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1 Scope

The present document carries out studies on the feasibility of co-channel co-existence between ITS-G5 and LTE-V2X
technologies based on solutions presented to CEPT. It defines methodol ogies and metrics required for performing the
studies and evaluating the performance of the solutions studied. To find co-channel co-existence methods, which enable
both technologies to use the same frequency channel in the same geographical area, while meeting the metrics defined.

The present document classifies co-channel co-existence methods depending on the observed metrics.

2 References

2.1 Normative references

Normative references are not applicable in the present document.

2.2 Informative references

References are either specific (identified by date of publication and/or edition number or version number) or
non-specific. For specific references, only the cited version applies. For non-specific references, the latest version of the
referenced document (including any amendments) applies.

NOTE: While any hyperlinksincluded in this clause were valid at the time of publication ETSI cannot guarantee
their long term validity.

The following referenced documents are not necessary for the application of the present document but they assist the
user with regard to a particular subject area.

[i.1] ETSI EN 302 665 (V1.1.1) (09-2010): "Intelligent Transport Systems (ITS); Communications
Architecture”.

[i.2] ETSI EN 302 663 (V1.3.1) (01-2020): "Intelligent Transport Systems (ITS); ITS-G5 Access layer
specification for Intelligent Transport Systems operating in the 5 GHz frequency band".

[i.3] |EEE Std 802.11™-2020: "|EEE Standard for Information technology - Telecommunications and
information exchange between systems - Local and metropolitan area networks-Specific
requirements - Part 11: Wireless LAN Medium Access Control (MAC) and Physical Layer (PHY)
Specifications'.

[i.4] |EEE/I SO/IEC 8802-2-1998: "Information technology -- Telecommunications and information

exchange between systems -- Local and metropolitan area networks -- Specific requirements --
Part 2: Logical Link Control".

[i.5] IEEE 802.11e™-2005: "IEEE Standard for Information technology - Local and metropolitan area
networks - Specific requirements - Part 11: Wireless LAN Medium Access Control (MAC) and
Physical Layer (PHY) Specifications - Amendment: Medium Access Method (MAC) Quality of
Service Enhancements’.

[i.6] ANSI/IEEE Std 802.1D™-1998: "IEEE Standard for Information technology -
Telecommunications and information exchange between systems - Local and metropolitan area
networks - Common specifications - Part 3: Media Access Control (MAC) Bridges'.

[i.7] ETSI EN 303 613 (V1.1.1) (01-2020): "Intelligent Transport Systems (ITS); LTE-V2X Access
layer specification for Intelligent Transport Systems operating in the 5 GHz frequency band".

[i.8] ETSI TS 136213 (V15.9.0): "LTE; Evolved Universal Terrestrial Radio Access (E-UTRA);
Physical layer procedures (3GPP TS 36.213 version 15.9.0 Release 15)".

[i.9] ETSI TS 136 211 (V14.3.0): "LTE; Evolved Universal Terrestrial Radio Access (E-UTRA);
Physical channels and modulation (3GPP TS 36.211 version 14.3.0 Release 14)".
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3 Definition of terms, symbols and abbreviations
3.1 Terms

For the purposes of the present document, the following terms apply:
subframe: time interval equal to 1 ms

NOTE: Thisequalsthe "subframe duration" as defined in ETSI TS 136 211[i.9].
superframe: consists of two time slots

time dot: integer multiple of consecutive subframes

3.2 Symbols

Void.

3.3 Abbreviations

For the purposes of the present document, the following abbreviations apply:

AC Access Category

ACK ACKnowledgement

AGC Automatic Gain Control
AIFS Arbitration InterFrame Space
AIFSN AIFS Number

AP Access Point

ARQ Automatic Repeat reQuest
BE Best Effort
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BK
BPSK
BS
BSS
BSSID
c2c-cc
CAM
CBR
CCA
CDF
CEN
CP
CRC
csl
CSMA/CA
CSR
CTS
cwW
DA
DCC
DCF
DENM
DIFS
DL
DMRS
DSRC
EDCA
EE
EED
ES
EVM
FCS
GNSS
HARQ
IBSS
IN

IPG
1Q

ITS
ITSS
KPI
LDPC
LLC
LOS
LTE
LTF
LUT
MAC
MCS
MIB
MPDU
MSPS
NAV
NC
NLOS
NR
OBU
OFDM
oS
PDU
PER
PHY
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Background

Binary Phase Shift Keying

Base Station

Basic Service Set

BSS identifier

CAR2CAR Communication Consortium
Cooperative Awareness Message
Channel Busy Ratio

Clear Channel Assement
Cumulative Distribution Function
Comité Européen de Normalisation
Cyclic Prefix

Cyclic Redundancy Check

Channel Sidelink Information

Carrier Sense Multiple Access/Collision Avoidance

Candidate Single-subframe Resources
Clear To Send

Contention Window

Data Age

Decentralized Congestion Control
Distributed Coordination Function

Decentralized Environmental Notification Message

Distributed InterFrame Space
DataLink Layer

DeModulation Reference Signals
Dedicated Short Range Communication
Enhanced Distributed Channel Access
Excellent Effort

End-to-End Delay

Energy Signals

Error Vector Magnitude

Frame Check Sequence

Global Navigation Satellite System
Hybrid Automatic ReQuest
Independent BSS

Interface

Inter-Packet Gap

In-phase Quadrature phase
Intelligent Transport Systems

ITS Station

Key Performance Indicator

Low Density Parity Check

Logical Link Control
Line-Of-Sight

Long Term Evolution

Long Training Field

LookUp Table

Medium Access Control
Modulation and Coding Scheme
Management Information Base
MAC Protocol Data Unit

Mega Symbols Per Second
Network Allocation Vector
Network Control
Non-Line-Of-Sight

New Radio

OnBoard Unit

Orthogonal Frequency Division Multiplexing
Open System | nterconnect
Protocol Data Unit

Packet Error Rate

Physical Layer
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PLCP Physical Layer Convergence Procedure
PPDU PLCP Protocol Data Unit
PPS Parts Per Second
PRR Packet Reception Ratio
PSCCH Physical Sidelink Control Channels
PSDU PLCP Service Data Unit
PSSCH Physical Sidelink Shared Channels
QAM Quadrature Amplitude Modulation
QoS Quality of Service
QPSK Quadrature Phase Shift Keying
RA Receive Address
RB Resource Block
RSRP Reference Signal Received Power
RSSI Received Signal Strength Indicator
RSU RoadSide Unit
RTS Requestion To Send
RX Receiver
SC-FDMA Single-Carrier Frequency Division Multiple Access
SCl Sidelink Control Information
SDR Software Defined Radio
SIFS Short InterFrame Space
SINR Signal to Interference and Noise Ratio
SPS Semi-Persistent Scheduling
STF Short Training Field
SUMO Simulation of Urban Mobility
B Transport Block
TDM Time Division Multiplexing
TDMA Time Division Multiple Access
TL Time Length
TTI Transmission Time Interval
TX Transmitter
UP User Priority
VI Video
VO Voice
4 Technical description of road ITS technologies
4.1 Introduction

The two studied road I TS technologies herein are ITS-G5 and LTE-V2X (3GPP Release 14) [i.2]. The technologies
represent the access layer of the ITS communications architecture, see Figure 4.1, outlined in ETSI EN 302 665 [i.1].
The access layer consists of the physical layer (PHY) and the datalink layer (DL) of the OSI model.
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Figure 4.1: The ITS stations reference architecture [i.1]

4.2 ITS-G5

421 Introduction

ITS-G5isoutlined in ETSI EN 302 663 [i.2] describing the access layer of the ITS station reference architecture. The
ITS-G5 access layer consists of:

. |EEE 802.11-2020 [i.3] operating outside the context of abasic service set (enabled by setting the MIB
parameter dot 11OCBEnabl ed to true).

. IEEE 802.2 Logical Link Control (LLC) [i.4].

|EEE 802.11-2020 outlines the PHY and the Medium Access Control (MAC) protocol used for vehicular ad hoc
networking in ITS-G5. The PHY isbased on Orthogonal Frequency Division Multiplexing (OFDM) and the MAC is
using the Enhanced Distributed Channel Access (EDCA) functionality, see Clause 4.2.2 and Clause 4.2.3 for more
technical details.

