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Focus

« Real industrial experimentation with a ORAN-5G campus network for robotic applications
« Application level KPI measurements: Latency, Throughput and Radio Signal Strength

6G Terafactory

« 4000 m?in Meiningen, Thuringia

« 4 use cases - Real-time goods tracking, Autonomous
driving machines / industrial trucks, Extended Reality (XR)
to support employees and Fully Automated Product
Delivery (Integrated Workflow)

- Heterogeneous network equipment's from different
vendors

« Broader objective is to increase the efficiency in
manufacturing environments
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State Of Art

E2E KPI related to mobility
scenarios [2]

TSN integration for Industry 4.0

applications 31 l
Lab-Scale testing achieved sub-

ms latencies [5]

Real time teleop feasibility with
4G ~ 1s latency 41

1. Rajendran & Agnihotri, 2025

2. D. Segura, E. J. Khatib, J. Munilla, & R. Barco, 2021

3. A. Larra™naga, M. C. Lucas-Esta™n, I. Martinez, I. Val, and J. Gozalvez, 2020

4.]. Liu, H. Zhang, & F. Wang, 2025
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Limited E2E KPI metrics for real
mobile robots

Missing mobility scenarios

Limited real world validations

Incomplete mixed traffic load
scenarios
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Network Testbed Description and Configuration

« 5G core as adocker in Intel Xeon Gold x86 server

911

 Quectel RM520N-GL modem to onboard
computing units

« A Raspberry Pi 5 is used as an external application
server

SMF

other functions

e LiteOn RUiIn DDDSU as TDD
« Measurements were conducted over 850 m?

SGCN

 Trafficis mapped to 5QI 9 (non-GBR) - best effort
« Testing was limited to one device per time and for

multiple devices, the same test has to use URLLC RA/TE gNB

External server
iperf3 server

control emd
DN

O-RAN Architecture
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Robot Setup

« Two UE's for teleoperation:
« Mobile Manipulation System (MMS)
« Autonomous Mobile Robot (AMR)
« MMS - ROS2 architecture and AMR - Native
architecture
e MMS - Intel i9 x64, AMR - Intel i5 x84
« Control commands - Websocket AP| to Robot's IP
« UDP used for video streams
« 5G wireless connectivity through N78 radio
modules

Mobile Manipulation System (Left)
Autonomous Material delivery Robot (Right)
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Execution Time Loop Analysis

« Control and decision processing
architecture:
« Low Level Control
« High Level Control

« For teleoperation, the network induced
delay is approx. Tms - 15ms
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Low Level Control

Eresde
100 us 50 us
100 tis :
I[Microcontroller]—)( Motor driver |
100 us A 50 us
MU
1-2ms e
LIDAR : Autonomous Navigation -
50 - 100ms SLAM :
::l 20-50ms | oo N
Onboard PC ]—) Situation Interpretation :
20 - 30ms Decision Making Layer
5 - 10ms - Planning layer
Trajectory Planning
P £ LA
[Wireless Network }(——>l Local Control PC ]
High Level Control Remote control

Execution Time loop Analysis
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Network Control Analysis - Latency and Throughput

» For sending the control commands, Tec (k) = tgapuL(k) + tprocessing

- T -T
» One way delay, measured using TWAMP and RTT, tprocessing ® ——— - B

« The networked induced delay as a discrete NCS, x(k + 1) = Ax(k) + Bu(k — dy)

dkz[%],TCC(k)<a-TS,0<a<1

» Required throughput can be calculated as, ®,., = (1 + ') XL (P; - f;)
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Measurement Results of 5G Network - Latency

18 A —
ovecton Liversgepeayime [ i) S
Outbound 4.20 4,92 ’é;‘ 14 A
Inbound 2.78 3.02 5 207 =
Roundtrip  6.98 7.94 689 850 o 12
o
> i
tprocessing = (896 — 698) /2 E 10
de = =] .de = 1 with T, = 10s 8 - 8,96 ms — 9.0ms
Based on this, the cycle execution was set to 2 cycles 6
| |
AMR MMS
Latency measurement
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Measurement Results of 5G Network - Throughput

