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5G-Enabled Teleoperated Driving: An Experimental
Evaluation

Mehdi Testouri, Gamal Elghazaly, Faisal Hawlader, and Raphael Frank

Abstract—Teleoperated driving enables remote human inter-
vention in autonomous vehicles, addressing challenges in complex
driving environments. However, its effectiveness depends on
ultra-low latency, high-reliability communication. This paper
evaluates teleoperated driving over a commercial non-standalone
(NSA) 5G network, analyzing key performance metrics such as
glass-to-glass (G2G) latency, RTT and steering command delay.
Using a real-world testbed with a Kia Soul EV and a remote
teleoperation platform, we assess the feasibility and limitations of
5G-enabled teleoperated driving. Our system achieved an average
G2G latency of 202ms and an RTT of 47ms highlighting the G2G
latency as the critical bottleneck. The steering control proved to
be mostly accurate and responsive. Finally, this paper provides
recommendations and outlines future work to improve future
teleoperated driving deployments for safer and more reliable
autonomous mobility.

Index Terms—Teleoperated Driving, 5G, Experimental Evalu-
ation, Glass-to-Glass Latency

I. INTRODUCTION

The advent of autonomous vehicles has revolutionized the
transportation industry, promising safer, more efficient and
sustainable mobility solutions [1]. However, fully autonomous
systems continue to encounter significant challenges in han-
dling complex and unpredictable driving environments, in-
cluding construction zones, adverse weather conditions, or
ambiguous traffic situations [2]. Teleoperated driving offers a
viable solution to these limitations by enabling remote human
control in challenging situations [3]. This approach combines
the benefits of human decision-making with the precision and
responsiveness of automated systems, ensuring safer and more
reliable operations [4].

The effectiveness of teleoperated driving depends mainly
on G2G latency [5], the total delay from event capture by the
vehicle sensors to its display at the operator control station.
This latency is influenced by sensor acquisition, data encoding
and decoding, network transmission, and display rendering.
Maintaining a low and stable G2G latency is critical for real-
time situational awareness, precise vehicle control, and driving
safety. The successful implementation of teleoperated driving
relies heavily on the underlying communication infrastructure,
which must provide ultra-low latency, high reliability, and suf-
ficient bandwidth to transmit real-time sensor data, video feeds
[6], [7], and control commands [8]. Conventional 4G/LTE
networks suffer from high jitter, packet loss, and network
congestion, making them unable to meet the requirements for
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Fig. 1: Experimental vehicle based on Kia Soul EV with the
teleoperated driving interface.

teleoperated driving. However, the rapid deployment of 5G
has gained significant attention for its potential to enhance
teleoperated driving by reducing latency, improving reliability,
and ensuring seamless connectivity. Despite the promise of 5G
for teleoperated driving, real-world evaluations remain limited,
with key challenges unresolved. Most research relies on simu-
lations [9], creating uncertainties about network performance
in real-world teleoperated driving [10]. Bridging this gap is
essential to assess whether 5G can provide the reliability and
responsiveness required for large-scale teleoperated driving
deployment. This paper presents an experimental evaluation
of teleoperated driving over a commercial NSA 5G network,
focusing on the interplay between network performance and
driving safety. We use standard metrics, including G2G la-
tency, round-trip time (RTT) for driving command transmis-
sion, network jitter, steering dynamic response induced delay,
and the impact of overall latency on steering angle stability
for safe teleoperated driving operation. Our key contributions
are summarized as follows:

• Design and Implementation of Teleoperated Driving
Framework: We have designed and implemented a com-
prehensive teleoperated driving framework. The system
utilizes an autonomous vehicle equipped running Robo-
car, our open-source autonomous driving software (ADS)
[8]. It also integrates a 5G communication network and a
remote teleoperation interface, enabling precise vehicle
control and experimentation in real-world operational
conditions.

