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Technical Evaluation
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4

Technical Evaluation

Objectives

Assess the impact of CBC mobility on CAM user perceived performance

Capture user experience ҦCAM service continuity / disruption

Analyze technical impact factors  &corresponding solutions / deployment options

Reach conclusions and provide recommendationson CBC 5G deployment for CAM

4

Go beyond user experience ҨDeep-dive into network performance
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Technical Evaluation

Methodology
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Technical Evaluation

Framework

6

Measurement facets

Layered
o Application, Transport, Access

Per Network Segment
o Access, Edge, Transport ,Core, Cloud

Control vs. Data Plane
o Impact of signaling

Data Logging

Raw data specification
o Fields, value ranges, units

Data Management

Quality Check
o Local / Global

Common Data Format
o For CTS

Tools

Application SW Logging

Vendors In-network Monitoring Tools

Proprietary & Open Source Platforms  / Tools

5G-MOBIX Data Management Tools

KPI Definition

CCAM
o Capture application behavior
o 27 KPIs defined by UCCs/USs

Networking
o Capture network behavior
o 11 KPIs defined
o App-specific KPI Target Values defined

KPI Calculation

Local vs. across-sites
Raw data Ҧ KPIs

o Framework under preparation
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Technical Evaluation::Evaluation Framework

Cross-Border Issues (XBIs) & Considered Solutions (CSs)

Cross-Border Issues (XBIs): identified set of technical challenges towards seamless cross-border 
CAM functionality over 5G Ą 11 XBIs identified  in 5G-MOBIX

Considered Solutions (CS):  identified set of the most promising technical approaches to address 
the identified XBIs Ą 26 CSsidentified in 5G-MOBIX

Can be alternative solutions to the same XBI (mutually exclusive or not, see next)

Can co-exist across XBIs (see next)
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Technical Evaluation::Evaluation Framework

XBIs & CSs

CS ID Title

CS_0 Feature OFF

CS_1 S1 handover with S10 interface using an NSA network

CS_2 Release and redirect using an NSA network

CS_3 Release and redirect with S10 interface using an NSA network

CS_4 Multi-modem / multi-SIM connectivity - Passive Mode

CS_5 Multi-modem / multi-SIM connectivity-Link Aggregation

CS_6 Release and redirect using an SA network

CS_7 Internet-based Interconnection

CS_8 Direct Interconnection

CS_9 Satellite connectivity

CS_10 MEC service discovery and migration using enhanced DNS support

CS_11 Imminent HO detection & Proactive IP change alert

CS_12 Inter-PLMN HO, AF make-before-break, SA

CS_13 Double MQTT client

CS_14 Inter-MEC exchange of data

CS_15 Inter-server exchange of data

CS_16 LBO NSA

CS_17 HR NSA

CS_18 LBO SA

CS_19 HR SA

CS_20 Compressed sensing positioning

CS_21 Adaptive Video Streaming

CS_22 Predictive QoS

CS_23 Uugeobroadcast

CS_24 PC5 geobroacast

CS_25 mmWave5G

CS_26 Network slicing

XBI ID Name Category Related CS ID

XBI_0 Baseline Telecom CS_0

XBI_1 NSA Roaming interruption Telecom CS_1, CS_2, CS_3

XBI_2 SA Roaming interruption Telecom CS_6

XBI_3 Inter-PLMN  interconnection latency Telecom CS_7,CS_8

XBI_4 Low coverage Areas Telecom CS_4, CS_9

XBI_5 Session & Service Continuity Telecom & Application

CS_4,CS_5,

CS_10,CS_11,CS_12,CS_13,

CS_14,CS_15

XBI_6 Data routing Telecom
CS_16,  CS_17,

CS_18,CS_19

XBI_7
Insufficient Accuracy of GPS 

Positioning
Telecom & Application CS_20

XBI_8 Dynamic QoSContinuity Application CS_21,CS_22, CS_26

XBI_9
Geo-Constrained Information 

Dissemination
Application CS_23, CS_24

XBI_10 mmWaveapplicability Telecom CS_25

XBI_11 Network slicing applicability Telecom CS_26
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XBI_1:NSA Roaming interruption
XBI_1 NSA Roaming interruption

With current networks we see that when a UE crosses a border it tries to keep the connection to the previous network. This can result in a connection loss of several minutes. A new connection needs to be 

established and also a new data session needs to be set up.This behaviouris even worsened because of steering of roaming that is implemented by MNO's, trying to steer the UE to a preferred network and by 

doing so deny certain roaming requests.

CS_1
S1 handover with S10 interface using an NSA 

network

ThesourcegNB asksthe target gNB to acceptthe UEand the

target gNB provides its configuration information. Same

informationas for an X2 handoveris exchangedbetweensource

andtargetgNBbut theMMEsarerelayingit.

CS_2 Release and redirect using an NSA network

No context information is transferred between gNBs or core

networksregardingthecurrentsession.

