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Abstract

In the domain of vehicle teleoperations, robust network connectivity emerges as a fundamental
element. This study delves into the teleoperation of barges, where the vessel, equipped with
control systems, tsails in waterways while being remotely operated from a station equipped with
visualization tools. The crux lies in the connectivity signals that bridge these components. A critical
focus is placed on enhancing connectivity beyond 4G limitations, particularly in high-traffic port
areas and cross-border regions. The transition to a 5G Standalone connection is tested in the
Port of Antwerp and the cross-border area in Zelzate, showcasing improved video streaming in
the port and seamless teleoperation across borders.The automated vessel, part of the Seafar
project in the 5G-Blueprint initiative, relies on sensors and devices like cameras, GNSS receivers,
and radar. The vessel's data is transferred over the network to a remote operational center (ROC),
enabling the remote captain to make informed decisions using joysticks. This deliverable include
assessments of 5G Standalone connectivity in the Port of Antwerp and cross-border scenarios.
Notable milestones involve SA-NSA switches, operation nd datatransfer over 5G SA connectivity,
speed and bandwidth evaluations, and seamless operation at cross border area. In Seafar's
exploration of 5G benefits over 4G, emphasis is placed on the high bandwidth requirements for
camera streams and low latency crucial for teleoperation. The project signifies a significant leap
for automated sailing industries towards 5G adoption.The comprehensive tests, detailed for both
the Port of Antwerp and Zelzate cross-border area, opens opportunity for seamless, low-latency
connectivity for maritime teleoperations. The results pave the way for potential market adoption
of 5G solutions, ushering in a new era of safety and efficiency in teleoperated maritime operations.

Keywords: 5G, teleoperation, cross-border, communication, redundancy, latency,
bandwidth, barge operation, remote captains, situational awareness.
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EXECUTIVE SUMMARY

Effective network connectivity stands as a foundational pillar in the realm of vehicle
teleoperations. A comprehensive analysis of teleoperation scenarios reveals three pivotal
components: the remote station, the vehicle (in this case, a barge), and the intricate network
connections that bind these two entities. The efficacy of operations conducted remotely is tied to
the availability and robust functionality of the network. Without a solution ensuring seamless
connectivity, the assurance of safety in a teleoperation scenario remains elusive [1].

In the specific context of teleoperated barges, the vessel, equipped with essential systems and
control mechanisms, navigates waterways. Conversely, the remote control station is equipped
with visualization tools, human-machine interfaces, and joysticks. The lifeline connecting these
two entities is the network's signal integrity.

A critical focus within the teleoperation of barges is the enhancement of connectivity beyond the
limitations of a 4G-based connection. Particularly in challenging environments like ports with high
barge traffic, situational awareness emerges as a key aspect for the remote captain, ensuring the
safety of navigation [2]. Another complex terrain is encountered in cross-border areas, where
network devices transition between the providers of different countries. A seamless handover is
imperative; any disruption could compromise connectivity, necessitating the presence of a captain
on board to resume manual control.

The primary objective of this project centers on testing the capabilities of a 5G Standalone
connection in the Port of Antwerp and the cross-border area in Zelzate. The aim is to evaluate
how 5G technology can enhance the teleoperation scenario. Results from the study affirm that
within the critical port region, the video streaming to the remote control station exhibits sharper
images and higher resolutions. In the cross-border area, the 5G connection demonstrates
uninterrupted teleoperation while crossing the border.

This deliverable presents the transformative potential of 5G Standalone connectivity in
teleoperated maritime operations, specifically in overcoming challenges posed by high-traffic
ports and cross-border transitions. The findings not only showcase technological advancements
but also point toward a future where enhanced connectivity plays a pivotal role in ensuring the
safety and efficiency of teleoperated vehicles, contributing to the evolution of maritime operations.
It is highly probable that these solutions enter the market and replace the old methodologies.
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1. INTRODUCTION

Seafar is a use case leader in 5G-Blueprint project. This use case is an automated vessel sailing
using 5G connectivity. Two main use cases have been considered:

1. Port of Antwerp:
a) 4G and 5G NSA comparison (demonstrated in technical review meeting in July 2022)
b) 5G NSA and 5G SA data collection

2. Zelzate cross border:
Seamless roaming and handover between the two network providers KPN and Telenet

In an automated vessel use case, the vessel is equipped with a variety of sensors and devices.
The devices include cameras, GNSS receivers, radar, framegrabber to collect radar and camera
frames, sensor processor to communicate and process the collected data, automation processor
to communicate with the navigational instruments onboard.

Seafar has been using 4G previously for network connectivity. However, regarding the high
bandwidth required for camera streams and low latency in transferring the data, it is highly
important for the automated sailing industry to be prepared for an migration to 5G connectivity. In
5G-Blueprint, Seafar investigates the benefits of using 5G over 4G for the teleoperation of the
barges in port area of Antwerp.Another significant milestone for Seafar is the experiment of a
seamless and low latency handover at cross border areas.

We have done several tests for each part of the use case. The tests for use case 4.1 part 1 are
summarized in Table 1 and the tests for use case 4.2 part 2 are summarized in Table 2. More
details about each of these tests are given in the next chapter of this deliverable.

Table 1 Summary and IDs of tests done in Port of Antwerp.

Test ID Test Title Date SA/NSA Additional Information

T1.1 January test | 11/01/2023 NSA Test with new balance

T1.2 Dome test 20/01/2023 SA Test SA firmware and results

T1.3 NSA-SA 02/05/2023 NSA NSA T SA Switch
Switch

T1.4 Onboard 14/06/2023 SA Speed and BW testing
testing
Tuimelaar

T1.5 NSA 1 SA | 14/09/2023 NSA/SA Test together with Telenet for
switch test at issue solving
Telenet

T1.6 Remote 21/09/2023 SA Testing 5G SA connectivity
barge testing

T1.7 Remote 19/09/2023 SA Testing 5G SA connectivity
barge testing

T1.8 Remote 30/10/2023 SA Testing 5G SA connectivity
barge testing

T1.9 Remote 9/11/2023 SA Testing 5G SA connectivity
barge testing

© 5G-Blueprint Consortium 2020-2023 Page 11 of 68 E
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Table 2 Summary and IDs of tests done in Zelzate cross border area.