• Experimental Evaluation and Performance Analysis:
Our study rigorously evaluates the capability of the sys-
tem to support teleoperated driving by measuring standard
evaluation metrics such as G2G latency, RTT, packet loss
and jitter. We also analyze the overall steering delay
induced by the dynamic response of the steering system
and the network latency.
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Fig. 2: Description of the hardware and software architecture of the experimental setup for teleoperated driving.

The remainder of this paper is organized as follows. Sec-
tion II reviews related work on teleoperated driving. Section III
describes our teleoperated driving setup and its specifications.
Section IV presents the software architecture of our teleop-
erated driving platform. Section V presents the experimental
results and analysis. Finally, Section VI concludes the paper
and outlines directions for future research.

II. RELATED WORKS

Teleoperated driving has emerged as a crucial solution
to bridge the gap between fully autonomous and human-
driven vehicles [3], particularly in complex or unpredictable
environments where autonomous vehicles struggle to make
safe decisions [11]. Several studies have explored the design,
implementation and evaluation of teleoperated systems [3], fo-
cusing on hardware [12], software [13]–[15], simulation-based
evaluation [1], [9] and real dataset evaluation [16]. Reliable
teleoperation depends on several critical factors, as consis-
tently demonstrated across various studies [17]–[20]. Fore-
most, network stability is paramount for effective operation, as
highlighted by [5]. Additionally, ultra-low latency is essential
for maintaining real-time control [21], a point underscored by
[14]. Equally important is seamless data transmission [22],
which significantly influences performance. Collectively, these
elements present formidable challenges in achieving consistent
real-time control, as discussed in [23], [24]. Existing research
has shown that network congestion and latency spikes often
disrupt teleoperation [25], causing steering instability, delayed
braking [26], and operator disorientation [9], [16]. Even in
controlled testbed environments [27], network fluctuations
[11], jitter [28], and packet loss continue to impact teleop-
eration performance [9], [14]. While 5G networks promise
to reduce these delays [24], real-world evaluations remain

limited [29]. Furthermore, the effect of network impairments
on operator control accuracy remains unexplored [1], [25],
making it difficult to define safe performance thresholds
[16]. Despite progress in system development and network
integration [2], most research still relies on simulations or
controlled environments [30], [31], limiting the applicability
of findings to real-world deployments. Additionally, there is a
lack of comprehensive evaluations using real vehicles [8], real
networks [10], and realistic driving conditions [32], highlight-
ing the need for further empirical validation before large-scale
adoption. The authors in [26] demonstrated an experimental
quantitative comparison of different control architectures for
teleoperation. However they failed to analyze G2G latency and
steering control.

This paper addresses these gaps by presenting an exper-
imental evaluation of teleoperation over 5G networks. We
analyze network latency, jitter and packet loss, in addition
to G2G latency, commands RTT and control steering delay
to assess their impact on operator control. Unlike previous
studies that focus on simulated environments or theoretical
models, we directly correlate network conditions with teleop-
eration accuracy, providing empirical insights for real-world
deployments.

III. SYSTEM DESCRIPTION AND SPECIFICATIONS

This section describes the hardware and system specifica-
tions of the setup used for teleoperated driving experiments.
This includes the description and specification of the test
vehicle, all sensors and equipment, as well as the teleoperation
interface.