The IEEE 802.11-2020 [i.3] standard contains two basic network topologies: the infrastructure BSS and the independent
BSS (IBSS). The former contains an Access Point (AP) and data traffic usually takes a detour through the AP even
though two nodes are closely co-located. The IBSSisa set of nodes communicating directly with each other and thisis
also called ad hoc or peer-to-peer network. Both these topol ogies are aimed for nomadic devices and synchronization is
required between nodes performed via beacons. Further, they are identified with a unique BSSID. Association and
authentication are required in infrastructure BSS whereas in IBSS association is not used and communication can take
place in an unauthenticated mode. With the introduction of 802.11p anew capability of the 802.11 is introduced,
namely communication outside the context of a BSS, see Clause 4.3.17 of |EEE 802.11-2020 [i.3]. The communication
outside of aBSSis enabled by setting the MIB variable dot 110CBAct i vat ed to true. In this mode authentication,
association and security between nodes are disabled at the MAC sublayer. Thisimplies that active and passive scanning
of BSS and IBSS are disabled. The scanning on frequency channels for the node to join an existing network is no longer
enabled. Therefore, the implementation when the MIB variagbleis set to dot 110CBAct i vat ed truein the vehicular
environment requires predetermined frequency channelsto be set in the management.

NOTE: The possibility to communicate outside the context of a BSS for vehicular communication was introduced
in the IEEE 802.11p amendment. | EEE 802.11p was published in 2010 and it was enrolled into 802.11 in
2012, at which time the 802.11p amendment was classified as superseded. However, for the purpose of
the present document, the notion "802.11p" will be used when referring to the vehicular components of
| EEE 802.11-2020.
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4.2.2 Physical layer

The OFDM PHY parameters of ITS-G5 are detailed in Clause 17 of |EEE 802.11-2020 [i.3]. ITS-G5 uses 52
orthogonal subcarriersin achannel bandwidth of 10 MHz, where 48 subcarriers are used for data and 4 are pilot
carriers. The OFDM PHY layer of ITS-G5 can support eight different transfer rates by using different modulation
schemes and coding rates. The support of 3 Mbit/s, 6 Mbit/s, and 12 Mbit/sis mandatory. The duration of an OFDM
symbol isfixed to 8 us, and consequently for different transfer rates the number of data bits per OFDM symbol varies.
Table 4.1 outlines the different transfer rates together with coding and modulation schemes and data bits per OFDM

symbol.

Table 4.1: Transfer rates, modulation schemes and coding rates used by ITS-G5

Transfer rate Modulation Coding rate Data bits per OFDM Coded bits per
(Mbit/s) scheme symbol OFDM symbol

3 BPSK 1/2 24 48

4,5 BPSK 3/4 36 48

6 QPSK 1/2 48 96

9 QPSK 3/4 72 96

12 16-QAM 1/2 96 192

18 16-QAM 3/4 144 192

24 64-QAM 2/3 192 288

27 64-QAM 3/4 216 288

Figure 4.2 shows the format of atransmitted ITS-G5 packet, i.e. the physical layer convergence procedure (PLCP)
Protocol Data Unit (PPDU). The PLCP Service Data Unit (PSDU) contains the data from the MAC layer including
MAC header and trailer (collectively named MAC Protocol Data Unit, MPDU). The preamble is used for synchronizing
the receiver. The signal field contains information about packet length and data rate of the data field. It has alength of
24 bits and is always transmitted in one OFDM symbol using BPSK with a coding rate of 1/2 (3 Mbit/s). In Table 4.2
details of the ITS-G5 PHY packet format are listed (see aso Clause 17 of IEEE 802.11-2020 [i.3]).

Rate Res. Length Parity Tail Service Tail | Pad bits
4bpits | 1bit | 12bits | 1bit | 6bits | 16 bits PSDU 6 bits
Preamble Signal Data

Figure 4.2: ITS-G5 packet format, i.e. PPDU, ready for transmission

Table 4.2: Explanation of the different fields of the PPDU

Field Subfield Description Duration
Preamble [N/A Consists of a short and a long training sequence. 32 ps
Rate Transfer rate at which the data field in the PPDU will be transmitted.
Reserved |For future use.
Signal Length Length of the packet. 8 us
Parity Parity bit.
Tail Used to facilitate decoding and for calculation of rate and length subfields.
Service Used for synchronizing the descrambler at receiver.
PSDU The data from the MAC layer including header and trailer, i.e. MPDU. .
Data - - - variable
Tail Used for putting the convolutional encoder to zero state.
Pad bits  |Bits added to fill up the last OFDM symbol of the packet.
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4.2.3 Medium access control

423.1 Introduction

The MAC algorithm decides when in time anode is alowed to transmit based on the current channel status and the
MAC schedules transmission with the goal to minimize the interference in the system to increase the packet reception
probability. The MAC agorithm deployed is called Enhanced Distributed Coordination Access (EDCA). It is based on
the basic Distributed Coordination Function (DCF) but adds QoS attributes. DCF is a Carrier Sense Multiple Access
with Collision Avoidance (CSMA/CA) algorithm.

NOTE: The EDCA wasintroduced with the IEEE 802.11e [i.5] amendment and it added QoS to the DCF
mechanism. |EEE 802.11e[i.5] was published in 2004 and it was enrolled into 802.11 in 2007, at which
time the 802.11e document was classified as superseded.

In CSMA/CA anode starts to listen to the channel before transmission and if the channel is perceived asidle for a
predetermined listening period the node can start to transmit directly. If the channel becomes occupied during the
listening period the node will perform a backoff procedure, i.e. the node has to defer its access according to a
randomized time period. In IEEE 802.11-2020 [i.3], the predetermined listening period is called either Arbitration
Interframe Space (AIFS) or Distributed Interframe Space (DIFS) depending upon the mode of operation (EDCA or
DCF). The former listening period is used when there is support for QoS.

4.2.3.2 Backoff procedure
The backoff procedure in 802.11 works as follows:

i)  draw aninteger from auniform distribution [0, CW], where CW refers to the current maximum value of the
contention window (the total number of integersto draw from is CW+1);

ii)  decrease the backoff value only when the channel is free, one decrement per slot time (for a 10 MHz channel
the slot timeis 13 us);

iii)  upon reaching a backoff value of O, transmit. In broadcast operation the node will only invoke the backoff
procedure once during theinitial listening period. When 802.11 is employed in unicast mode it actsas a
stop-and-wait protocol and the transmitter will wait for an acknowledgment (ACK). If no ACK isreceived by
the sender for some reason (the transmitted packet never reached the intended recipient, the packet was
incorrect at reception, or the ACK never reached the sender), a backoff procedure will also be invoked.

For every attempt to send a specific packet (in broadcast mode there is only one attempt but in unicast mode it can be
several attempts due to missing ACKSs), the current size of the contention window, CW, will be increased from its initial
value (CW,;,,) until it reaches a maximum value (CW,,,). Thisfeature of increasing the CW allows the network to

recover from high utilization periods by spreading transmission attemptsin time. After a successful transmission or
when the packet had to be discarded because the maximum number of channel access attempts was reached, the CW
will be set to itsinitial value again (CW,;,,).

If the channel becomes busy during the decrease of the backoff value once per 13 s ot time the node has to suspend
the countdown until the channel becomes free again. However, it should be noted that after every busy channel period
the node will first wait an AIFS before the decrementation resumes.

NOTE: In broadcast mode the backoff procedure is only invoked once during theinitial listening (AIFS) to the
channel due to thelack of ACKsin broadcast transmissions. Therefore, the CW is always set to its
minimum value, CW,;,,, and it will never be doubled.

More details about the backoff procedure are found in Clauses 10.3.3 and 10.3.4.3, of IEEE 802.11-2020 [i.3].