CS_3
Release and redirect with S10 interface using an NSA 

network

Contextinformationisexchangedbetweenthe sourceanddestination

corethroughtheS10interface.
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XBI_1:NSA Roaming interruption
XBI_1 NSA Roaming interruption

With current networks we see that when a UE crosses a border it tries to keep the connection to the previous network. This can result in a connection loss of several minutes. A new connection needs to be 

established and also a new data session needs to be set up.This behaviouris even worsened because of steering of roaming that is implemented by MNO's, trying to steer the UE to a preferred network and by 

doing so deny certain roaming requests.

CS_1
S1 handover with S10 interface using an NSA 

network

ThesourcegNB asksthe target gNB to acceptthe UEand the

target gNB provides its configuration information. Same

informationas for an X2 handoveris exchangedbetweensource

andtargetgNBbut theMMEsarerelayingit.

CS_2 Release and redirect using an NSA network

No context information is transferred between gNBs or core

networksregardingthecurrentsession.

CS_3
Release and redirect with S10 interface using an NSA 

network

Contextinformationisexchangedbetweenthe sourceanddestination

corethroughtheS10interface.

CS CBC/ TS UseCaseCategory UserStory

CS_3: Release

and redirect with

S10 interface

using an NSA

network

ES-PT

AgnosticTests

AdvancedDriving

LaneMerge

Overtaking

Cooperative

Automated

ExtendedSensors HDMapsVehicle

GR-TR Agnostic

Test Case Overview

In conjunction with CS_17HR NSA
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XBI-1:NSA Roaming interruption:: Results

Total Mobility Interruption Time at around 200 ms: adequate for many CAM services

Driving direction avg (ms) median (ms) stdv (ms) max (ms) min (ms)

From PT to ES with ES SIM 243 248 49 279 156

From ES to PT with ES SIM 337 338 80 369 300

ES-PT CBC: Mobility Interruption Time (TE-KPI2.3) ɀUCC/US-Agnostic

ES-PT CBC: NG-RAN Handover Success Rate (TE-KPI2.1) ɀUCC/US-Specific

GR-TR CBC: Mobility Interruption Time (TE-KPI2.3) ɀUCC/US-Agnostic
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XBI_2: SA Roaming interruption
XBI_2 SA Roaming interruption

Currently Roaming for SA networks has only been defined for basic roaming. No handover is specified and also the equivalent of the S10 interface for ePC(N14) has not been referenced as a roaming interface. 

Because of these limitations it is expected that the same issues will arise as seen in current networks leading to disconnecttimes of minutes.

CS_6 Release and redirect using an SA network

In the Releaseand Redirectprocedurein 5G SA, the N14 interfacebetween

homeand visitedAMFsis usedin a similarway as with the S10 interfacein

NSA, as it allows the visited AMF to retrievecontext information from the

homeAMF. In addition,the visitedcoreismadeawareof homeUPFandUEIP

addressto speedupthere-establishmentof theuserplanein thenewnetwork

Test Case Overview

CS CBC/ TS UseCaseCategory UserStory

CS_6: Releaseand redirect

usingan SAnetwork
NL ExtendedSensors CPM

Three (3) scenarios evaluated
Å Default roaming: UE detects signal loss, disconnects and searches all 

frequencies (reference scenario)
Å Semi-optimised roaming: UE receivesinformation redirecting to the 

nearest network to visit, NOT including the frequency band
Å Optimised roaming: UE receivesALL necessary information to the UE, 

including frequency band

In conjunction with CS_18LBO SA
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XBI-2:SA Roaming interruption:: Results

Note: Implementation limitations lead to handover information configured to SIM card

100% Success Rate

Fully redirecting the UE results in significant gains

Extreme service disruption ɀcan reach up to 1 min with CPM:
Impact of registration to the visiting network and restoration of IP connectivity (LBO)

Impact of MQTT session establishment > 30 sec

Remote driving UCC/US results:
Video disruption: 61-82 sec Roaming 

Nr of 

test runs
Roaming Handover 

Succes Rate

Roaming Interruption Times [seconds]

max min

Default 4 100% 78 72

Semi-Optimised 4 100% 36 32

Optimised 5 100% 16 14

NL TS: NG-RAN Handover Success Rate (TE-KPI2.1) & Interruption TimeɀUCC/US-Agnostic (ping)
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XBI_3: Inter-PLMN  interconnection latency
XBI_1 NSA Roaming interruption

Currently operators interconnect using a GRX network used for both signaling and user plane data. This network extends over multiple countries and operators and is typically designed for high continuity and 

throughput, this at the expense of low latency. Moreover, GRX connectivity may redirect traffic through far-away nodes (based onthe GRX operator architecture) further increasing E2E latency, which is 

unsuitable for CAM applications.