Test ID Test Title Date SA/NSA Additional Information

T2.1 Border 06/06/2023 SA Connectivity test (sent the
crossing dome to KPN lab no issue
Zelzaten with the dome)

T2.2 Test with car | 29/08/2023 SA Connectivity test

T2.3 Test with car | 24/10/2023 SA Handover test

T2.4 Test with car | 31/10/2023 SA Handover test

T2.5 Test with | 6/11/2023 SA Handover test
urban barge

T2.6 Test with | 7/11/2023 SA Handover test
urban barge

T2.7 Test with car | 17/11/2023 SA Handover Test

T2.8 Test with | 20/11/2023 SA Barge sailing in cross border
urban barge area

T2.9 Demo  with | 21/11/2023 SA Barge sailing in cross border
barge area

© 5G-Blueprint Consortium 2020-2023
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2. TECHNOLOGY BEHIND THE USE CASE

The graphical representation of a remote operation use case is shown in figure below.

e °
L w

Shore control Center vessel

S~

( ) |
__ Seafar Cloud- ) = & } Network connectivity ‘

Figure 1 Graphical representation of an automated barge sailing

As shown in Figure 1, the vessel is sailing in the waterway while the captain is at the office. The
data from surrounding of the vessels are captured by the cameras and radar, collected by the
framegabber and transferred to Seafar cloud over network connectivity. Considering that the area
is inland waterway, there is no need for satellite connectivity and terrestrial network would cover
those areas. The data in the cloud is then visualized to the remote captain on the monitors in front
of him at remote operational center (ROC). At the control station, the captain has access to the
joysticks to steer the vessel. When the remote captain is steering the vessel, he is frequently
making decisions to change the speed or the heading of the vessel. When the values on joysticks
are changing, a command will be sent to the ship over network connectivity. At the vessel the
command will be applied by communication of the automation processor and the navigational
instruments. The remote control station at Seafar is illustrated in Figure 2.

Figure 2 Seafar remote control station in Antwerp.

The new modem is illustrated in Figure 3.
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Figure 3 The new modem used for 5G NSA and SA connectivity.

The architecture of connection between different elements on the barge and the remote control
station is illustrated in diagram 1.

Ship Local System Seafar System on Ship
Ship PLC Seafar PLC VHF
7' ¢
L 4 Seafar sensor Cameras 46156 Network backbone
processor «—>
Ship engine control v
VPN
Terminator
Seafar R ¢ wired - Seafar Cloud
Operation Center | .

Diagram 1 Architecture of connections between different elements in barge teleoperation

Ship systems include onboard PLC for controlling the vessel and the engine controller, which are
also used during onboard navigation. The Seafar system include Seafar PLC and onboard PLC
for controlling the Seafar system and interacting with ship PLC. There is VHF radio available
onboard for contacting other vessels, locks and port auhorities. Seafar has its interface with the
VHF to enable communication with authorities from remote operation center.

© 5G-Blueprint Consortium 2020-2023 Page 14 of 68 -
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Seafar sensor Processor information is a microbox PC and it is utilized for consolidating all sensor
information and transfer it to the remote operation center. The cameras are AXIS PTZ cameras
and they are used to provide remote captains a situational awareness similar to the captain
onboard.The VPN terminator is a network balance used to combine different modems to one VPN
for transferring data to the cloud backend. The modem is a Peplink MAX HD1 Dome Pro. Seafar
cloud is the backend systems for controlling and steering the vessel. Remote operation center as
shown in Figure 2 is the setup for monitoring and controlling the vessel.

The operational vessel used for testing in Port of Antwerp is a commercial barge illustrated in
Figure 4.

ntoine ‘.\T“ e

gl

A,__i AT S s ———

= _---:.‘__‘ : '—.¢h'?_7;l ‘_,J).'. i 7#,\- —._7 — - .
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(e ..- s e . T e ——

Figure 4 operatlonal barge by Seafar teleoperation ut|I|zed for the tests on 5G SA.

Figure 5 radar and one of the cameras on the barge

This barge is 110 meters length and 11.4 meters breadth. This barge is equipped with Seafar
control system which is made of a processor to communicate with the interfaces of navigational
instruments onboard. The instruments include propeller, thruster, and the rudders. When a remote
captain steer the vessel from control station, the command will be sent to the processor and the
processor communicate with the instruments through the interfaces.

On the other hand, the barge is equipped with necessary sensors to collect enough data such as
6 cameras for the video streams from the waterway and all other objects around the vessel, the
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GNSS receiver to provide positional map at control station to remote captain, the Automated
Identification System (AIS) to transmit identity of the ship to the vessel traffic services. Radar data
is also collected by a frame grabber to transfer the data to control station.

The 5G modem which is a dome-shaped device and sometimes called as 5G mushroome or 5G
dome, is installed on the barge for enabling data transfer. The operational trajectory of the barge
extracted from Marine Traffic is shown in Figure 6.

T

o © e
/ o 5 A Brasscha
%0 ‘600,
o Antwerp,
Q 0 0 0 0 ~ V
K Sia 10
d Me K
" s ARG - - Genk
S S
O st 0
0 Sy -

Figure 6 Frequent trajectory of barge sailing in Flemish waterways.

It is good to mention that the trajectory of a vessel is determined by its owner, based on the
destination and cargo being transported. Market conditions play a significant role in shaping this
trajectory. For instance, the availability of cargo for deliveryi to a specific destination can greatly
influence the vessel's route. At times, there may be ample cargo available for transportation to a
particular location, while at other times there may be insufficient demand to justify navigating the
vessel to that destination. Ultimately, the decision of which route to take is based on a careful
consideration of market conditions, cargo availability, and other relevant factors, and is subject to
change as circumstances evolve. Considering that Seafar is not the owner of the barges but the
operator of them, operations are affected by the decision of the vessel owner. For the duration
that barge operation was stopped for a specific period, Seafar considered a boat for more data
collection as described in T1.4.
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3. TESTS IN PORT OF ANTWERP

A remote operation use case in a critical scenario such as port of Antwerp area require enough
bandwidth and low latency. Sufficient bandwidth is required to enable sensorial data to be
transferred from vessel to the remote control station and the low latency is important for fast
detection of the changes in the environment. For example if a fast boat is passing by the barge,
the remote operator should be able to see the boat from the camera streams as fast as possible.
With 5G connectivity, as barge teleoperator, we expect higher resolution of camera streams and
faster data transfer. In system test report (Minimum Viable Platform), the sharpness of the images
and better quality over 5G NSA was reported and also demonstrated during the technical review
in 2022. In this deliverable, we investigate a new modem which is compatible with 5G NSA and
5G SA capability for the barge teleoperation.