4.2.3.3 Medium access control

In Figure 4.3, simplified drawings of the channel access procedure as performed by 802.11 nodes is depicted for
broadcast mode, Figure 4.3(a), and unicast mode, Figure 4.3(b).
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Figure 4.3: A simplified drawing of the channel access procedure in IEEE 802.11-2020 [i.3]
in (a) broadcast and (b) unicast mode

More details about the channel access procedure are found in Clause 10 of |EEE 802.11-2020 [i.3].

4234

EDCA parameters, AC and UP

EDCA isthe official name of one of the MAC agorithmsin 802.11, which isused by 802.11p. It isthe DCF with
inclusion of QoS, i.e. the CSMA/CA algorithm with the possibility to prioritize data traffic. In EDCA every node
maintain queues with different AIFS values and CW sizes with the purpose of giving data traffic with higher priority
increased probability to access the channel before data traffic with lower priority.

The QoS facility in 802.11 defines eight different User Priorities (UPs) and these are inherited from the
ANSI/IEEE Std 802.1D [i.6] defining MAC bridges. The UPs from 802.1D are shown in Table 4.3 and they are mapped
to four different Access Categories (ACs), i.e. queues, within the QoS facility. This mapping is shown in Table 4.3,

where the lowest priority is0 and the highest 7.
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Table 4.3: Mapping of UPs in 802.1D to the ACs of QoS facility in 802.11

UPin 802.1D Data traffic type in 802.1D ACin 802.11 Data traffic type in 802.11
1 Background (BK) AC_BK Background
2 Spare (-) AC_BK Background
0 Best effort (BE) AC _BE Best effort
3 Excellent effort (EE) AC BE Best effort
4 Controlled load AC_VI Video
5 Video (VI) AC_VI Video
6 Voice (VO) AC_VO Voice
7 Network control (NC) AC VO Voice

NOTE 1: In802.1D best effort traffic has the lowest priority 0 but the traffic type background has the priority of 1
even if thistraffic type in reality has lower priority than the best effort type. For historical reasons the
priority of the best effort traffic in 802.1D is not changed because of interoperability problems with
legacy network equipment. This priority conflict is however solved in the QoS facility in 802.11.

Theresulting AIFS for the ACs s calculated using the following formula:

AFJAC) = AFS\N]xaSd Tine+eSFSTine

(4.1)

where the AIFSN stands for AIFS number, which is an integer, aSotTime and the aSI FSTime (short interframe space)
are fetched from the PHY in use and they are fixed. Consequently, the AIFSN is the parameter determining the listening
period (AIFS) for each queue (AC). In Table 4.4 the default values for AIFSN and CW is tabulated for the different
ACsin 802.11p, found in Table 9-156 | EEE 802.11-2020 [i.3].

Table 4.4: The default values for the AIFSN and CW in 802.11p found in IEEE 802.11-2020 [i.3]

AC CWihin CWiax AIFSN
AC VO (@CWmin+1)/4-1 (@CWmin+1)/2-1 2
AC VI (@CWmin+1)/2-1 aCWmin 3
AC BE aCWmin aCWmax 6
AC_BK aCWmin aCWmax 9

NOTE 2: The default values may be changed through some other mean such as the advertisement, regulation or
another controlling standard.

In Table 4.5, the different parameter values needed to determine MAC specific functions for 10 MHz channels of the
OFDM PHY layer are tabulated. These values are fetched from Table 17-21 in IEEE 802.11-2020 [i.3].

Table 4.5: OFDM PHY specific parameters used in 802.11p found in IEEE 802.11-2020 [i.3]

Parameter Value
aSlotTime 13 ps

aSIFSTime 32 ps
aCWmin 15
aCWmax 1023

In Table 4.6, the resulting default values for 802.11p's ACs are tabulated using Table 4.4, Table 4.5 and Equation (1).

Table 4.6: The resulting AIFS and CW sizes for 802.11p's ACs

AC CWoin CW AIFS
AC VO 3 7 58 s
AC_VI 7 15 71 s
AC_BE 15 1023 110 ps
AC_BK 15 1023 149 ps

More details about the EDCA mechanism isfound in Clause 10 of |EEE 802.11-2020 [i.3].
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4.3 LTE-V2X

4.3.1 Introduction

LTE-V2X isoutlined in ETSI EN 303 613 [i.7] describing the access layer of the TS station reference architecture.

4.3.2 Physical layer

LTE-V2X uses Single-Carrier Frequency-Division Multiple Access (SC-FDMA), and supports 10- and 20-MHz
channels. Each channel is divided into subframes, Resource Blocks (RBs), and subchannels. Subframes are 1 mslong,
asthe LTE Transmission Time Interval (TTI). An RB isthe smallest unit of frequency resource that can be allocated to
auser. It is 180 kHz wide in the frequency domain and contains 12 subcarriers, which are 15 kHz each. LTE-V2X
defines subchannels as a group of RBsin the same sub-frame, where the number of RBs per subchannel can vary.
Subchannels are used to transmit data and control information. The data is transmitted in Transport Blocks (TBs) over
Physical Sidelink Shared Channels (PSSCH), and the Sidelink Control Information (SCI) messages are transmitted over
Physical Sidelink Control Channels (PSCCH) [i.8]. PSSCH and PSCCH are transmitted on the same subframe to reduce
the impact of near-far issues and the issues related to the half-duplex operation. However, PSSCH and PSCCH may or
may not be adjacent in the occupied RBs. Same power control parameters are used for both channels, however a 3 dB
power spectral density boosting is applied for PSCCH to make sure that control information does not become the
bottleneck.

A TB contains afull packet to be transmitted, e.g. a beacon or cooperative awareness message. A node intending to
transmit a TB has also to transmit its associated SCI, also referred to as scheduling assignment. The SCI includes
information such as the Modulation and Coding Scheme (MCS) used for transmitting the TB, the RBsit uses, and the
resource reservation interval for Semi-Persistent Scheduling (SPS). The correct reception of SCI by other nodesis
crucia for the decoding of the transmitted TB. LTE-V2X defines two subchannelization schemes - adjacent and
non-adjacent - see Figure 4.4.

Adjacent Nonadjacent
PSCCH + PSSCH Scheme PSCCH + PSSCH
B I
1T "I T132R8Bs
B - 1
T B e SCI Only (PSCCH)
[C] SCi or TB (PSCCH or PSSCH)
[C] T8 Only (PSSCH)
[ SCI Transmission

[l 7B Transmission

n RBs
(Subchannel)

2 RBs
nRBs Subchanne

© Time
Subframe (1 ms)

Figure 4.4: LTE-V2X subchannelization

In the adjacent PSCCH + PSSCH scheme, the SCI and TB are transmitted in adjacent RBs. For each SCI + TB
transmission, the SCI occupies the first two RBs of the first subchannel utilized for the transmission. The TB is
transmitted in the RBs following the SCI, and depending on its size can occupy several subchannels. In this case, it will
also occupy the first two RBs of the following subchannels.
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In the nonadjacent PSCCH + PSSCH scheme, the RBs are divided into pools. One pool is dedicated to transmit only
SCls, and the SCIs occupy two RBs. The second pool is reserved to transmit only TBs and is divided into subchannels.
TBs can be transmitted using QPSK or 16-QAM, whereas the SClIs are always transmitted using QPSK. LTE-V2X uses
turbo coding and normal cyclic prefix. LTE-V2X subcarriers have atotal of 14 symbols per subframe, and four of these
symbols are dedicated to the transmission of demodulation reference signals (DMRSs) to combat the Doppler effect at
high speeds. DMRSs are transmitted in the third, sixth, ninth, and 12th symbol of each subcarrier per subframe, ETSI
TS136211[i.9].

The adjacent PSCCH + PSSCH scheme has been selected for mode 4 operation in ETS|I EN 303 613 [i.7].
4.3.3 Medium access control

4.3.3.1 Introduction

Vehicles using V2X communications mode 4, select their radio resources independently from the control of cellular
network. In ETSI EN 303 613 [i.7], the number of subchannels has been selected to be 5, therefore each subchannel
contains 10 RBs. When the vehicles are in the cellular network coverage, the network decides how to configure the
V2X channel and informs the vehicles about V2X configurable parameters through the Uu interface [i.10]. The message
includes the carrier frequency of the V2X channel, the V2X resource pool, synchronization references, the
subchannelization scheme, the number of subchannels per subframe, and the number of RBs per subchannel, among
other things.