CS_7 Internet -based Interconnection CS_8 Direct Interconnection Test Case Overview
CS CBC/ TS UseCaseCategory UserStory

CS_7: Internet -

based

Interconnection

GR-TR

VehiclesPlatooning SeeWhat I See

ExtendedSensors
Assisted Border

Crossing

CS_8: Direct

interconnection

comparison

ES-PT
AdvancedDriving

LaneMerge

Overtaking

Cooperative

Automated

ExtendedSensors HDMapsVehicle

GR-TR

VehiclesPlatooning SeeWhat I See

ExtendedSensors

Assisted Border

Crossing

TruckRouting

In conjunction with CS_17HR NSA
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XBI-3:Inter-PLMN  interconnection latency:: Results

29%-51% latency reduction w/ Direct Interconnection ɀAdequate values for tested UCC/US

Large impact of HR when using visited PLMN Edge Server  (XBI_6: Data routing)
Only partially addressed by Direct Interconnection - Better use Public Internet w/ Cloud Server  

37%-55% (50-144ms) latency reduction w/ Edge computing 

Average E2E latency for HR (CS_17)

Cloud Server

Public Internet (CS_7) 261 ms

Direct Interconnection (CS_8) 133 ms

GR Edge Server

Public Internet (CS_7) 117 ms

Direct Interconnection (CS_8) 82.6 ms

TR Edge Server

Public Internet (CS_7) 553 ms

Direct Interconnection (CS_8) 268 ms

GR-TR CBC: E2E Latency (TE-KPI1.3) between GR 
SIM OBU (residing at TR PLMN) and Server -

Assisted Border Crossing

SAMPLES Mean Median Std. Deviation

480 45.6 ms 45.54 ms 14.43 ms

Max Min CI 95% Percentile 95%

161.29 ms 19.619 ms 1.68 - 1.82 ms 1.702 ms

SAMPLES Mean Median Std. Deviation

480 113.6 ms 112.4 ms 21.56 ms

Max Min CI 95% Percentile 95%

120.13 ms 109.33 ms 2.52 ms ɀ3.78 ms 3.678 ms

GR-TR CBC: E2E Latency (TE-KPI1.3)- (CS_7) Public Internet ɀSee-what-I-See

GR-TR CBC: E2E Latency (TE-KPI1.3)- (CS_8) Direct Interconnection ɀSee-what-I-See
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XBI_4: Low coverage Areas
XBI_4 Low coverage Areas

Looking at current border areas we see very low coverage areas because of sparse populations at the border. In addition, given the current regulations, operators must take into account the max fieldstrengths

allowed at the border. On both sides of the borders the same frequencies are in use. Operators need to try and limit the interference. In addition border areas are often sparsely populated, giving little incentives 

to provide for increased capacity or coverage in those areas.  As a result, areas of low or no coverage may appear close to the border. threatening the CAM aplicationcontinuity.

CS_4/5 Multi -modem / multi-SIM connectivity 
CS_9 Satellite connectivity

FR /  FI TS Multi-sim architecture DE TS Multi-sim architecture

Hybrid 5G-satellite intelligent routing-based deployment at the French test site

Test Case Overview
CS CBC/ TS UseCaseCategory UserStory

CS_4: Multi -Modem / multi -

SIMconnectivity - PM

CN VehiclesPlatooning AssistedCloud

CS_9: Satellite connectivity FR Agnostic

AdvancedDriving AssistedInfrastructure
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XBI-4: Low coverage Areas

CS_4 Multi-modem / multi-SIM connectivity ɀPassive mode inadequate for Low Coverage
Link / network selection limitations e.g., network selection latency

Satellite : adequate only for areas with no 5G connectivity & non-demanding applications
High latency  (a few seconds) and low throughput (116kbps/95.6 kbps UL/DL)

CN TS, downlink throughput performance measured with multi-SIM connectivity 
passive mode

FR TS, delay performance measured with satellite technology
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XBI_5: Session & Service Continuity
XBI_5 Session & Service Continuity

When directing the UE to new closer by data network or to a neighbouringmobile network, the IP stack will likely change (other IP address and routing information). Current mobile networks do not giveinsight to 

which location the UE is connected or when a change of location has happened. This can cause continuity issues or suboptimal latencies. A handover event can imply the change of network address with impact on 

running UDP/TCP communications and service disconnection. Moreover, a change of MNO in a roaming situation can imply a different set of protocols used in each domain e.g., IPv4 vs. IPv6. All this becomes 

especially evident in the case of edge computing, where latency requirements impose a switch to a different instance of an application server i.e., both ends of a communication session change. Under these 

circumstances, the ÁÐÐÌÉÃÁÔÉÏÎÓȭ ÁÂÉÌÉÔÙ ÔÏ ÁÄÁÐÔ ÔÏ ÕÎÄÅÒÌÙÉÎÇ ÎÅÔ×ÏÒË ÃÈÁÎÇÅÓ becomes increasingly important, so as to reduce the impact of mobility and ensure service continuity.

CS_10
MEC service discovery and migration using 

enhanced DNS support

FI TS, service discovery setup based on DNS-approach 

CS_13 Double MQTT client

Targeting interruption time inquired by the MQTT client-server

sessionestablishment/tear down procedures. Thedouble

MQTTclient solutionemploystwo client instancese.g., A and B, with A

beingconnectedto the homePLMNserver. UponHO,a make-before-

break processis followed: client B initiates the sessionestablishment

procedurewith the visitedPLMNserver,while A is in the processof tearing

downtheoriginalsession.

CS_14 Inter-MEC exchangeof data

Two instancesof the serverMQTTarecreatedand deployedat the MECof

the homeand the visitedPLMNs. Thehome MQTT is publishing

directly the messagesin the visited one (and vice

versa), managingboth MQTTsthe sameinformation in everymoment

avoidingits segmentationin two MQTTserversupontheHOevent.