3.1.Test T1.1

3.1.1. Introduction

The first test is done in Port of Antwerp using a vessel. The test took place on Jan 11th,2023. We
have utilized a 5G NSA new modem (Peplink MAX HD1 PRO 5G). The test started on (15:25)
and lasted until (15:50). In this test, we were able to do the bandwidth test and collect the signal
quality. The collected data are summarized in Appendix.

3.1.2. BW test

This test is executed to check if the bandwidth is higher when we use a new balance on board.
The new balance as illustrated in Figure 7 shows almost 3 times the bandwith in comparison to
the tests done in previous reporting period (average 150Mbps). The previous balance was
"Peplink balance 210". We have done the throughput testing using iperf application. The server
of iperf was located on Seafar cloud. The results show that the bandwidth is about 4 Mbps higher
in comparison with the tests done in June 2022.

In Figure below we can see that the average bandwidth during the bandwidth test was 35 Mbps
for uplink direction, the measurement is done in the time span of 15:28-15:46.

Seatar > Vehicles - Antennas

| D) mmte | P st D wnas B s L} S

Bandwidth and Usage Reports

Bandwidth: O RealTime @ PerMinuile  Data Usage: O Hourly O Daily O Monthly

Per-Minute Report

Connection:  All WANS o |8 20230111

2mrr 3Hours  GHours  12Hours Al From 1515 To 1615

— Dowriaad @ Upiaad

Figure 7 Band Width value during the test
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3.1.3. Signal Quality

In this measurement, we have collected the signal quality. The first figure shows the WAN-
quality of signal bars which means how many signal bars you have on your signal. Like it is
displayed on a phone from O to 5 where 5 is the best quality. We can see in the figure that the
signal bar remained on level 5 during the test.
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marm 180100 1nmm monm 1im . oo Ham wanm ETY warm s PR e pre

EuSgalfan WSl Svengh  CMSgnal Oualty C@lsincy frestold 1002 me

Figure 8 Signal quality during the test

This figure below shows the WAN Quality based on signal strength. The definition of different
strengths including "Excellent, Very Good, Good, Fair, Poor, Very Poor" are provided in the
appendix.

This figure below shows the WAN Quality of the 5G signal based on SINR and RSRQ .

SEA ((Device Level )  Sealar > Vehicles - Antennas 000020 - DOME2 (Tercofin 2) - TELENETSG % Reporis )  WAN Quality Reporte

[ poiccociois | [2) Beeerts | P soectminven  ZD weriar M cieon KX Sctings 3% Vohicka-Ankemes  p8) Seafer

20230111 g

waN; Celuar
WAN Quality - Cellular

Zoom 10 Mins m 3Howrs  &Howrs 12 Hours n 150023 - 153023

1t

ey poar
150200 150400 150600 150800 151000 151200 151400 151600 151800 152000 152200 152400 152600 152800 153000

OwmSignal Bars  CJmSignal Sirength B3 mSignal Quality  C)mLatency, threshold 1002 | ms

Figure 9 WAN quality during the test

Figure 10 shows the latency between the mast and the 5g antenna. With a threshold of 15 ms.
The units of the reported latency values is millisecond. According to Peplink forum, the latency
is Round Trip Time (RTT) measurement [3].
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Figure 10 latency values during the test

3.1.4. Coverage map

The 5G signals coverage during the measurements is illustratéigune 11 Regarding the color code of

the signals quality provided, we can see tbhatthe whole path the signal quality is excellefiis test

was not a full run as the vessel was moored at port so no operation was happening in the area with
coverage so we made a short trajectory next to the mooring area and returned.

E " B O E
;
F
Figure 11 Area of test and 5G NSA coverage.
3.1.5. Remarks

BW seems lower than expected according to the info we got from our MNO Telenet and considering the
limits of our 100Mbit switches onboard. We expect to have a bandwidth of around 100Mbps and only
reach 35MbpsHowever, this BW is sufficient for teleoperatidyio other issues encountered.
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Before switching to 5G SA onboard the barge, we had to first ensure the connectivity and
coverage in the area. Thus, we drove to the side of the waterway and tested the connections.

This test was to verify the results and report the signal quality of the 5G SA signal. It is executed
with the car for testing of the 5G SA dome. The summary of data collected in this test is provided
in Appendix.

The trajectory that the car has passed is illustrated in Figure 12.

IneosManufadturing
Belgium NV

apI3Yyas

Joo

BayerAgricultyre

[ N101]
Fort L:Ho@

Figure 12 Trajectory of the 5G SA network test with car.

The test is done on Jan 20", 2023 from (8:55) to (9:23).