When the vehicles are not under the cellular network control, they autonomously select radio resources by using sensing
with a semi-persistent transmission, which is akind of "frequency domain listen before talk". Such transmission allows
anode to take advantage of semi-periodic traffic arrival and uses past interference patternsto predict the future. The
nodes utilize a preconfigured set of parametersto replace the sidelink V2X configurable parameters. The standard does
not specify a concrete value for each parameter and the V22X resource pool indicates which subframes of a channel are
utilized for V2X. The rest of the subframes can be utilized by other services, including cellular communications. The
standard provides the option to divide the V2X resource pool based on geographical areas (referred to as zoning [i.10]).
In this case, vehiclesin an area can only utilize the resource pools which have been assigned to that areas.

4.3.3.2 Sensing based semi-persistent scheduling

Vehicles select in mode 4 their subchannels by using sensing-based Semi-Persistent Scheduling (SPS) scheme specified
in Release 14 ETSI TS 136 300 [i.10], ETSI TS 136 321 [i.11]. A vehicle reserves the selected subchannel(s) for afew
consecutive reselection packet-counter transmissions. This counter is randomly set between five and 15, and the vehicle
includes its value in the SCI. After each transmission, the reselection counter is decremented by one. When it is equal to
zero, additional resources need to be selected and reserved with probability (1-P). Each vehicle can set-up P between
zero and 0,8. Additional resources also need to be reserved if the packet to be transmitted does not fit in the
subchannel(s) previously reserved. The reselection counter is randomly chosen every time additional resources are
reserved. Packets can be transmitted every 100 subframes [i.e. ten packets per second (10 pps)] or in multiples of

100 subframes (up to aminimum of 1 pps). Each vehicle includes its packet transmission interval in the resource
reservation field of its SCI. Thanks to the semipersistent reservation of resources and the inclusion of the reselection
counter and packet transmission interval in the SCI, other vehicles can estimate which subchannels are free when
making their own reservation, which reduces packet collisions. The process for reserving subchannelsis organized in
three steps as explained in Figure 4.5.
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Figure 4.5: Mode 4 resource selection

The resource selection is as follows:

Step 1: Suppose that avehicle, V, needs to reserve new subchannels at time, T. It can reserve subchannels between T
and the established maximum latency (< 100 ms[i.12]). Within this time period, called selection window, the vehicle
identifies candidate single-subframe resources (CSRs, also referred to as candidate resources) to be reserved by all
groups of adjacent subchannels within the same subframe, where the SCI + TB to be transmitted will fit.

Step 2: Vehicle, V, analyses all theinformation it has received in the 1 000 subframes before T and creates alist, L1, of
CSRsit could reserve. Thislist includes all the CSRs in the selection window except those that meet the following two
conditions.

1) Inthelast 1 000 subframes, V has correctly received an SCI from another vehicle indicating that it will utilize
this CSR at the sametime V will need it to transmit any of its next reselection packet-counters.

2)  V measures an average reference signal received power (RSRP) over the RBs utilized to transmit the TB
associated to the SCI higher than a given threshold. The threshold depends on the priority of the packet. This
priority is established by higher layers based on the relevance and urgency of the application. If V receives
several SCls from the same interfering vehicle reserving agiven CSR, it will utilize the most recent one to
estimate the average RSRP.

The above-mentioned conditions need to be simultaneously met for V to exclude a specific CSR. Vehicle V aso
excludes all CSRs of subframe F in the selection window, if V was transmitting during any previous subframe F-100 x |
(1 € N, 1<j <10). It should be noted that V is not able to receive the transmissions of other vehiclesin the subframeitis
transmitting due to half duplex transmissions.

After Step 2 isexecuted, L1 hasto include at least 20 % of dl CSRsin the selection window. If not, Step 2 isiteratively
executed until the 20 % target is met. The RSRP threshold isincreased by 3 dB in each iteration.

Step 3: Vehicle V creates a second list L2 of CSRs. The total number of CSRsin L2 hasto be equal to 20 % of all CSRs
in the selection window. L2 includes the CSRs from L1 (after Step 2) that experienced the lowest average received
signal strength indicator (RSSI) over all its RBs. This RSSI value is averaged over all the previous Tcsz-100 X |
subframes (j € N, 1 <j < 10), see Figure 4.6. Vehicle V randomly chooses one of the CSRsin L2, and reservesit for the
next Reselection Counter packet transmissions.
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Figure 4.6: The average RSSI of a candidate resource in Step 3

4.3.3.3 Hybrid automatic request

Hybrid Automatic Request (HARQ) is a mandatory featurein ETSI TS 103 723 [i.28]. It combines forward error
correcting codes with ARQ error control and soft combining. The retransmission needs to be performed within
15 subframes of the original transmission.

4.4 New road ITS technologies

44.1 Introduction

During the drafting of the present document, new road I TS technologies have been or are being developed. These have
not been subject for studying the co-channel co-existence herein but are mentioned briefly for completeness.

4.4.2 IEEE 802.11bd

The |IEEE 802.11bd Task Group was created in January 2019 [i.30] to develop |EEE 802.11p further and the work is
planned to be completed during autumn 2021. Its purpose is to support advanced use cases within connected and
automated driving. New features developed in the |EEE 802.11bd task group are enhancements to the legacy waveform
(retransmissions) as well as new optimized waveform which includes Low Density Parity Check (LDPC) encoding and
midambles, support for 20 MHz channels and vehicle positioning etc. More details on |EEE 802.11bd can be found in
[1.31]. The outcome of IEEE 802.11bd will be included in an update of the access layer standard I TS-G5.

4.4.3 5G-NR V2X

Release 16 of the 3GPP specifications (completed in June 2020) contains V2X communication using 5G New Radio
(NR). It iscomplementing LTE-V2X and it supports advanced use cases and higher automation levelswhereas LTE
V2X supports basic active safety and traffic management [i.32]. 5G-NR V2X supports two modes of operation like
LTE-V2X using the PC5 interface:

i)  decentralized communication (mode 2); and
ii)  supported by the Uu interface inside the coverage by a base station (mode 1).

5G-NR V2X has a new physical layer compared to LTE-V2X whereas the scheduling of transmissions for sidelink
operation is similar for both technologies based on a synchronous network, while scheduling parameters allow for more
flexibility. The additional flexibility and the support of a new feedback channel, enabling HARQ and CSI feedback as
well as power control, might cause the NR V2X sidelink transmissions to behave significantly different from those of
LTE-V2X sidelink. For more details on the 5G-NR V2X have alook in [i.31] and [i.32]. The 5G-NR V2X will be
included in an update of the access layer standard LTE-V2X.
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5 Problem statement

5.1 Introduction

The present document carries out studies on the feasibility of co-channel co-existence between ITS-G5 and LTE-V2X
technologies. Uncoordinated transmissions from the 2 access technologies result in:

. Message collision: messages using different access technologies overlap in time, rendering either one or both
messages invalid depending on the geographical position of the transmitting and receiving I TS stations, thus,
leading to loss of data. This would undermine safety, which is not acceptable.

. Imbalance in channel access: one technology does not (sufficiently) release the channel for the other
technology (i.e. not being granted the channel in a'fair' way), leading to access starvation for the other
technology. Thiswould not be acceptable if both technologies were deployed in the same geographical area
and had equal rightsin accessing the available channels.

Further, each ITS station hasits own radio horizon, impacting to which extent other vehicles are visible. As aresullt,
without coordination each I TS station may have a very different view of the world with respect to the number of
equipped vehicles (and hence channel busy ratio) and ratio between technologies. This can quickly vary over time. This
isillustrated in Figure 5.1, where different world views of two vehicles (red and green vehicle, respectively) are shown,
but this could also be time-varying perception by the same vehicle at two different locations close in time, t; and t,.
Co-channel co-existence mechanisms need to be robust against these locally different world views.