CS_4/5 Multi -modem / multi-SIM connectivity 

FI, FR TS DE TS
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XBI_5: Session & Service Continuity
XBI_5 Session & Service Continuity

When directing the UE to new closer by datanetworkor to a neighbouringmobile network, the IP stack will likely change (other IP address and routing information). Current mobile networks do not giveinsight to 

which location the UE is connected or when a change of location has happened. This can cause continuity issues or suboptimal latencies. A handover event can imply the change of network address with impact on 

running UDP/TCP communications and service disconnection. Moreover, a change of MNO in a roaming situation can imply a different set of protocols used in each domain e.g., IPv4 vs. IPv6. All this becomes 

especially evident in the case of edge computing, where latency requirements impose a switch to a different instance of an application server i.e., both ends of a communication session change. Under these 

circumstances, the ÁÐÐÌÉÃÁÔÉÏÎÓȭ ÁÂÉÌÉÔÙ ÔÏ ÁÄÁÐÔ ÔÏ ÕÎÄÅÒÌÙÉÎÇ ÎÅÔ×ÏÒË ÃÈÁÎÇÅÓ becomes increasingly important, so as to reduce the impact of mobility and ensure service continuity.

CS_10
MEC service discovery and migration using 

enhanced DNS support

FI TS, service discovery setup based on DNS-approach 

CS_13 Double MQTT client

Targeting interruption time inquired by the MQTT client-server

sessionestablishment/tear down procedures. Thedouble

MQTTclientsolutionemploystwo clientinstancese.g., A andB,with A being

connectedto the homePLMNserver. UponHO,a make-before-break
processis followed: client B initiates the sessionestablishmentprocedure

with the visitedPLMNserver,while A is in the processof tearingdown the

originalsession.

CS_14 Inter-MEC exchangeof data

Two instancesof the serverMQTTarecreatedand deployedat the MECof

the homeand the visitedPLMNs. Thehome MQTT is publishing

directly the messagesin the visited one (and vice

versa), managingboth MQTTsthe sameinformation in everymoment

avoidingits segmentationin two MQTTserversupontheHOevent.

CS_4/5 Multi -modem / multi-SIM connectivity 

Issue / Risk: D5.2 misses discussion/results about 
CS_11, CS_12 and CS_15

FI, FR TS DE TS

Test Case Overview
CS CBC / TS UseCaseCategory UserStory

CS_4: Multi -modem / multi -SIMconnectivity - PassiveMode

FR Agnostic -

DE

Agnostic -

ExtendedSensors EDM

Platooning AsseRSU

FI

ExtendedSensors EdgeProcessing

RemoteDriving RedundantNE

Agnostic -

CS_5: Multi -modem / multi -SIMconnectivity - Link Aggregation

FR
Agnostic -

AdvancedDriving AssistedInfrastructure

FI
RemoteDriving RedundantNE

Agnostic -

CN RemoteDriving DataOwnership

CS_10: MECservicediscoveryand migration using enhancedDNSsupport
ES-PT ExtendedSensors HDMapsVehicle

FI ExtendedSensors EdgeProcessing

CS_13: Double MQTTclient

ES-PT AdvancedDriving Overtaking

DE Platooning AsseRSU

CN
AdvancedDriving CloudAssisted

RemoteDriving DataOwnership

CS_14: Inter-MECexchangeof data

ES-PT
Overtaking

CooperativeAutomated

DE
Agnostic -

Platooning AsseRSU

NL ExtendedSensors CPM

FR
Agnostic -

AdvancedDriving AssistedInfrastructure

CN
AdvancedDriving CloudAssisted

RemoteDriving DataOwnership12/6/2022 195G-MOBIX - Final Event - Evaluation (WP5)



XBI-5: Session & Service Continuity
CS_4 (DE): 50-300msec interruption (ping), multi-second effects of MQTT session establishment

CS_4 (FI): Passive mode may add latency due to frequent link (re-)selection 

CS_5 (All sites): latency and reliability benefits from Link Aggregation (vs. Passive mode)

DE UCC/US-Agnostic Mobility Interruption time ɀ10Hz 
ping CN TS, End-to-End latency in milliseconds obtained 

with different configurations ɀRemote Driving
FR TS, service interruption time in seconds obtained 

with different test cases ɀUCC/US-Agnostic

12/6/2022 205G-MOBIX - Final Event - Evaluation (WP5)FI TS, example of lidarthroughput result from single-SIM test run (left) and 
multi-SIM link aggregation mode test run (right)

DE UCC/US-Specific Mobility Interruption time - eRSU-
assisted platooning



XBI-5: Session & Service Continuity

CS_10: MEC service discovery and migration using enhanced DNS support

Median Service Discovery Time at 43 ms (CS_10)

Video streaming session migration 4.5 seconds (on avg.)
WebRTCbreak-before-make, session establishment negotiation

FI-TS, video streaming interruption time caused by migration on each 
trial round ɀEdge Processing  / HD Maps

FI-TS, service discovery latency on each trial roundɀEdge 
Processing / HD Maps

In conjunction w/ CS_5: Multi -modem / multi -SIMconnectivity - Link Aggregation
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XBI_6: Data Routing
XBI_6 Data routing

When roaming normally the data traffic will be routed to the home network and connect to the data network at home. Crossing the border from home-PLMN to a PLMN will then lead to higher latencies. As an 

alternative it is also possible that the UE uses a local breakout roaming, connecting to the closest edge which will resulting in a lower latency. However setting up a connection to a new data network will take time 

which might result to a connection interruption and the potential loss of data. Also finding the closest edge might take timeif a query is needed by the UE to  discover the closest edge after the switch to the 

PLMN.

