streaming, while also
developing an optimised application based on the WebRTC
multimedia streaming protocol. Finally, the scalability of the
MQTT protocol may be explored for teleoperation of multiple
robots by introducing dedicated topics for each vehicle.
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