1 Quiet Observed !
"\ "'"Z area : Observed
\ roe (red car)/ area
v ! (green car)
'I\ Busyroad [ | I L1 ] —1 /
¥
\ 1 ) T I - ’
. ;
D S s N 1 L1y
e Ry O OO S 3--5

Cars in view
1 a7
[ e:30

Solid red/green A/B
block can be either
+ different cars
(stationary view) Building Building
*  or same car at
different times
(dynamic view)

Figure 5.1: Perceived traffic from two positions (red and green)

To ensure anon-interfering operation of distinct radio communications technologies, orthogonality between
corresponding transmissions is required. Orthogonality is typically achieved in the time, frequency, space and/or code
domain. ITS-G5 uses the whole bandwidth of the channel (i.e. 10 MHZz) for every transmission and cannot divide the
channel resources in frequency. Different packet lengths are varied using more time for transmission given a specific
Modulation and Coding Scheme (MCS) or varying the MCS. On the other hand, LTE-V2X has afixed subframe of

1 msand cannot vary the packet length in the time domain but instead in the frequency domain by changing MCS and
number of subchannels. Thus, the possible division of channel resources between the two technologies needsto be
performed in the time domain (time division multiplexing), see Figure 5.2.
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Figure 5.2: Example of how the two technologies share frequency channel in the time domain

5.2 Overlapping message transmissions

5.2.1  The last symbol gap problem

The "last symbol gap" problem is one of the mechanisms resulting in message collision between ITS-G5 and LTE-V2X,
and is caused by the inter-subframe gap of LTE-V2X. The free gap between two subframes can be perceived by ITS-G5
as being arelease of the channel, especially for high priority messages such as event-triggered Decentralized
Environmental Notification Messages (DENMS).

NOTE: DENMsaretriggered on behalf of an ITS application detecting an hazardous event. DENMs will be
transmitted as long as there is an impending danger. DENMs are standardized in ETSI
EN 302 637-3[i.16]

The LTE-V2X subframe is divided into 14 OFDM symbols. The last OFDM symbol, sometimes referred to as "GAP"
symbol is not transmitted to allow some time for the transmitters to return to receiver state before the start of the next
subframe. Thislast OFDM symbol lasts exactly 1 024 + 72 1Q samples worth of time, sampled at 15,36 MSPS. Thisis
approximately 71,35 pusand is denoted TL hereafter.

Figure 5.3 depicts how the channel is perceived by LTE and ITS-G5 stations, respectively, for a2 ms period of time.
Both subframesin Figure 5.3 contain transmissions and I TS-G5 has an opaque view of the channel since it cannot
decode the LTE-V2X transmissions, it just detects the energy available. The last so-called GAP symbol by LTE-V2X is
also depicted and during this period I TS-G5 can perceive the channel as free and it can perform a channel sensing
(AIFS). Thiscan lead to that ITS-G5 starts atransmission when a new subframe is starting.

Last OFDM
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freq opportunities transynitted
A Sidelink Subframe, 1 ms " Next ims r
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Figure 5.3: ITS-G5 can perceive the channel as free at LTE-V2X's GAP symbol in each subframe
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Before being allowed to transmit, an ITS-G5 station listens on the channel for a predetermined listening period called
the AIFS to assure the channel is free (see Clause 4.2.3 on details on I TS-G5 channel access mechanism). The length of
the AIFS is depending on the message priority, to allow messages of higher priority access to the channel before
messages of lower priority. In Table 5.1, the resulting AIFS and CW for ITS-G5 ACs are shown. As can be seen in this
table, ITS-G5 can have AIFS (+ CW backoff time) smaller than TL for traffic classesAC_VO and AC_VI, thusthe last
LTE-V2X symbol can be used by ITS-G5 for performing an AIFS plus possible backoff time.

Table 5.1: AIFS and CW sizes for 802.11p's ACs

AC CWin CWax AIFS Intended use
AC_VO 3 7 58 ps High priority DENM
AC_VI 7 15 71 ys DENM
AC_BE 15 1023 110 ps CAM
AC_BK 15 1023 149 ps others

NOTE: In broadcast mode (used for road traffic safety applications), the CWis aways set to its minimum value

CWiyin See Figure 4.3. This CW isthe upper bound of the back-off time slot, randomly chosen from the

interval [0, CW]. Thus CW can be potentially zero (for AC_VO aprobability of 25 %).

Figure 5.4 illustrates when I TS-G5 senses the channel during the last symbol of LTE-V2X, the AIFSis set to either

AC VO or AC_VI with zero or 13 pus backoff time. In the ITS-G5 view, when having a DENM message ready for
transmission, ITS-G5 will start to sample the channel until no signal is detected. Now the dot is perceived free, and a
DENM transmission is started after the AIFS period. LTE-V2X, not aware of ITS-G5, may start atransmission at
almost the same time, resulting in an unavoidable collision impacting both the ITS-G5 message as well asthe LTE-V2X

message.
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Figure 5.4: ITS-G5 initiates a transmission during the last symbol of LTE-V2X

Thelast symbol gap problem will occur for 50 % of the data traffic mapped to AC_VO for ITS-G5 and 12,5 % for data
traffic mapped to the AC_VI under the circumstance that LTE-V2X stations transmit in consecutive subframes and
ITS-G5 stations have data traffic belonging to the two traffic classes. Table 5.2 tabulates possible CW values and AIFS
that can cause ITS-G5 to initiate an AC_VO or AC_VI transmission when the next subframe startsfor LTE-V2X.
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Table 5.2: Occurrence of the last symbol gap problem

AIFS Possible duration of the Gap problem
AC Cw inner state machine occurrence chances
(see note)
(see note) (see note)
[0,1,2,3] CW 50 %
AC_VO 3 58 s =[0, 13 s, 26 ps, 39 ps] (2 chances out of 4)
[0,1,2...7] CW 12,5 %
AC_VI ! ‘Lus =[0, 13 ps, 26 ps...] (1 chance out of 8)
AC BE 15 110 us n/a n/a
AC_BK 15 149 ps n/a n/a
NOTE: The numbers in bold and italic are the values for which the last symbol gap problem can occur.

The frequency of an LTE-V2X transmission actually being scheduled will depend on the traffic situation and LTE-V2X
scheduling mechanisms and will have to be analysed through simulation.

The occurrences of the last symbol gap problem in Table 5.2 are calculated assuming that the beginning of the AIFS
channel sensing by ITS-G5 is aligned with the beginning of the LTE gap, i.e. thelast symbol of LTE-V2X. Thereisan
ON/OFF time mask defined for LTE-V2X in Clause 6.3.4G of [i.29]. For power off, a 20 pustransient period is allowed
from the end of the 13" OFDM symbol into the guard period (i.e. 14™ symbol). Therefore, the OFF power requirement
isnot valid in thefirst 20 us and the power radiated within this time might still allow for adetection of LTE-V2X by
ITG-G5. Figure 5.5 has been added for illustration stemming from Figure 6.3.4G.1-1in[i.29].
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Figure 5.5: ON/OFF mask for LTE-V2X [i.29]

To this end, Table 5.2 shows the worst case occurrence of the gap problem and given the amount of energy during the
20 pstransient period, the severity of the gap problem occurrence for AIFS= 71 pswith CW = 0 aswell as AIFS= 58 us
with CW = 1 might be a bit relaxed.

5.2.2

In case the LTE-V2X system decides not to use one or more 1 ms subframes, the period in which the channel is
available is now much longer than described in Clause 5.2.1, and I TS-G5 messages get access to the channel during
subsequent subframe(s). A collision will occur if the LTE-V2X system "resumes' transmissions (in the sense the same
or another LTE-V2X user will start the next transmission), as shown in Figure 5.6.

ITS-G5 cut off by LTE-V2X resuming transmission

time

“ 175-G5 msg #1 E O
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Figure 5.6: ITS-G5 stations can transmit messages from all traffic classes in
unused LTE-V2X subframes
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In the situation of a single unutilized subframe, 1,071 ms "free-from-L TE-transmissions’ time (71 us+ 1 ms) is
available. Thus, any traffic class of I TS-G5 messages can use the channel when it isidle for such along time, not only
DENM but for instance Cooperative Awareness Messages (CAMs).