3

A. Remote Vehicle

The test vehicle is a modified KIA Soul EV equipped for
autonomous and teleoperated driving [8], [33]. The vehicle
comes with an integrated drive-by-wire system for brake,
acceleration and steering. To facilitate accessibility of CAN
bus and provide a reliable takeover system, the vehicle is also
equipped with a DriveKit from Polysync that is based on the
Open Source Car Control (OSCC) project [34]. The DriveKit
provides a customized CAN interface to control the vehicle
brake, acceleration, and steering while maintaining a level of
safety to allow the driver to takeover in case of emergency or
system failure. To host autonomous and teleoperated driving
functions, the vehicle is equipped with an onboard computer
Sintrones ABOX-5200G4 with an Intel Core i7-8700T CPU,
an NVIDIA GTX 1060 GPU and 32GB of RAM. Localization
in the vehicle is based on a Trimble BX992, an all-in-one
high-precision GNSS-INS capable of providing a centimeter-
level positioning and a precise heading at 20Hz. The camera
used for teleoperation is an Insta360 X3 offering a 170-degree
field of view in single-lens mode. Connectivity in the vehicle
is provided via a consumer-grade 5G-enabled smartphone.
The network characteristics of the setup will be discussed in
Section V. Fig. 2 shows the remote vehicle hardware setup
described.

B. Teleoperation Interface

The teleoperated driving interface is a state-of-the-art setup
designed to deliver an immersive and realistic driving expe-
rience. At its core is a 49-inch ultra-wide curved monitor
and dual QHD 5120×1440 resolution, providing a panoramic
field of view that mimics real-world driving conditions. This
display is paired with a Next Level Racing GT Track Simulator
Cockpit supporting a racing steering wheel from Thrustmaster
with force feedback offering direct drive technology for ultra-
realistic feedback. The simulator supports a set of three
high-precision pedals featuring a load cell brake pedal and
customizable resistance, also from Thrustmaster. To further
enhance immersion, the simulator seat is mounted on a Motion
Platform V3 from Next Level Racing, which replicates the
physical sensations of driving, including acceleration, braking,
and cornering forces. This teleoperated driving interface is
ideal for professional training, recreational use, or anyone
seeking a truly immersive driving experience. Fig. 2 shows
the whole setup of the driving cockpit and all supported
components.

IV. SOFTWARE ARCHITECTURE

This section provides a detailed overview of the architecture
of the software components deployed both on the vehicle and
within the teleoperation interface. It outlines the key modules,
their interactions, and the overall system design.

A. Remote Vehicle

The remote test vehicle is equipped with RoboCar as
the Autonomous Driving System (ADS) software. RoboCar
is an in-house, modular, ROS2-based platform developed

specifically for autonomous driving research, as outlined in
[8]. For this work, a dedicated teleoperation component has
been developed, designed to operate at 100Hz to minimize
end-to-end latency during teleoperation tasks. As depicted
in Fig. 2, this component utilizes two ZeroMQ [35] TCP
sockets. The first is for transmitting teleoperation commands,
while the second is used for receiving vehicle telemetry data.
Both the teleoperation commands and telemetry messages are
serialized using the JSON format for efficient data exchange.
For connectivity, a VPN server is configured to connect the
remote vehicle to the teleoperated driving interface, both as
VPN clients. Connectivity to the remote vehicle is provided
via 5G cellular communication, providing reliable and high-
speed connectivity necessary for real-time teleoperation. The
teleoperated driving interface, on the other hand, uses an Eth-
ernet connection to the internet. For visual feedback, camera
frames are captured and preprocessed in real-time before being
transmitted to a local RTSP server [36]. The video stream is
encoded using H.264 compression through FFmpeg, ensuring
high-quality video transmission at a consistent 30 frames per
second. This setup facilitates smooth and responsive commu-
nication between the teleoperation interface and the vehicle,
enabling seamless and reliable remote control operations.

B. Teleoperated Driving Interface

The teleoperated driving interface is implemented in Python
and includes a compact dashboard that provides real-time in-
formation about the system status, along with critical telemetry
data such as the remote vehicle speed and steering position.
These details are received from the vehicle telemetry messages
and are displayed for the operator’s reference. The interface
continuously reads input from the steering and pedals, and
sends the corresponding normalized control commands to the
remote vehicle in the form of a JSON message. To enhance
user experience and system ergonomics, the steering and pedal
inputs are carefully calibrated, ensuring that the interface is
intuitive and responsive. In addition to the control interface,
the vehicle camera stream is displayed in a separate window
using an FFmpeg RTSP client. This allows the operator to have
a clear, real-time view of the vehicle surroundings, ensuring
better situational awareness during remote operation.