The BW test for 5G SA is done at 9:06. Based on Figure 13, we can see that the maximum BW
is almost 252 Mbps downlink which in comparison to 5G NSA is higher. In this test, we used a
laptop  with online speed test website for testing the BW capabilities

(https:// www. speedtest.net/ nl ). We dondt us

only with the 5G dome being carried by a car. Thus, the system is not transmitting information of
camera streams, other sensors and devices which we install onboard a vessel. This is the reason
we reach a higher Bandwidth in this scenario. We check this as well on the vessel to see how the
presence of other devices using the Bandwidth will affect the test results.
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Figure 13 5G SA BW test with car at Port of Antwerp

3.2.3. Signal Bars

In this measurement, we have collected the signal quality. Figure 14 shows the WAN-quality of
signal bars which means how many signal bars you have on your signal. Like it is displayed on a

phone from 0 to 5 where 5 is the best quality.
SeA (USESToR)  Soatar 9 Vohiclos Antonnas S Ry WA Oualy eporc

[ povecpctnis | [2) Bowts | 2 sprcoaonven S wehar M chen XX sclings 232 Vohicka-Aniomes  py Seotr
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WwaN; Genar |
WAN Quality - Cellular
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L
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Figure 14 5G SA BW test with car at Port of Antwerp

3.2.4. Wan Quality

The WAN quality based on signal strength for the signals utilizing 5G SA dome is illustrated in
Figure 15. Based on the figure, we can see that the signal strength fluctuates among Good, Very
Good, and Excellent, while the signal quality using 5G NSA experienced a fixed quality. This
problem was solved by Telenet by changing MTU value from 1428 to 1350.
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Figure 15 5G SA WAN quality based on signal strength during test with car at Port of Antwerp

The signal quality based on signal quality is provided in Figure 16. We can see that the signal
quality fluctuates between different categories. This can be a result of the high distance to the
mast at the beginning of the test. We check this quality with the barge in further test scenarios.

SEA ((DeviceLevel )  Sealar > Vehicles - Antennas 000020 - DOME2 (Tercolin 2) - TELENET 5GSA 3 Reporis %  WAN Quality Reporls.
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20030120 |
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Figure 16 5G SA signal quality based on signal quality during test with car at Port of Antwerp

3.2.5. Latency

The latency in the unit of millisecond is illustrated in Figure 17. The green part of the figure means
within threshold and the red part means below the threshold. We could see that in the beginning

(far from the antenna) we have | atencyds wup

around 13ms. We can see that the latency is extremely higher than the reported values for 5G
NSA. However, this is a different test scenario. In the further sections we also test the latency for
5G SA on the barge.
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Figure 17 5G SA latency with car at Port of Antwerp

3.2.6. Coverage map

The coverage map during the second test with 5G SA dome is illustrated in Figure 18. We can
see that for half of the way, the signal quality was almost poor while in the second half, there was
excellent signal quality. This can be a result of NLoS (Non-Line of Sight) propagation of the signals
or the relatively far distance to the antenna.
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Figure 18 5G SA coverage map during test with car at Port of Antwerp

The coverage map received from Telent later shows the unavailability of coverage in the area
where signal reception was poor.
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et W

Figure 19 5G SA coverage map received from Telenet

3.2.7. Remarks

The internet access via the SA domeJRisaverked. t wor ki

3.3. Test T1.3

3.3.1. Introduction

This test was supposed to verify the results and report the signal quality of the 5G SA signal while
operating the barge from remote control station. The test was executed in the Port of Antwerp
and the test took place on May 2", 2023 from (12:38) to (13:15).

3.3.2. Test overview

During the test we have executed multiple actions to switch from 5G NSA simcard to the 5G SA
simcard remotely but each time we tried to switch the connection to SA, the NSA simcard
reactivated and terminate the SA connection. In the dataset with 11469 samples, there is 155
samples with 5G SA showing signal connections every few minutes after each attempt to switch
to 5G SA. To investigate the situation another test was planned onsite with Telenet for extra
investigation.

3.4. Test T1.4

Until the arrangements with Telenet for solving the issue on switching from 5G NSA to 5G SA,
we had to use a boat for data collection because of two main reasons: 1) remote switching from
NSA to SA was not possible on the barge. Thus, first a solution should be found to be able to
switch to 5G SA. 2) The barge was not sailing the trajectory to port of Antwerp during that time
based on barge owner decision.
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Seafar is not a barge owner. Seafar equip the barges of the vessel owners and with their intent
or support, provide the use case for remote operation. Therefore, the testing is limited to the time
and location that the barge is sailing and whether it is passing the pilot site. It is also not possible
to purchase a barge for the tests during a project. A barge has specific high costs such as barge
price which can be a few million euros to tens of million euros, there is also cost for renting the
docking area, paying the crew and insurance (please see appendix 2 for more information).
Therefore, during the time that operations of the barge was terminated for a specific period based
on barge owner decision, Seafar received supports from Port of Antwerp Bruges to continue the
test on 5G connectivity on a boat. This boat was also utilied in Vital-5G project live demonstration
to show the monitoring dashboard as one of the 5G network applications. The boat is illustrated
in Figure 19.

© lan Greenwood
MarineTraffic.com

Figure 20 Tuimelaar research boat provided by Port of Antwerp

The equipment that Seafar put on the boat include two GNSS receivers in front, one camera in
front, one 5G modem (Peplink MAX HD1 PRO 5G) on top of the boat, one demonstration box
which include the sensor processor, the frame grabber, and the router. The devices images are
provided in Figure 20 and 21.
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Figure 22 5G modem installed on top of the boat.
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Figure 23 Seafar demonstration box equipped with sensor processor, router, and frame grabber.

It is good to mention that the frame grabber is used for camera streams and radar data collection.

3.4.1. Introduction

This test is done in Port of Antwerp Bruges using a vessel. The test took place on June 14,2023.
We have utilized a 5G SA modem (Peplink MAX HD1 PRO 5G). The test started on (13:25) and
lasted until (15:30). In this test, we were able to do the bandwidth test and collect the signal
quality. The summary of data collected in this test is provided in appendix.

3.4.2. BW Test

This test is executed to check the maximum bandwidth we can get with a total new configuration

and switch setup. The new balance is the same as with T1.2 test a "peplink MAX BR1 Pro." The
used switch was a ##PkRedl iRukg gD o0 ws insteadbitHeg0dMbpso r t s
ports we use on the barge. We have done the throughput testing using iperf application. The

server of iperf was located on Seafar cloud. We noticed that the iperf is limited to 40Mbps per
session. For this reason we did tests with multiple simultaneous Iperf sessions.