CS_16 Local Break-Out (NSA) CS_17 Home Routing(NSA)

Test Case Overview

CS CBC/ TS UseCaseCategory UserStory

CS_16 LBO NSA

ES-PT
AdvancedDriving Overtaking

ExtendedSensors HDMapsVehicle

GR-TR
VehiclePlatooning SeeWhatISee

ExtendedSensors AssistedBorderCrossing

CS_17 HR NSA

ES-PT

AdvancedDriving

LaneMerge

Overtaking

CooperativeAutomated

ExtendedSensors HDMapsVehicle

RemoteDriving RemoteControlCrossing

QoS MediaPublicTransport

GR-TR
VehiclePlatooning SeeWhatISee

ExtendedSensors AssistedBorderCrossing
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XBI-6: Data Routing:: Results

Severe service disruption by re-establishment of data session in LBO (CS_16)
In  the order of a few seconds

Acceptable latencies (below 100ms) with HR (CS_17)
For services such as Truck Platooning and Collision Avoidance

ES-PT CBC, time to perform the IP change after the handover in LBO

GR-TR CBC, Round  Trip Times with HR  -Truck 
Platooning

(msec) avg median stdv max min

Both OBUs in ES 53 46 31 219 24

Both OBUs in PT 67 59 30 300 23

ES-PT CBC, End-to-End latencies in msecfor geo-constrained 
messages exchange in cross-border scenarios for the Collision 
Avoidance US (NL contribution)  in the ES-PT CBC in a Home 

Routing configuration

CS
Driving 

direction
Location avg (ms) median (ms) std (ms) min (ms)

CS_17 HR

ES to PT

PT SIM

New Bridge 39.7 25.1 54.1 13

Old Bridge 31.1 29.4 13.7 12.2

PT to ES

ES SIM

New Bridge 37.3 29.0 52.0 9.6

Old Bridge 27.1 25.2 8.9 10.2

CS_16 LBO

ES to PT

PT SIM

New Bridge 26.2 22.2 25.0 8.5

Old Bridge 25.8 23.2 25.8 8.4

PT to ES

ES SIM

New Bridge 33.0 27.6 44.6 9.4

Old Bridge 31.0 26.3 26.4 9.4

ES-PT CBC, ping tests executed with HR/LBO, in both directions and both locations
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XBI_7: Insufficient Accuracy of GPS Positioning
XBI_7 Insufficient Accuracy of GPS Positioning

Global Navigation Satellite Systems (GNSS) positioning cannot meet the stringent CAM requirements i.e., down to 20-30 cm accuracy, cannot be used while indoors (for example in tunnels, indoor 

parking/garages or lower decks of multi-level bridges) and have strong limitations in dense urban environments. GNSS also lacks a refresh rate high enough to be used in safety critical applications. Without 

accurate geo-positioning, CCAM applications that require external information based on absolute position cannot merge this information onto local maps with relative positions (distance to other 

vehicles/obstacles, lane position, etc

CS_20 Compressed sensing positioning

Architecture and setup schematic for precise positioning using compressed sensing and angular information form 5G mmWavesignals

Test Case Overview

CS
CBC/

TS

Use Case

Category

User

Story

Test

CasesID

CS_20:

Compresse

d sensing

positioning

NL
Remote

Driving

5G

Positioni

ng

NL-3.1, 

3.2, 3.5
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XBI-7:Insufficient Accuracy of GPS Positioning:: 
Results

Non-negligible impact of LOS/NLOS on Position Accuracy (mmWave):

Line of sight (LOS): 0.293 [m]

Non-line of sight (NLOS): 0.4 ɀ0.6 [m]

NL TS, RMSE of vehicle position vs. signal to 
noise ratio at 60 [m] from nearest base station; 

(top) position accuracy over LOS, (bottom) 
position accuracy over NLOS.

NL TS, mm-wave measurements at TU/e. Left and middle: Antenna radiation pattern and measured EVM 
across Txand Rx angle. Right: map showing antenna directions and field of view with beamforming. 
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XBI_8: Dynamic QoSContinuity
XBI_8 Dynamic QoSContinuity

A sudden drop in the network connection quality, in terms of bandwidth and latency, may happen when the vehicles move from one MNO to the other in a cross-border area as they usually mean distant areas to 

the base station of different MNOs, and fading antenna coverage to avoid overlaps. Specifically in the Roaming situations when the sessions and applications are resumed a conservative approach could be more 

reliable as and eager communications rate can lead to performance degradation at the application level, in terms of steady framerate, high fidelity and continuous QoS, hindering the full potential of CCAM 

solutions.