V. EXPERIMENTS

This section covers the experiments conducted to assess the
capabilities of the presented teleoperated driving system. We
first assess the general network performance before measuring
G2G latency, RTT and finally evaluating the dynamic perfor-
mance of steering control system.

A. Network

The network setup used for the experiments is depicted in
Fig. 2. The remote vehicle is connected to the internet via a
5G phone used as a modem, while the teleoperated driving
interface is directly connected to the internet via an Ethernet
interface. Both the teleoperated interface and the remote
vehicle are connected to a VPN to be easily and securely
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Fig. 3: RTT measured as the time elapsed between a sent
teleoperation command and a corresponding reply from the
remote vehicle. The achieved RTT enables safe teleoperated
driving at moderate to high speeds.
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Fig. 4: G2G latency between the vehicle camera and the
teleoperated driving interface monitor. The achieved G2G
latency enables safe teleoperated driving at low speed.

reachable at the cost of network performance. All experiments
were conducted in the Kirchberg district of Luxembourg City
using a commercial non-standalone 5G network operating on
the 3.6GHz band. To evaluate network performance, we used
iPerf to measure latency, jitter, and packet loss. We observed
an RTT of 27.63ms when transmitting TCP packets of 128 KB
size, and a jitter of 0.709ms when transmitting 85,068 UDP
datagrams, with zero packet loss. Furthermore, we measured
an available bandwidth of 300Mbps. Although these results
provide a quantitative assessment of the network stability and
its capabilities for real-time teleoperation, the actual network
performance may be susceptible to fluctuations as it is based
on commercial NSA 5G.

B. Glass to Glass Latency

G2G latency is a crucial metric of teleoperation as it directly
relates to the user experience of the system. A high G2G
latency will strongly limit the teleoperation capabilites in terms
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Fig. 5: Realized vehicle steering angle and steering command
sent from teleoperation interface, both normalized to [-1,
1]. The observed steering delay allows for safe teleoperated
driving at low speed.

of control, maximum speed and ultimately safety. Measuring
G2G latency reliably and in a non-intrusive manner is not
a trivial problem [5], in this work we decided to measure
the G2G latency using a basic and straightforward method at
the expense of some accuracy. A monitor showing a running
clock is placed in front of the vehicle camera while another
monitor connected to the teleoperation interface is placed next
to the first monitor. The measurement is taken by recording
a video of the two monitors and manually reporting the time
difference between the clocks displayed on both monitors. The
measurement camera and running clock monitor both run at
their own 60Hz cadence, this alone could induce up to 17ms
of error on individual measurements. Identification of digits in
the sub-100ms range proved challenging, and therefore errors
of up to 99ms could arise from those ambiguous readings.
Overall, stemming from the mean error, we consider the
accuracy of the measurements to be around 50ms. A total
of 100 measurements over 1min and 30s of video were taken,
the results are depicted in Fig. 4 and Table I. The average
recorded G2G latency is 202.41ms with a standard deviation of
31.56ms. Fig. 4 shows that high G2G latencies can reach over
300ms while low values drop to 150ms. These results indicate
that even on a 5G network, a live video stream can still induce
a significant latency considering that, at 30km/h, a vehicle
will cover approximately 1.7 meters. Integrating the possible
measurement errors and assuming an average driver with a
total reaction time of 1s [37], [38], this G2G latency would
increase the teleoperator reaction time by a minimum of 20%.
In light of this, we conclude that the achieved G2G latency can
enable safe teleoperated driving operation at low speed (less
than 20km/h). As the presented teleoperated driving system
uses a relatively standard video streaming pipeline, the G2G
latency could be further reduced by refining the streaming
parameters or introducing novel methods [23].