NOTE: CAMsaretriggered with 1 Hz - 10 Hz depending on vehicle dynamics and they are always present as
long asthe vehicleisturned on. CAM is standardized in ETSI EN 302 637-2 [i.17].

CAMs have sizes between 190 and 550 bytes, averaging 350 bytesin real test-drives (see Annex B). Thistrandatesinto
a packet duration approximately between 0,3 ms and 0,8 ms with an average duration of 0,5 ms (considering 350 bytes)
given the default rate of 6 Mbit/s (QPSK, Yz rate).

The CSMA/CA procedure for CAMs can last between 110 ps (AIFS time) up to 279 us (AIFS time + 15 CW, based on
CWhin for class AC_BE). This meansthat in case of a CAM pending for transmission and a gap of asingle LTE-V2X
subframe, typically the first CAM gets through completely, but the second CAM (third in case of al CAMs are short)
will suffer a collision towards the end of the transmission when the next LTE-V2X subframe containing a LTE-V2X
transmission. Likewise, the LTE-V2X message will suffer from the ITS-G5 transmission, rendering either or both
messages invalid depending on the geographical position of the ITS stations.

The exact statistical figures of occurrence of collisions need to be analysed, possibly via numerical simulations.
However, for average ITS-G5 CAM sizes of 350 bytes, the cut-off problem typically occurs for the second CAM in
case of one "free" LTE subframe and for the third and fourth CAM in the case of two consecutive "free" LTE
subframes. Thus, it would be useful to group LTE-V2X messages into adjacent subframesto avoid the cut-off problem.

5.3 Basic principles for co-channel co-existence solutions

5.3.1 Fair sharing of time resources depending on relative traffic load

The available time resources of a channel are shared fairly between LTE-V2X and ITS-G5 depending on the relative
traffic load which is observed in a given geographic location and at agiven time. A corresponding parameterization
typically varies over time and space depending on the locally observed share between LTE-V2X and ITS-G5 at agiven
point in time.

EXAMPLE: At agiven geographic location and at a given time, it is assumed that 50 % of the traffic belongsto
LTE-V2X and 50 % of the traffic belongsto ITS-G5. In such a case, each of the two systems will
have 50 % of the time resources reserved for their respective transmissions.

5.3.2 Distributed channel access management

The division of channel resources between LTE-V2X and ITS-G5 is based on adistributed mechanism, i.e. no
centralized control entity is required to coordinate between the systems.

NOTE: Therequirements of Clauses 6.1.2 and 6.1.3 imply that a distributed mechanism is used to decide on the
deterministic start time, end time and duration of the LTE-V2X and ITS-G5 transmission intervals.
Furthermore, both systems, LTE-V2X and ITS-G5, will have the capability to detect the deterministic
start time, end time and duration of the LTE-V2X and ITS-G5 transmission intervals.
5.3.3 Orthogonality of channel access

Both systems, LTE-V2X and ITS-G5, will limit any channel access to their respective LTE-V2X and ITS-G5
transmission intervals.

NOTE: Thereguirement impliesthat a channel access period istypically finite and well defined. A transmission
isonly scheduled in case that it will not exceed the channel access period.

5.34 Deterministic timing

The start time, end time and duration of the LTE-V2X and ITS-G5 transmission intervals are deterministic for agiven
geographic location and a given time.
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NOTE: Thetiming parameterization is adapted in function of the observed relative traffic load of LTE-V2X and
ITS-G5, respectively. Once the parametrization is agreed, the transmission intervals are deterministic, i.e.
it isknown in advance when an interval starts and ends.

5.35 Guard time between transmission intervals

A guard timeisintroduced between the LTE-V2X and ITS-G5 transmission intervals (and vice versa).

NOTE: Themain purpose of this guard timeisto avoid interference between both systems. Due to inaccurate
time synchronization or the propagation delay, transmissions at the end of the reserved time for one of the
systems can generate interference at the start of the time reserved for the other system. This guard time
may enable a suitable switching of dual-mode transceivers.

6 Co-channel co-existence methods

6.1 Introduction

6.1.1 Background

Clause 6 outlines a set of co-channel co-existence methods between ITS-G5 and LTE-V2X, which will be scrutinized in
subsequent clauses. All methods presented are based on sharing in the time domain since ITS-G5 uses aways the whole
bandwidth for transmission whereas LTE-V2X can also divide the resource in the frequency domain. The techniques
presented range from a classical Time Division Multiplexing (TDM) approach with static division of time resources to
dynamic based on the possibility to perceive technology distribution in a certain geographical area (e.g. through
detection of signals).

6.1.2 Sharing in the time domain

Sharing in the time domain implies that the available timeis divided into time slots, where one technology will occupy
the whole bandwidth for a certain period of time (i.e. time sot). Figure 6.2 illustrates this. How the resources are used

within each time slot interval is decided by the medium access control scheduling for each technology. ITS-G5 always
uses the whol e bandwidth and depending on payload the packet transmission duration is variable. LTE-V2X uses 1 ms
chunks (i.e. subframe) and can further divide this into the frequency domain as depicted in Figure 6.1. There may be a
guard time when transitioning from one technology time slot to another.

LTE-V2X interval ) ITS-G5 interval ) LTE-V2X interval

F

Guard time

Time

Figure 6.1: Example of how the two technologies share frequency channel in the time domain

To assess and describe the methods outlined in Clause 6.3, acommon terminology needs to be introduced. In

Figure 6.2, the notion of superframe together with time dotsisintroduced and in Table 6.1, the different parameters are
described. The superframe boundary contains two "time slots®, one for each technology. The time slot boundary will
vary depending on for example equipment rate. The guard timeis not depicted in Figure 6.3 and it is not clear if time
needs to be spent on a pronounced guard time or inherent protocol mechanism is enough as guard times (e.g. AIFS for
ITS-G5 or "guard period" in LTE-V2X).

NOTE: Timesdot isthe period of time one technology has access to the channel, denoted T, and Ty in Figure 6.2.
Subframe refersto the 1 mstime duration of an LTE-V2X transmission, see Figure 6.1.
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Figure 6.2: Superframe structure with two time slots, one for each technology

Table 6.1: Description of parameters in Figure 6.3

Parameter | Unit Description
Tst ms___|The length of the superframe.
Ta ms |The length of the period technology A is allowed to use the channel for transmission

denoted "time slot". Technology B is not allowed to access the channel during this time.
Ta can vary depending on the method. Ta + Tw = Tst. A guard time might be included in
the beginning of Ta.

Tb ms |The length of the period technology B is allowed to use the channel for transmission
denoted "time slot". Technology A is not allowed to access the channel during this time.
Tbv can vary depending on method. Ta + Tb = Tst. A guard time might be included in the
beginning of Te.

6.1.3 Limitations of sharing in the time domain

There are inherent protocol mechanisms for both technologies that put up limits on the time slot and superframe sizes
that need to be considered when developing and investigating the co-existence methods.

In LTE-V2X mode 4, sensing-based Semi-Persistent Scheduling (SPS) is used to reserve the radio resources, i.e.
subchannels, as outlined in Clause 4.3. An ITS station reserves the selected subchannel(s) for several subsequent
transmissions. According to ETSI EN 303 613 [i.7], the parameter Py, in [i.8] is equal to 100 ms. The final SPS
transmission periodicity is determined by Psep, X Prsyp 72/100, Where the resource reservation interval Py, o €
{20,50,100, 200, ...,1 000} is determined by higher layers. The resource reservation interval P, 1, iS chosen by the
LTE-V2X station depending on its scheduling decision. Therefore, packets utilizing the same subchannel(s) can be
transmitted every 20 ms, 50 ms, 100 msor in (integer) multiples of 100 msup to 1 s. When combining the SPS
algorithm with a TDM pattern, then the SPS reservations does not have to fall into the time reserved for the other
technology. To be compatible with the SPS algorithm, the TDMA superframe duration hasto be identical to or a
(prime) divisor of the SPS transmission periodicity. All other superframe durations lead to the effect that although the
first SPS reservation can be selected to fall within the LTE-V2X time slot, there is no guarantee that the reselected SPS
resources that follow do not fall into the time reserved for the other technology. Table 6.2 lists the shortest five SPS
transmission periodicities and the resulting superframe durations.