CS_21 Adaptive Video Streaming

Adaptive QoS bitrate and framerate. Dependingon different

thresholdsmappinggoodand poornetworkperformancefor the

intended application demand, the bitrate and the

framerate are set to the nominal values (high

fidelity) or downgraded to ensure that a

suitable representationis sent in any situation

guaranteeing a functional operation of the

CAMapplication. Theconservativeapproachstartingwith

a low fidelity and upgrading to high when possible,makes

applicationresumefasterandmorereliable.

CS_22 Predictive QoS

Predictive QoS is a solution that adapts

application data rates based on predicted

communication quality. Quality prediction is based on

machinelearningalgorithmsthat trainedusingvariousinformation

includingquality, bandwidth,spectrum,cell occupation,uplinkand

downlink data rates, delay, user's position, speed, orientation

collectedfrom the cellular network, applications,and users. The

predictedquality is then communicatedto users/applicationsvia so-

called In-Advance QoS Notification (IQN), in which the QoS

predictionmodulesuggestsvehiclesto adaptits e.g., videodata rate

to a givenvalueetc. Uponreceptionof an IQN,the user/application

adapts its data rate accordinglyavoidingunnecessarypacketloss

andthroughputdegradation.

CS_26 Network Slicing

Partitioning of data and servicesin different slices

to guarantee serviceperformancein one network

AND/OR across networks when roaming. Network

slicing has beenspecifiedin 3GPPin variousnormativedocuments

both on the requirementlevel (TS22.261) [10], on the architecture

level (TS 23.501) [11], procedurelevel (TS23.502) [12] and at the

managementlevel (TS 28.530) [13]. The 5G-Mobix use of slicing

technologyfollows theseand other 3GPPstandards. Two slicesare

created,one slice for regular EMBBdata and one slice for remote

driving service, including uplink video and control data. Priority

mechanismsshould then prevent the disturbanceof remote driving

databecauseof generatedloadin theregularEMBBslice.
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XBI_8: Dynamic QoSContinuity
XBI_8 Dynamic QoSContinuity

A sudden drop in the network connection quality, in terms of bandwidth and latency, may happen when the vehicles move from one MNO to the other in a cross-border area as they usually mean distant areas to 

the base station of different MNOs, and fading antenna coverage to avoid overlaps. Specifically in the Roaming situations when the sessions and applications are resumed a conservative approach could be more 

reliable as and eager communications rate can lead to performance degradation at the application level, in terms of steady framerate, high fidelity and continuous QoS, hindering the full potential of CCAM 

solutions.

CS_21 Adaptive Video Streaming

Adaptive QoS bitrate and framerate. Dependingon different

thresholdsmappinggoodand poornetworkperformancefor the

intended application demand, the bitrate and the

framerate are set to the nominal values (high

fidelity) or downgraded to ensure that a

suitable representationis sent in any situation

guaranteeing a functional operation of the

CAMapplication. Theconservativeapproachstartingwith

a low fidelity and upgrading to high when possible,makes

applicationresumefasterandmorereliable.

CS_22 Predictive QoS

Predictive QoS is a solution that adapts

application data rates based on predicted

communication quality. Quality prediction is based on

machinelearningalgorithmsthat trainedusingvariousinformation

includingquality, bandwidth,spectrum,cell occupation,uplinkand

downlink data rates, delay, user's position, speed, orientation

collectedfrom the cellular network, applications,and users. The

predictedquality is then communicatedto users/applicationsvia so-

called In-Advance QoS Notification (IQN), in which the QoS

predictionmodulesuggestsvehiclesto adaptits e.g., videodata rate

to a givenvalueetc. Uponreceptionof an IQN,the user/application

adapts its data rate accordinglyavoidingunnecessarypacketloss

andthroughputdegradation.

CS_26 Network Slicing

Partitioning of data and servicesin different slices

to guarantee serviceperformancein one network

AND/OR across networks when roaming. Network

slicing has beenspecifiedin 3GPPin variousnormativedocuments

both on the requirementlevel (TS22.261) [10], on the architecture

level (TS 23.501) [11], procedurelevel (TS23.502) [12] and at the

managementlevel (TS 28.530) [13]. The 5G-Mobix use of slicing

technologyfollows theseand other 3GPPstandards. Two slicesare

created,one slice for regular EMBBdata and one slice for remote

driving service, including uplink video and control data. Priority

mechanismsshould then prevent the disturbanceof remote driving

databecauseof generatedloadin theregularEMBBslice.

Test Case Overview

CS
CBC /

TS

Use Case

Category
UserStory TestCasesID

CS_21:

Adaptive Video

Streaming

DE
Extended

Sensors

EDM

EDM CBC

contribution

DE-2.1, DE-

2.2
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XBI-8: Dynamic QoSContinuity :: Results

CS_21Adaptive Video Streaming

Dynamically varying data rate shown to improve reliability (5 - 20%) when network conditions 
degrade

DE TS: Reliability with constant bitrate video DE TS: Reliability with adaptive bitrate video

DE  in ES-PT: Reliability with constant bitrate 
video

DE  in ES-PT : Reliability with adaptive bitrate 
video
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XBI_9: Geo-Constrained Information Dissemination
XBI_9 Geo-Constrained Information Dissemination

A connected vehicle usually needs to receive traffic information directly related to its surroundings, not the whole flow of CCAM messages exchanged through the edge computing node it is connected to. 