C. Round-Trip Time (RTT)

Both the teleoperation commands and vehicle telemetry
should be exchanged as fast as possible in order to provide the
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TABLE I: G2G latency and RTT measurements.

Number of samples Average [ms] Standard Deviation [ms]
G2G 100 202.41 31.56
RTT 1000 46.63 10.05

smoothest experience. The following experiment measures the
RTT of a command sent from the teleoperated driving inter-
face to the remote vehicle. A teleoperated driving command
contains a timestamp that once received by vehicle will be sent
back in a telemetry message. The RTT is measured as the time
difference between the reception of a telemetry message and
the corresponding teleoperation command timestamp included.
The measurement is run over 1000 samples and the results
are reported in Fig. 3 and Table I. The average measured RTT
stands at 46.67ms with a standard deviation of 10.05ms. Fig.
3 shows punctual highs at 80 or even 120ms while punctual
lows around 30ms can also be observed. These results are in
line with the network performance measured in Section V-A
and indicate that the presented teleoperated driving solution
does not induce significant network overhead. Furthermore,
the measured RTT is also influenced by the underlying im-
plementation and inner workings of the teleoperation system.
The RoboCar teleoperated driving component, as previously
mentioned, runs at 100hz and this can already contribute to up
to 10ms of delay. Assuming that the average latency is half that
of the RTT, a vehicle driving at 30km/h will cover a distance
of around 0.2m over 23ms. Moreover, this theoretical latency
would only marginally increase an average driver reaction time
of 1s. In light of this and while it would always be beneficial
to reduce the RTT further, the achieved performance should
allow for safe teleoperated driving at moderate to high speeds.

D. Steering Control

Another important aspect of the user experience is the
steering response behavior, which reflects how well the remote
vehicle follows the commanded steering inputs. Unlike G2G
latency and RTT, which are primarily influenced by network
conditions, steering response is largely determined by the
vehicle control system and steering dynamics. To qualita-
tively assess this behavior, we analyze the recorded steering
input and actual vehicle response over data 5000 samples,
corresponding to approximately 250 seconds of driving, as
shown in Fig. 5. While this analysis provides insights into the
smoothness, stability, and overall precision of the teleoperated
steering manoeuvres, it does help identifying any potential
inconsistencies or delays introduced by the vehicle actuation
system. Overall, the latency due to network and steering
system time constant is low but can reach up to 750ms. Such
a relatively big delay in realizing steering commands creates a
cognitive load on the driver besides the other factors induced
by the latency in video steaming. Future works may investigate
and study in details these factors while simultaneously improv-
ing latencies and steering system performance. Empirical tests
showed that a trained teleoperator was only able to account
for the delay and drive confidently at low speed (less than
20km/h).

VI. CONCLUSION AND FUTURE WORK

This paper presented an experimental evaluation of teleop-
erated driving over a commercial NSA 5G network, focusing
on network performance. Using a real-world testbed based
on a Kia Soul EV equipped with a drive-by-wire system, we
analyzed key teleoperated driving performance using standard
evaluation metrics such as G2G latency and RTT in addition to
a steering control delay evaluation. The experimental results
of our teleoperated driving setup highlight the feasibility of
5G-enabled teleoperated driving while also identifying critical
challenges to reach realistic teleoperated driving deployments.
While our study primarily focused on network performance,
future work will explore additional factors that influence
teleoperated driving reliability and usability. Specifically, we
aim to investigate adaptive network optimization and stream-
ing strategies to mitigate the effects of varying connectivity
conditions. Furthermore, incorporating haptic feedback and
predictive control mechanisms could enhance the teleoperation
experience by compensating for minor network disruptions.
Lastly, extending the evaluation to longer driving scenarios
in diverse urban and rural environments will provide deeper
insights into the real-world scalability of teleoperated driving
over 5G. By addressing these challenges, future research can
help refine teleoperated systems, bringing them closer to large-
scale deployment in autonomous mobility solutions.
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