Table 6.2: SPS transmission periodicity and possible superframe durations

SPS transmission Possible superframe durations (supported superframe
periodicity (ms) durations in bold)
20 2,4,5,10, 20
50 2, 5,10, 25,50
100 2,4,5,10, 20, 25, 50, 100
200 2,4,5, 8,10, 20, 25, 40, 50, 100, 200
300 2,3,4,5,6,10, 12, 15, 20, 25, 30, 50, 60, 75, 100, 150, 300

In general, the longer the superframe duration, the higher the additional delay caused by the transmission. Since CAM
packets can be generated periodically every 100 ms and DENM packets every 50 ms, the superframe duration needs to
be less or equal than the smallest timeinterval between two packets. Otherwise, two or more packets, where only the
last packet contains up-to-date information, need to be transmitted within one time slot. This would render the
transmission of the outdated packet(s) redundant and a waste of radio resources. Even for 50 ms superframe duration,
the packet delay will be significantly increased, depending on the time slot length all ocated to the other technol ogy.
Therefore, for practical implementations, superframe durations smaller or equal to 50 ms should be chosen.
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Table 6.2 summarizesin bold the possible combinations of the SPS transmission periodicity and the supported
superframe durations up to 50 ms. It can be observed, that only superframe durations 2, 5, and 10 ms can be supported
by all SPStransmission periodicities. In case 20 ms SPS transmission periodicity would be excluded, then also
superframe durations of 25 and 50 ms are possible. To transmit CAM and DENM messages, excluding 20 ms SPS
transmission periodicity might be possible. However, by restricting the available LTE-V2X SPS transmission
periodicities, messages requiring a higher packet rate than 20 Hz will be impacted. Technologies relying on CA/CSMA
would not be impacted by an exclusion of the 20 ms SPS transmission for such use cases.

LTE-V2X can enable HARQ retransmissions to increase robustness and above a vehicle speed of 160 km/h, HARQ
retransmissions are mandatory (see ETS| EN 303 613 [i.7]). Therefore, HARQ retransmissions have to be ensured in a
time-sharing scenario. According to the LTE-V2X specification in Clause 14.1.1.17 of ETSI TS 136 213 [i.8], when
employing HARQ retransmissions, both transmissions, the initial transmission and the retransmission, have to occur
within awindow of 15 (contiguous) subframes, i.e. 15 ms. Depending on the combination of superframe and LTE-V2X
time dlot duration, the transmit opportunities for both transmissions might be significantly limited, especially in the case
of short time slot durations. As soon as the time slot duration of the other technology is 15 ms or longer, both
transmissions have to happen in the same time slot. In this case, for very short time slot durations both transmissions
might need to be transmitted in the neighbouring or even adjacent subframes, since frequency multiplexing on the same
subframeis not alowed see Clause 14.1.1.7 in ETSI TS 136 213 [i.8], therefore reducing the time diversity. Dueto the
reduced number of available resources, the SPS algorithm might have to accept higher RSRP thresholds to find
available resources, which leads to overall higher interference between LTE-V2X transmissions and higher packet error
rate.

For LTE-V2X, time slot and superframe durations in multiples of 1 ms, i.e. the fixed duration of one LTE-V2X
subframe, ensure that the LTE-V2X time dot can be fully used. For ITS-G5, where the duration of each transmission
depends on the payload size and the selected Modulation and Coding Scheme (MCS), there is no preference towards a
specific time dot or superframe granularity. Therefore, choosing the time slot and superframe durations in multiples of
1 msis optimizing the system efficiency. In case guard periods between both technologies are used, it is therefore
beneficial to have the start and end time of the LTE-V2X transmission aligned with the 1 ms granularity.

For the minimum time slot duration, a compromise needs to be found. Depending on the packet size and selected
modul ation and coding scheme, ITS-G5 transmissions can take up to 4 ms according to Equation (2) in ETS

EN 302 663 [i.2]. Furthermore, also the time for AIFS and CW are required in the time slot before the transmission,
which can account up to 1 ms depending on the priority class. Therefore, the minimum time slot duration for each
technology should never fall below 5 ms since this would render certain ITS-G5 transmissions impossible and
undermines HARQ retransmissions diversity for LTE-V2X, as described above. To ensure fairness for both systems,
the minimal time slot duration has to be equal for both technologies. Since the superframe duration needs to be longer
than the sum of the two time slot durations the superframe durations has to be at least 10 ms. The short superframe
durations of 2 ms and 5 ms, which would be supported by all LTE-V2X SPS transmission periodicities, cannot be used
due to the limitation of ITS-G5. Clause 6.2 elaborates further on superframe and time dot sizes.

Given the inherent protocol mechanisms of both technologies as outlined, only a set of sizes of the superframe is
eigible:

. superframe duration: 10 ms, 25 ms, or 50 ms
- 10 ms supports the following SPS periodicities { 20, 50, 100, 200, ..., 1 000},
- 10 ms, 25 ms, and 50 ms, supporting the following SPS periodicities { 50, 100, 200, ..., 1 000}

Three different superframe duration (10 ms, 25 ms, and 50 ms) will be examined during simulations to find out which
oneisthe most suitable for co-channel co-existence. The minimum time slot duration for each technology isset to 5 ms
for numerical smulationsin this study. In areal-world deployment, the superframe duration will be fixed and the time
dlot duration for each technology will be decided either static, semi-static, or dynamic. Thisis further discussed in
Clause 6.2.3.

6.1.4 Presumptions

6.1.4.1 Half duplex constraint

Each ITS station regardless of access layer technology is operating in half-duplex operation, implying that it cannot
receive messages or perform PHY layer measurements while it is transmitting messages.
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6.1.4.2 Synchronization

All ITS stations have access to a Global Navigation Satellite System (GNSS) and thus, they can have common time
source

LTE-V2X and ITS- G5 stations may have different time synchronization tolerance.

LTE-V2X isbased on a synchronous network and LTE-V2X stations inherently have atight requirement for accuracy
in terms of frequency and time synchronization. The frequency accuracy requirement is specified in 3GPP

TS 36.101 [i.29] to maximum 0,1 ppm jitter (i.e. £ 600 Hz), and the time accuracy requirement is specified in ETS
TS 136 133 [i.33] to maximum 0,39 us.

ITS-G5 isbased on an asynchronous network, with messages including a preambl e allowing the receivers to tune to the
frequency and time of the transmitter. The synchronization requirements are thereby less stringent.

EXAMPLE: IEEE 1609.4-2016 [i.27] defines a channel switching mechanism, where ITS stations have a
synchronization tolerance of 2 ms, and the time error can be aslarge as +0,33 ms.

For simulation purposesin the present document, it is assumed that ITS-G5 stations have a time synchronization
accuracy of 0,1 ms.

6.2 Configuration of time slot boundary

6.2.1 Static, semi-static and dynamic

The superframe duration will be fixed in areal-world deployment but the time slot boundary can be configured either

statically, semi-statically, or dynamically, depending on the technology distribution. Description of the configurations
arefound in Table 6.3. The dynamic configuration could either be performed locally or globally, which will be further
elaborated on in subsequent clauses.

Table 6.3: Description of possible configurations

Configuration Description
The available resources are divided between the two technologies offline and are
Static constant throughout the lifetime of the ITS station. The static configuration is decided by
regulators.

The available resources are divided between the two technologies offline but can be
changed throughout the lifetime of the ITS station. The semi-static configuration is
decided (and potentially revised) by regulators. This configuration requires the ability of
performing software updates.