For upload or Iperf test was only reaching about 1Mbps. For this reason, we have used multiple
sessions to the onboard camera stream. The results show that the download is dubble of what
we had in previous tests now up to 80Mbps and the upload is similar to the tests with NSA
40Mbps. The BW values are provided in Figure 23.
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Figure 24 BW test on boat at Port of Antwerp

In this diagram you can see that we can do download speed tests up to 80Mbps and upload test
up to 38Mbps. We will repeat this tests again to follow-up on the evolution and will ad extra Iperf
servers and sessions for this.

3.4.3. Signal Bars

In this measurement, we have collected the signal quality. Figure 24 shows the WAN-quality of
signal bars which means how many signal bars you have on your signal. Like it is displayed on a
phone from 0 to 5 where 5 is the best quality.
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Figure 25 5G SA signal bars on boat at Port of Antwerp

Figure 25 shows the WAN Quality based on signal strength. The definition of different strengths
including "Excellent, Very Good, Good, Fair, Poor, Very Poor" are provided in the appendix.
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Figure 26 5G SA WAN quality based on signal strength on boat at Port of Antwerp

Figure 26 below shows the WAN Quiality of the 5G signal based on SINR and RSRQ .
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Figure 27 5G SA WAN quality based on signal quality on boat at Port of Antwerp

Figure 27 shows the latency between the mast and the 5g antenna. With a threshold of 15 ms.
The units of the reported latency values is in millisecond. According to Peplink forum, the latency
is Round Trip Time (RTT) measurement [1].
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Figure 28 5G SA latency on boat at Port of Antwerp

3.4.4. Coverage Map

The 5G signals coverage during the measurements is illustrated in Figure 28. Regarding the color
code of the signals quality provided in the appendix, we can see that on the whole path the signal
quality is excellent.
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Figure 29 5G SA signal coverage during sailing on boat at Port of Antwerp

3.4.5. Remarks
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BW seems lower than expected according to the info we got from our MNO Telenet. Furthermore,
there is 100Mbit switches onboard. However, we reach 35Mbps uplink bandwidth. No other issues
encountered.

3.5. Test T1.5
Regarding the test attempt in T1.4 when switching to SA on the barge failed, we had to test

together with Telenet to find the issue. So we drove to Telenet base station with a car and tested
the connectivity while the antenna was on top of the car.

3.5.1. Introduction
This test was to verify the SA connection and the switch from SIM1 with 4G/5G NSA to SIM2 with

5G SA. The summary of collected data is provided in the appendix.

The test is done on September 14™ , 2023 from (10:00) to (13:00). The car was parked near the
cellular tower of Telenet as illustrated on Figure below.

Figure 30 Car equipped with 5G modem parked under
Telenet base station to test the connectivity.
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3.5.2. BW test
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For testing the bandwith capabilities we have used online speed test from ookla
(www.speedtest.net) The result form the site can be seen in Figure 30.
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Figure 31 3 BW test under Telenet 5G SA base station

After the modification of simcard by Telenet, we then tried to get connected to 5G NSA/4G.
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Figure 32 BW test after switching to 4G/5G NSA sim

Then again we switched to 5G SA. This time the BW was lower because of high load on cellular
tower during test window.
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Figure 33 BW test after switching to 5G SA sim

Again we switched to NSA Sim and it worked well.
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Figure 34 BW test after switching to 4G/5G NSA sim

After conducting this test together with Telenet and repeating the switching several times, the
problem of switching from NSA to SA and SA to NSA was solved.
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3.5.3. Signal Bars

In this measurement, we have collected the signal quality. Figure 34 and 35 shows the WAN-
quality of signal bars with 5G SA and NSA, respectively. The value means how many signal bars
we had on the connection (The bars as shown as it is displayed on a phone from 0 to 5 where 5
is the best quality.)

During the test the car was parked near the Telenet cell tower. Due to this we had 5 Bars for each
test.

The online and offline is shown for the moments the dome is no longer able to connected to the
user interface of peplink which we used for data collection.
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Figure 35 Signal bars when connected to 5G SA on test T1.5
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Figure 36 Signal bars when connected to 5G NSA/4G sim on test T1.5

3.5.4. Wan Quality

The WAN quality based on signal strength for the signals utilizing 5G SA and NSA dome is
illustrated in Figure 36. Based on the figure, we can see that the signal strength fluctuates among
Poor, Fair, Good, Very Good, and Excellent. Most of the fluctuations take place each time the
modem is restarted.
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Figure 37 WAN quality when connected to 5G SA sim on test T1.5
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Figure 38 WAN quality when connected to 4G/5G NSA sim on test T1.5

3.5.5. Latency
The latency in the unit of millisecond is illustrated in Figure 38. The green part of the figure means

within threshold and the red part means below the threshold. We can see that the Latency on
average is around 30ms. During the startup and shut down of the dome we have spikes up to
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Figure 39 Latency when connected to 5G SA sim on test T1.5
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Figure 40 Latency when connected to 4G/5G NSA sim on test T1.5
3.5.6. Coverage map

Since we have tested only in a static environment this is not applicable.

3.5.7. Remarks

During the test the main goal was to switch between 2 simcards and the 4G/5G NSA and the 5G
SA simcard. The switch between the sims worked fine. Only on the 4G/5G NSA sim our dome
failed to connect to 5G NSA and stayed on 4G.

3.6.Test T1.6

After solving the issue with switching from 5G NSA to SA remotely, we were able to collect data
from the commercial barge sailing in the waterway. This test describes the results on this test.
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3.6.1. Introduction

This test was to verify the results and report the signal quality of the 5G SA signal. The collected
data in this test is provided in the appendix.

The test is done on September 19" , 2023 from (14:50) to (15:30). The operational barge is the
same as the one used in T1.1 and trajectory of sailing is in Port of Antwerp.

3.6.2. BW test

For bandwith testing we have enabled all our video streams with 40% compression instead of the
default 75% compression. During the test we can see that we reach a maximu of 3.5Mbps. This
was due to the bad 5G reception at the test location.

For the upload test we used a file copy via scp. The upload was blocked on 1.6Mbps.
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Figure 41 The upload and download BW during T2.6
3.6.3. Signal Bars

In this measurement, we have collected the signal quality. The first figure shows the WAN-quality
of signal bars. The dome has been disconnected for a short amount of time after our test. The
rest of the test duration we had 5 signal bars as shown in Figure 41.