When it is travelling close to the border, it might also want to receive some data from neighbouring geographical areas covered by a MEC node located in another PLMN. Also in this situation, not all CCAM 

information exchanged through the neighbouringMEC is of interested to that specific connected vehicle. For instance, in the platooning application, the connected and autonomous members of the platoon 

solely need to exchange data with the platooning vehicles and possibly with some other vehicles and sensors in the vicinity. As a result, a geo-constrained information dissemination scheme should be devised in 

order to disseminate the relevant CCAM data to the appropriate vehicles.

CS_23 Uu Geobroadcast

The information of standard ETSIC-

ITSmessagesis disseminatedvia

Uu interface. Usinga MQTT broker
and publisher/subscriberarchitecture, the

broker filters the information and

forwardsto the vehiclesonly messagesfrom

the infrastructurethat are relevant for their

driving direction and their current

location/area. Brokersacrossborders

exchange the information

producedin their areas. Therefore,a

brokercanforwardrelevantinformationfrom

other broker to a vehicle in its area if the

conditionsare the right ones(e.g. a vehicle

driving towards the border will receive

informationfromtheothersideof theborder.)

CS_24 PC5 Geobroadcast

Useof PC5 interface holding geo-

localized characteristics by

design. The RSUsbroadcast infrastructure

information (ITS messages)which is received

only by the UEs in that PC5 coveragearea,

without the need of an MQTT broker. This

solution is also usedin specificusecasesonly

requiring short-range communications, e.g.

platooning. In a cross-border scenario, the

information is receivedindependentlyof the

actualbordersideor registeredMNO. If the UE

is in PC5 coveragearea, it will receivethe

information.
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XBI_9: Geo-Constrained Information Dissemination
XBI_9 Geo-Constrained Information Dissemination

A connected vehicle usually needs to receive traffic information directly related to its surroundings, not the whole flow of CCAM messages exchanged through the edge computing node it is connected to. 

When it is travelling close to the border, it might also want to receive some data from neighbouring geographical areas covered by a MEC node located in another PLMN. Also in this situation, not all CCAM 

information exchanged through the neighbouringMEC is of interested to that specific connected vehicle. For instance, in the platooning application, the connected and autonomous members of the platoon 

solely need to exchange data with the platooning vehicles and possibly with some other vehicles and sensors in the vicinity. As a result, a geo-constrained information dissemination scheme should be devised in 

order to disseminate the relevant CCAM data to the appropriate vehicles.

CS_23 Uu Geobroadcast

The information of standard ETSIC-

ITSmessagesis disseminatedvia

Uu interface. Usinga MQTT broker
and publisher/subscriberarchitecture, the

broker filters the information and

forwardsto the vehiclesonly messagesfrom

the infrastructurethat are relevant for their

driving direction and their current

location/area. Brokersacrossborders

exchange the information

producedin their areas. Therefore,a

brokercanforwardrelevantinformationfrom

other broker to a vehicle in its area if the

conditionsare the right ones(e.g. a vehicle

driving towards the border will receive

informationfromtheothersideof theborder.)

CS_24 PC5 Geobroadcast

Useof PC5 interface holding geo-

localized characteristics by

design. The RSUsbroadcast infrastructure

information (ITS messages)which is received

only by the UEs in that PC5 coveragearea,

without the need of an MQTT broker. This

solution is also usedin specificusecasesonly

requiring short-range communications, e.g.

platooning. In a cross-border scenario, the

information is receivedindependentlyof the

actualbordersideor registeredMNO. If the UE

is in PC5 coveragearea, it will receivethe

information.

Test Case Overview
CS CBC/ TS UseCaseCategory UserStory TestCasesID

CS_23: Uu geobroadcast

ES-PT AdvancedDriving

LaneMerge

ES-PT-1.1, ES-

PT-1.2 and ES-

PT-1.4

Overtaking
ES-PT-2.1 to ES-

PT2.6

Cooperative

Automated

ES-PT-5.6 and

ES-PT-5.7

DE
EDM Surroundview DE-2.1, DE-2.2

Platooning AsseRSU DE-1.2, DE-1.3

NL
AdvancedDriving

Cooperative

Collision

Avoidance

NL-2.1,2.2, 2.3,

2.11, 2.12, 2.21,

2.41, 2.42, 2.43

ExtendedSensors CPM

CS_24: PC5geobroadcast DE Platooning AsseRSU DE-1.1
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XBI-9:Geo-Constrained Information 
Dissemination::Results

5G UuGeo-broadcasting (CS_23) offers sufficient reliability & latency for:
Advanced Driving e.g., Collision Avoidance

Extended Sensors e.g., CPM

ES-PT CBC, Uugeobroadcast, 5G RSU ɀ
MEC MQTT broker ɀ5G OBU, uplink 

latency (ms) ɀdownlink latency (ms) ɀ
E2E latency (ms)

Border 

Crossing
Network(s) avg median stdv max min

No KPN (Figure 63-top) 5G SA 99.9 100 0.20 100 99.5

Yes

KPN+TNO without 

handover

(Figure 63-bottom)

5G SA 99.9 100 0.17 100 99.6

Border 

Crossing
Network(s) avg median stdv max min

No KPN (Figure 63-top) 5G SA 27 26 8 109 13

Yes

KPN+TNO without 

handover

(Figure 63-bottom)

5G SA 34 32 8.5 154 13

NL TS, Collision Avoidance communication 
network setup and data flows, with test 
vehicles connected to a single network 

(top) and to different networks in a border 
crossing scenario (bottom). 