. 800 s AMR DL MMS DL
Dir./Layer Rate (Mbps) AMR UL MMS UL
Robot control DL/ LLC 0.11 600
Robot Status UL/ LLC 0.04 ,28*
Localization UL/ HLC 1.32 =
Perception UL / HLC 16.00 2400 -
=
Manipulation UL / HLC 1.60 %‘3
=
Force/Torque UL/ HLC 1.02 = 900 -
Mapping UL / HLC 4.00
Task vision UL / HLC 24.00
: _ 0 - |
Environment vision UL/ HLC 60.00 AMR MMS
Total througput demand 108.09

Throughput measurement
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Measurement Results of 5G Network - Radio Signal Strength

=75
25 - Factory Area
A 5GCell =
20 A g
- | . ] _80 E
5 15 4 r'— _ e® <
D e - @ I:I" 2
= ® ' O
q —e ~—
S 1010 [ Coc A
5 ' - @ %
Geun® el 08 z
0 - ' - -90
I | | | |
0 10 20 30 40
X 1n meters
RSS measurement
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WAN based Testing for Teleoperation

- WAN based testing was conducted
between Meiningen and Berlin

« Theinternet based WAN introduced a
200ms delay

« Controller gains were tuned for operation
Motion discontinuities were still observed
under high latency conditions

« The GUI and TCP based acknowledgment
delays required 20 frames buffering

Open RAN-Based 5G Campus Networking for Industrial Robotics Applications in 6G Terafactory, Real-World Measurements 10
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Conclusion

« Successfully validated O-RAN-based 5G campus network for industrial robotics at 6G Terafactory,
Meiningen

- Demonstrated reliable 10ms control loops with millisecond-level latency for AMR and MMS
teleoperation

- Developed general pre-deployment verification methodology applicable to any private 5G campus
network

Future Scope

« Enable Time-Sensitive Network (TSN) and process-aware network slicing

« Refine QoS and uplink configurations for improved determinism and scalability

 Integrate (RAN Intelligent Controller)RIC-based control framework

« Implement proactive mobility management using real-time telemetry (latency, RSRP, SINR, trajectory)
- Context-based handover decisions to reduce interruptions and maintain service continuity

Open RAN-Based 5G Campus Networking for Industrial Robotics Applications in 6G Terafactory, Real-World Measurements 11
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Thank You for your
Attention ©

Contact Information:

Jayabadhrinath Krushnan Hubert Djuitcheu Frank Schrédel
j.krushnan@hs-sm.de hubert.djuitcheu@adtran.com f.schroedel@hs-sm.de

S . . . . .
IO' mission mint
| 2 MissionMINT

Open RAN-Based 5G Campus Networking for Industrial Robotics Applications in 6G Terafactory, Real-World Measurements




und Raumfahrt TERAFACTORY Mobilkommunikation

* » - m
IZ scivaiaaoen Adtran % | s D QB 30. VDE ITG Fachtagung
4

UNIVERSITY OF APPLIED SCIENCES

Measurement Results of WiFi 5 - Latency and Throughput
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Network Latency tested alongside Mobile Phone Network Throughput tested alongside Mobile Phone
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State Of Art
1 Studies WLAN scheduling (TWT) to reduce access variability = Does not guarantee bounded delay under
unlicensed interference

2 Assesses 5G NR numerologies for URLLC-oriented latency in  Mechanism-level study; no end-to-end Teleop
industrial links KPIs with robot mobility in a factory

3 Discusses 5G-TSN integration aspects relevant to Industry 4 Limited direct evidence for mobile teleoperation

4 Demonstrates the feasibility of O-RAN for real-time robotic  Robotic teleoperation demonstrated on a open
teleoperation 4G LTE stack and a control loop latency 1 s

5 Demonstrating an end-to-end O-RAN 5G test bed enabling  Limited real factory validation under mobility
teleoperation of robot arm and mixed teleop traffic without performance

analysis
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