WAN Quality - Cellular

Oftine |

Figure 42 5G SA signal bars during sailing in T2.6
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3.6.4. Wan Quality

The WAN quality based on signal strength for the signals utilizing 5G SA dome is illustrated in
Figure 42. Based on the figure, we can see that the signal strength fluctuates among Poor, Fair,

Good, Very Good, and Excellent during the start of the test and stays on Verry Good and Excellent
during the rest of the test window.
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Figure 43 5G SA signal quality during sailing in T2.6

3.6.5. Latency

The latency during the test is between 21 and 50ms as shown in Figure 43. The average is 25ms.

wan; Ce

WAN Quality - Cellular

Figure 44 5G SA latency during sailing in T2.6

3.6.6. Coverage map

On coverage map provided in Figure 44, we can see that there were some moments with less
reception quality but overall, the coverage was excellent.
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Figure 45 5G coverage map during sailing in T2.6
3.6.7. Remarks

This test shows sailing over 5G SA. We can see that at some point the signal is lost. During this
failure, out network balance onboard switches to another network provider to keep the
teleoperated sailing smooth and seamless.

3.7. Test T1.7

This test took place on Sep 19, 2023 similar to previous test using the same barge as in T1.1.
Based on Figure 45 and 46 we can see that near the base station of Telenet there is good to fair
coverage, some fluctuations in signal quality but also good latency with an average of 30 ms.

2023-09-19 15:04:16 b9 0 —
Cell ID: 24708
Carrier: Base (BE)
MCC, MNC: 206, 20
TAC: 252
Signal: .ull 5G

Band Strength (RSRP) Quality (SINR) Quality (RSRQ)

5G  n78 (3500 MHz) 74 dBm ( ) 15dB( ) -1 dB (Very good)
Latency: 29 ms

14:50:00 14:52:00 14:54:00 14:56:00 14:58:00 5:00:00 5:02:00 5:04:00 15:06:00 5:08:00 15:10:00 5:12:00 15:14:00 5:16:00
[)mSignal Bars [ M Signal Strength 2 W Signal Quality mLatency, threshold| 300 | ms

Figure 46 5G SA signal quality and latency in T1.7.
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Figure 47 5G SA coverage and trajectory in T1.7.

3.8. Test T1.8

This test took place on Oct 30, 2023 similar to previous test using the same barge as in T1.1.
Considering Figures 47 and 48, we can see that far from the SA base station there are low
signal quality, high fluctuations in signal quality and latency happened. Even at some part, the
latency was more than 600 ms.

[~ 2023-10-30 12:27:59
Cell ID: 27700
Carrier: Base (BE)
MCC, MNC: 206, 20
TAC: 252

Signal: .l 5G, LTE

E [ Band Strength (RSRP) Quality (SINR) Quality (RSRQ)

z 5G n78 (3500 MHz) 78 dBm ( ) 10dB (Verygood) -11 dB (Very good)

f Fair LTE 3 (1800 MHz) ~70 dBm ( ) 9dB(Verygood) -11 dB (Very good)
LTE Secondary Band (SCC1) 20 (800 MHz) ~74 dBm ( )  -6dB (Verypoor) -18 dB (Very poor)

Latency: 13 ms

(JmSignal Bars M Signal Strength [ W Signal Quality 2 M Latency, threshold| 300 | ms

Figure 48 5G SA signal quality and latency in T1.8.
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Figure 49 5G SA coverage and trajectory in T1.8.

3.9. Test T1.9

This test took place on Nov 9, 2023 similar to previous test using the same barge as in T1.1.
We can see similar results as two previous tests. Near Telenet base station there is good
connectivity and coverage as shown in Figure 50. However, in the parts far from the base
station, the signal quality fluctuates severely. The latency stayed more or less the same in all
the tests.

MCC, MNC: 206, 20
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Good Signal: .aill 5G, LTE
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5G n78 (3500 MHz)  -80 dBm (' 12 dB (Very good) -12 dB (Good)
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)
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LTE Secondary Band (SCC1) 7 (2600 MHz) -84 dBm (i ) 0dB (i) -10 dB (Very good)
LTE Secondary Band (SCC2) 20 (800 MHz)  ~75 dBm (i ) 1dB (2 -17 dB (Poor)
e Latency: 14 ms
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Figure 50 5G SA signal quality and latency in T1.9.
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Figure 51 5G SA coverage and trajectory in T1.9.
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4. TESTS IN ZELZATE

Today, with the 4G connectivity, there are some specific issues which prevent international
operations. It is possible that in cross border area the 4G modem requires a remote reset to
get connected to base station of the second country. Sometimes, the roaming over 4G
happens automatically. However, the latency can be up to a few minutes which is not
tolerable for a remote operation of a ship. These limitations prevents the journey toward fully
autonomous sailing. It also reduces the operational hours as the ships sail into cross border
area, the network engineer must be always accessible to control and monitor network
connectivity or the captain onboard must be present to take over control of the vessel if a
problem occurs. By deploying 5G, Seafar investigates the seamless roaming at cross border
area, Zelzate. Moreover, the presence of the Zelzate bridge in this region adds complexity
to obtaining teleoperation permits. Ensuring seamless connectivity is pivotal to facilitating the
authorization process from relevant authorities. By establishing robust and uninterrupted
connectivity, the likelihood of expeditious approval for teleoperation permits can be
significantly improved, addressing the challenges posed by the infrastructure, particularly the
Zelzate bridge, and streamlining the authorization process for enhanced operational
efficiency. The area of testing is illustrated in the map below.
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Figure 52 Area of testing during cross border experience in Zelzate.

The sailing tests in Zelzate area are done with an urban barge called AVATAR. This vessel
is illustrated in Figure 52.
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Figure 53 AVATAR urban barge.

Like the operational barge in Port of Antwerp, AVATAR is also equipped with all the sensors
necessary for remote operations. Furthermore, Seafar control system is installed and
integrated with AVATAR to enable teleoperation of this urban barge. Seafar control system
inside the urban barge is shown in Figure 53.

Figure 54 Seafar control system inside AVATAR urban barge.