NL TS, Message Delivery Ratio in % for geo-constrained messages exchange in cross-border 
scenarios for the Collision Avoidance US in the NL TS

NL TS, TE-KPI1.3 - End-to-End latencies in msecfor geo-constrained messages exchange 
for the Collision Avoidance US in the NL TS
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XBI_10: mmWaveapplicability
XBI_10 SA Roaming interruption

Not an X-border Issue per se, but the applicability in the CAM domain is of interest.

CS_25 mmWave5G

mmWavebands (24.25GHz-52.6GHz), which can provide as high as 10 Gbpsdata rate, can be attractive CAM services

particulalrythoseneedingexchangeof largevolumedata (e.g., collectiveperception). It is most likely that mmWavespectrum

bandsare/will be attributed to verticalsallowing different actors (e.g., a road operator)install 5G networks. mmWave5G

networkcanhenseprovideimprovedqualityandservicecontinuityin highdenseor low networkcoverageareas(includingat the

crossborders).

Test Case Overview

CS CBC/ TS
Use Case

Category
UserStory

Test Cases

ID

CS_25

mmWave

5G

FR

Agnostic

Advanced

Driving

Assisted

Infrastructur

e

FR-1.2, FR-

1.3 and FR-

1.4

KR

Remote

Driving
mmWave

KR2.1,

KR2.2 and

KR2.3

Vehicle

QoS

Support

Tethering

KR1.1,

KR1.2 and

KR1.3
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XBI-10: mmWaveapplicability::Results

Immature implementations ɀPromising preliminary results for Remote Driving & Tethering:
Peak UL data rate at 209 Mbps (KR TS)

Average DL data rate at 115 Mbps for 90% of the time (KR TS)

Latency at 6.8 ms(KR TS)

KR-TS, CDF of reliabilityKR-TS, CDF of RTT KR-TS, CDF of user experienced data rate 
(tethering)
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XBI_11: Network slicing applicability
XBI_11 Network slicing applicability

Not an X-border Issue per se, but the applicability in the CAM domain is of interest.

CS_26 Network slicing

Partitioning of data and servicesin different slicesto

guaranteeserviceperformancein onenetworkAND/OR

acrossnetworkswhenroaming. Networkslicinghasbeen

specifiedin 3GPPin variousnormativedocumentsboth

on the requirementlevel(TS22.261), on the architecture

level (TS23.501), procedurelevel (TS23.502) and at the

managementlevel (TS 28.530). The 5G-Mobix use of

slicing technology follows these and other 3GPP

standards.

Twoslicesare created,oneslicefor regularEMBBdata

and oneslicefor remotedrivingservice,includinguplink

videoand controldata. Prioritymechanism'sshouldthe

preventthe disturbanceof remotedrivingdata because

of generatedloadin the regularEMBBslice.

Test Case Overview

CS
CBC

/ TS

Use Case

Category
UserStory

Test Cases

ID

CS_26:

Network

slicing

NL

Extended

Sensors
CPM

NL-1.4ɀ1.6

Remote

Driving

5G

Positioning

NL-3.4
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XBI_11: Network slicing applicability::Results

Network slicing fulfils QoSrequirements: extended sensors and remote driving

A (CAM) network slice should not be polluted with background traffic

TestCase
Traffic flows to

Test vehicleUE

High priority

CCAM slice

Low priority

internet slice

Baseline CAM CAM traffic

Internet slice CAM CAM + background traffic

CCAMslice CAM CAM traffic background traffic

NL TS, slicing test cases for the Remote Driving use case

NL TS, slicing performance for Remote Driving setups of Table 31. User plane latency (left) and data rate 
(right) of CAM traffic (Video stream) from the test vehicle UE to the remote station.
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Technical Evaluation

Key findings (Summary) ɀ1/5

12/6/2022 365G-MOBIX - Final Event - Evaluation (WP5)

ɆRelease and redirect with S10 interface (CS_3), with home routed roaming configuration 
(CS_17), between two non-standalone architecture (NSA) networks, provided Mobility 
Interruption Times at around 200 ms: adequate for many CAM services

XBI_1: NSA Roaming interruption / XBI_6:Data Routing

ɆRelease and redirect implementationin SA networks (CS_6) still immature - Fully 
redirecting the UE results in significant gains

ɆExtreme service disruption when combined with Local Break Out (CS_18) ɀcan reach up to 
1 min with CPM:

ɆImpact of registration to the visiting network and restoration of IP connectivity (LBO)

ɆImpact of MQTT session establishment > 30 sec (application level)

XBI_2:SA Roaming interruption / XBI_6:Data Routing