4.1.Test T2.1

Seafar has received 2 simcards of SA connectivity from TNO in May, 2023. One of them is KPN
and the other one is Telenet.
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4.1.1. Introduction

This test window was foreseen for initial testing of the Peplink dome and roaming test. Goal was
to test the simcards, firmware, end user device and if all working the hand over between KPN and
Telenet. Thus, for this test we drove with a car to the area and put the modem in the car to check
network connectivity. The test is done on June 6™, 2023 from (9:00) to (12:00).

4.1.2. Test results

First test has been done with KPN simcard. The modem kept trying to get connected but
connection failed. The second part of the test was done with Telenet simcard. The same issue
happened. For the trouble shooting, the modem was sent to TNO, which provides the core of the
network.

The signal strength is illustrated in Figure 54.

Excellent

Very goad

Figure 55 Signal strength during first test in Zelzate cross border area

4.1.3. Remarks

After analysing the traces TNO confirmed the peplink devices is responding differently than other
SA devices. Decision was made to send over the test dome to TNO for Lab testing. After this
testing, we realized that there is no issue with the modem so we planned more tests together with
network providers to find the issues.

4.2. Test T2.2

4.2.1. Introduction

This test was for checking the TNO simcards for KPN and Telenet with the Peplink dome at
Zelzate cross border area. The test is done on August 31%, 2023 from (8:25) to
(9:47). Considering the unsuccessful network connectivity in previous test, we still continued the
test with the car to make sure the connection is good enough for teleoperated sailing. The devices
present during this test are illustrated in Figure 55. These devices include Seafar demonstration
box with processor, camera, framegrabber, router, and network balance. The 5G modem was
also on top for enabling Line of Sight communication with the base station. A UPS was also
utilized to provide the required power for communication.
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Figure 56 Seafar devices and equipment for test T2.2 with car.
4.2.2. Test overview

During the test window we have been testing with connection to KPN and Base on a regular
basis. At this test we could not get connected to KPN as MNO. We restarted used multiple sim
cards and the issue kept returning. A summary of steps taken during this test are as follows.

Internet Connection Test
RESULTS SETTINGS

© DOWNLOAD UPLOAD

171723 4434

Ping ® 35 ® 59

Connections

3

HOW DOES YOUR DOWNLOAD SPEED COMPARE
WITH YOUR EXPECTATIONS?

Clouvider Ltd
2 3 4

Figure 57 Internet connection with KPN sim card in the Netherlands

Test a: BE to NL SIM KPN (SIM A)
8:25- 8:28

The device started to try connection. However,due t o a settings configur a:
Roam. Roaming not activated. The detail of cellular network setting, connectivity, and ping test
in this step is illustrated in Figures 57, 58, and 59 respectively.
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Cellular Settings

SIM Card
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5G/LTE/3G
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Username
Password

Confirm Password

SIM PIN (Optional)

® ® Auto

® ® Auto O Custom

SGBLUERPRINT

O Alternate between SIM A and SIM B periodically
® Custom Selection

SIM A

O smB

(J RemoteSIM

[ SpeedFusion Connect 5G/LTE

)

SIM Card A SIM Card B

® Auto

Any countries v Any countries hd

® Auto O Custom

| (Confirm) ‘ ‘ (Confirm)

Bandwidth Allowance Monitor ® UJ Enable
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Figure 58 Cellular setting of the modem at first attempt in T2.2
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DNS Server 1:
DNS Server 2:

Q] O
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© Disconnect

(]
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Figure 59 WAN connection setting on the modem.
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Figure 60 ping test results while connected with KPN 5G SA sim card.

Test b: NL to BE SIM KPN (A)
8:30- 8:47

Got connection arriving to BE

TEST c: BEto NL SIM KPN (SIMA)
8:49- 8:55
Ping lost one time, when crossing the border. SIM kept connected on KPN base station.

TEST d: NL to BE SIM KPN (SIMA)
9:00-9:11

APN changed to default. No internet access, error message WAN failed SmartCheck. This error
appeared when changing the APN to default, then there was not connection until crossing the
border to BE. Finally got the WAN message back.

TEST e: BEKPN (SIMA)
9:17
Configuration of 59g/LTG/3g =5g SA , SIM didnéot

9:20 Auto and APN=auto and Configuration of 5g/LTG/3g =Auto, got connection to KPN base
station

9:22 change APN to default, no connection.
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9:26 change APN to auto and 5G/LTE/3G =5G SA, connected to KPN base station

9:30 change APN to default and 5G/LTE/3G =5G SA at 9:31 we got connection to KPN base
station, still in BE

TEST f: BEKPN (SIMA)
9:39 9:47

9:30 change APN to default and 5g/LTG/3g =5g SA at 9:31 we got connection to KPN base

station while the modem was still in BE. Whilecr ossi ng the border the conr
stay connected to KPN base station. The detail of cellular network connectivity in this step is

illustrated in Figure 60.

WAN Connection Status ®
Priority 1 (Highest)

ill [0 Connected to BASE E3 10.45.0.3
Details of Cellular

Priority 2

SIM Card A SIM Card B

Disabled

204690113000190 (In Use) (No SIM Card Detected)

8949001401130001547

ICCID: 89852350122300296486
LAN Interface

Router IP Address: 192.16§ 355979860262241
BASE

5G SA

& PEPWAVE_2DBD 5G Band n78 (3500 MHz)
Bandwidth: 50 MHz
SINR: 11.5dB RSRP: -72dBm RSRQ: -11.0dB

10.45.0.3

255.255.255.254

10.45.0.2

1 minute

Please click here for details

>

4 e
Zelzatebrug Kanaalstraat N R _

© OpenStreetMap contributors.

Figure 61 Details of Cellular network connectivity.

4.2.3. Remarks

Test failed due to handover and connection issues. After this test other partners testing the
network connectivity arrived in cross border area and experienced similar issues. We ended the
test since there was a more general issues than the seafar Peplink dome.

After this test, we provided list of IP addresses to be whitelisted by Telenet.

4.3. Test T2.3

The tests stopped until second week of October when the networks from MNOs and handover
was ready for testing by use case leaders. After the confirmation, on the first dry-run event on Oct
24, 2023, we arranged another test with car to check network behaviour (The plan was to test
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network with the barge. The AVATAR barge is a green vessel running on battery instead of the
fuel. However, we received a message from the vessel owner that the battery is not working
properly so we switched to test with a car.)

We utilized KPN simcard, which was supposed to have the seamless roaming when we enter
Belgium from the Netherlands. As illustrated in Figure 61, we experienced a lot of fluctuations and
disconnections during this test. The signal coverage and quality are illustrated in Figure 62.

[oine]  [IZCTT e [omine] [orine

o m omimn.m, o B
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i
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Figure 62 5G SA signal quality and latency while connected to KPN base station.

Westdorp

Sas van Gent

Figure 63 5G SA signal coverage and trajectory of the driving while staying in the Netherlands.

We also realized that we cannot get connections to Telenet base station. Neither with the Telenet
Sim card, nor with seamless roaming. As a result, we decided to do another test with the car.

4.4 TestT2.4

This test took place with the car again. We drove for several rounds on the road from Netherlands
to Belgium and the opposite. There was good signal coverage on the side of the canals as
illsutrated in Figure 64. However, there were many fluctuations in signal quality as shown in Figure
63 which resulted in a not safe enough condition for remote operations of the barge. Meanwhile,
MNOs were working on the issues to be solved.
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Figure 64 5G SA signal quality while connected with KPN sim card and crossing the border with car.
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Figure 65 5G SA signal quality while connected with KPN simcard and crossing the border with car.

During this test, we were not still able to get connected to Telenet simcard. Thus, we were in
communication with Telenet for solving the issue to have a chance to start our test from Belgium
to Netherlands with connectivity over Telenet base station and then the seamless roaming to
KPN base station. Meanwhile, we were also in discussion with KPN for the low signal quality

and throughput.

45. Test T2.5

The barge was repaired and ready for test on Nov 6™, 2023. The results showed an improved
connectivity to KPN base station. However, near the Telenet base station the connection was not
good enough. We faced lags in video qualities at Remote control stations. The signal quality is
illustrated in Figure 65 and the coverage is shown in Figure 66.
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Figure 66 5G SA signal quality connected with KPN simcard and sailing across the border.
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Figure 67 5G SA signal quality connected with KPN simcard and sailing across the border.

The video quality for test purposes, while the captain is onboard and ready to take over control of
the vessel if connection is lost, is ok. However, based on the reviews by the traffic controller, the
video quality is not high enough for a safe remote operation with no captain onboard. We
communicated these results with MNOs and partners in the project.
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4.6. Test T2.6

Another test was conducted on Nov 7" with the urban barge while sailing in the cross border area.
During this test, we switched the Sim cards and used Telenet simcard instead of KPN and started
the sailing from Belgium to the Netherlands. The results showed an improved connectivity. Videos
were recorded from remote control station and the barge sailing in the waterway. The latency is
shown in Figure 67 and the 5G SA signal coverage is shown in Figure 68.

13:50:00 14:00:00 14:10:00 14:20:00 14:30:00 14:40:00 14:50:00 15:00:00 15:10:00 15:20:00 5:30:00 15:40:0 15:50:00
[JmSignal Bars (M Signal Strength [ M Signal Quality [ M Latency, threshold 300  ms

Figure 68 5G SA signal quality connected with Telenet simcard and sailing across the border.

Figure 69 5G SA signal quality connected with Telenet simcard and sailing across the border.

One remark is that with Telenet connectivity we experienced higher throughput and signal quality.
Our assumption is that it is a result of beamforming capability of Telenet base stations [4].
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4.6.1. Challenges and Solutions

After this test, we recognized two issues: 1. The height of the antenna affecting the
communication of our modem with the base station, as shown in Figure 69.

s 8 el - 2 Telenet antenna

SEF gt

Figure 70 Railing of the urban barge preventing the LoS communication with the base station.

To solve this issue we increased the height of antenna with a temporary solution as illustrated in
Figure 70.

Figure 71 Increased height of communication to provide LoS links.

The reason that we considered a temporary solution is that AVATAR barge usually sails in Ghent
waterways where there are very low bridges. Any object above the railing might stuck with the
side of the bridge and get broken.

2.The disconnection with the base station at some parts of the trajectory.

We realized that our modem loses network connectivity in areas where there should be
network coverage. To find the reason, we arranged another test with car which is described in
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T2.7.

To find out about the reason behind the disconnection of modem during previous sailing test, we
arranged another test with car while TNO was monitoring our network connection remotely to help
us solve this issue. After driving the car in the following trajectory, TNO realized that our modem
is trying to get connection to some IP addresses. Considering the private network of Telenet,
without whitelisting those IP addresses the connection was not possible. Therefore, all those IP
addresses were extracted and provided to Telenet to whitelist them for the next test. The trajectory
that car drove during this test is shown in Figure 71.

% Zelzate

Figure 72 Trajectory of the car in Zelzate.

This test was done during the dry-run test on Nov 20, 2023. The AVATAR barge was sailing in
the cross border area from the NL to BE and the opposite direction. The remote captain was
making continuous U-Turns so the connections can be tested sufficiently. In this test we realized
that after increasing the height of the antenna and whitelisting all relevant IPs, solved our issues

in previous tests. The connection was overall good and we were able to sail remotely from the
office facing no issue around the border.
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Figure 73 5G SA signal quality and latency during dry-run test.

i

Figure 74 5G SA signal coverage and trajectory during dry-run test.

49.Test T2.9

This test was done during the day of demonstration on Nov 21, 2023. The results show successful
connection to remote control station over 5G SA when crossing the border from Belgium to the
Netherlands and the opposite direction. In figures below we can see that there was very good
signal quality on most the trajectory of sailing as shown in Figure 74. The poor connection only
happened at a single point which can be a result of many big barges around our barge during the
day of demonstration. The signal coverage is shown in Figure 75.
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Figure 75 5G SA signal quality and latency during final demonstration.

Figure 76 5G SA signal coverage and trajectory during final demonstration.
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