The available resources are dynamically shared considering the actual, local distribution
of technologies among ITS stations:

e Locally, the determination is performed on the fly by (some of) the ITS stations.
Dynamic e Globally, the determination is performed by a source outside the ITS station,
called supervising entity. The supervising entity is responsible for aggregating
traffic measurements performed by Base Stations (BS) and/or Roadside Unit
(RSUs).

Semi-static

6.2.2 Dynamic local configuration of time slot sizes

In adynamic local configuration scenario, the ITS stations determine the time slot sizes for each technology, in a
distributed manner. Three superframe sizes are considered in present document: 10 ms, 25 ms, and 50 ms. More details
on the superframe sizes are found in Clause 6.1.3. In areal-world deployment, the superframe size will be fixed to one
of the proposed.

The superframe and time slot sizes are not known to ITS-G5 in Method B through Method E (described in more detail
in Clause 6.3 and an overview provided in Table 6.3). In these methods, LTE-V2X stations signal to ITS-G5 stations to
defer channel access using different approaches. LTE-V 2X can perceive the amount of transmissions belonging to
LTE-V2X, how this assessment is performed is detailed in Clause D.3. Both technologies need to adhere to congestion
control mechanisms, implying that there will be an upperbound for the channel utilization by both technologies.
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ITS-G5 will restrict the number of packets transmitted by each I TS-G5 station substantially when hitting a CBR of
62 % [i.26], and LTE-V2X has the same mechanism for when CBR values reaches 65 % [i.25].

LTE-V2X needsto know which 1 ms subframes in the future that are possible to use for scheduling upcoming
transmissions. Given this, the LTE-V2X part for transmissions should be first in the superframe because then LTE-V2X
aways know from where to start. When the number of LTE-V2X station increases, indicated by the CBR_te (see
Clause D.3), more and more 1 ms subframes can be added to the resource pool for eligible resources to select from.

The minimum time slot duration for each technology is set to 5 ms (see Clause 6.1.3) for numerical simulationsin this
study. For a superframe duration of 10 ms, the time slot duration will always be fixed for each technology.

For the superframe durations of 25 ms and 50 ms, the TeChpercentage Will determine the time slot duration for each
technology, see Tables 6.4 and 6.5. Annex H provides two tables detailing all time dot duration values for different
TeChpercentage iNtervals for each superframe size.

Table 6.4: Time slot duration for each technology for a superframe of 25 ms

Superframe of 25 ms
TeChpercentaye LTE-V2X ITS-G5
[0:22] % 5ms 20 ms
[22:26] % 6 ms 19 ms
[78-100] % 20 ms 5ms

Table 6.5: Time slot duration for each technology for a superframe of 50 ms

Superframe of 50 ms
Techyercentage LTE-V2X ITS-G5
[0:11] % 5 ms 45 ms
[11:13[ % 6 ms 44 ms
[89:100] % 45 ms 5ms

6.2.3

In adynamic global configuration scenario, the available resources are dynamically shared considering the actual, local
distribution of technologies among I TS stations. The scheduling of resourcesis performed by a source outside the ITS
station, called supervising entity. The supervising entity is responsible for aggregating measurements performed by, e.g.
Roadside Units (RSU), Base Stations (BS), as well as by the Onboard Units (OBU). The supervising entity will instruct
(some of) the ITS stations about the TDM pattern to follow.

Dynamic global configuration of time slot sizes

The methods to determine the TDM pattern locally and globally can be categorized as:
o small-arealocal short-term measurements;
. large-area long-term measurements; or
. based on a large-area database.

For each locally and globally defined TDM pattern, a geographic area aswell as a validity duration are required.
Depending on the intended requirements for both parameters, different solutions should be used, as depicted in

Figure 6.3. Although afast update and afine geographical area are desired, a compromise needs to be found to enable a
sustainable update rate, i.e. the right balance between spectral efficiency and implementation/deployment complexity.
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Figure 6.3: Validity duration and geographic area for different solutions to determine the

TDM pattern dynamically and globally

The small-arealocal short-term measurements are summarized as follows:

In asmall geographic area, local measurements are continuoudly performed. The measurements can be
performed by road-side units, base stations, as well as by on-board units, for example.

An infrastructure/communication link is needed to quickly distribute the measurements to the supervising
entity. A centralized or anumber of distributed entities need to handle the handover of vehicles between the
corresponding geographical areas.

The TDM pattern should be valid for minutes or hours.

The method reguires a mandatory fast and reliable communication connection to distribute the measurements
aswell as the information about the dynamic TDM pattern. Therefore, the effort for thisis method is very
high.

The large-area long-term measurements are summarized as follows:

In awider geographic area, measurements are done regularly. The measurements can be performed by
measurement vehicles or other equipment which is able to count the number of actively transmitting vehicles
and their technology in aregion.

The measurements can be also done by several road-side units or base stations for a medium geographic area.
They are stored in a database and are used to determine the TDM pattern. Also, here the supervising entity
needs to handle the handover of vehicles between the wider geographical area.

The TDM pattern should be valid for hours or days.

This method requires neither afast nor highly reliable communication connection to distribute the information
to the vehicles. The effort for this method is therefore medium.

The databases are summarized as follows:

For each city/county/state, cars are registered in a central register. Those registers contain very detailed
information about each car. From those databases it is possible to determine the technology distribution for a
large geographic area.

Since the information will change very slowly in those databases, the TDM pattern should be valid for days or
months.
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e  The database of vehicles and technologies can be regularly cross-checked with mobile operators data to
provide the exact region where the vehicles are located.

. This method can be easily implemented and a public database, similar to the database used for CEN DSRC
protection, can be used to convey thisinformation to al vehicles. Therefore, the effort for this method is low.

To aso enable the access to the channel for vehicles that have no access to the dynamic TDM pattern, a minimum time
dlot duration can be alocated to each technology. Vehicles without information about the dynamic TDM pattern are
then limited to this minimum time slot duration. This minimum time slot duration will be also used as the fall-back
configuration when transitioning from one geographical areato another.

How adynamic global configuration might look in reality needs further elaboration and it is out of scope of the present
document.

6.3 Co-channel co-existence methods

6.3.1 Method A: Classic TDM method

6.3.1.1 Introduction

This method is based on a classical Time Division Multiplexing (TDM) approach in which atime domain partition is
used to assign resources to the two road I TS technologies apriori. The basic ideais to define the superframe length,
with deterministic start and end times which is known by both technologies, as shown in Figure 6.4. To facilitate the
discussion, it is assumed that the superframe is divided in two time slots, one for each technol ogy.

Depending on if/how often the partitions of time between the technol ogies are updated, different approaches are
possible;

e  The static implementation of this approach would be afixed TDM pattern in which the two technologies
equally share the medium in time domain. In this case, the time slot boundary between the two technologiesis
fixed and the partition of the resources does not change over time. Within each time slot, one or multiple users
within the same technology group may access the medium for transmission according to the technology
intrinsic access method.

. Semi-static TDM would be that the time slot boundary between the two technologies can be periodically
updated based on some mechanism as the one described in Clause 6.3.1.1. The updated could be triggered
based on different conditions (e.g. traffic conditionsin a specific area) and with a different periodicity. In any
case, the time scale of update is much longer compared to a dynamic scheme.

. In the dynamic approach, the technologies adapt the time slot boundary based on the current equipment rate.
In summary, the key aspects of the method based on TDM partitions are the following:

. It isrequired that both technologies have a common time reference. This can be provided by, e.g. Global
Navigation Satellite System (GNSS).

e  Anoveral frame structure (superframe) is known to both technologies.

e A contiguous portion of the superframe timing is allocated to each technology (T;). Each technology is allowed
to transmit only in its alocated partition. The TDM configuration (pattern) is repeated in every superframe.
The time slots which are dedicated to one technology are contiguous.

e  Guardintervalsat the end of each partition can be introduced to account for synchronization inaccuracies.
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Figure 6.4: Time division between technologies A and B

6.3.1.2 Semi-static TDM pattern update

A static TDM configuration would lead to channel underutilization when the traffic load distribution between
technologies changes. As these changes do not happen abruptly over time and geographical area, a semi-static update of
the TDM configuration, where the TDM pattern is periodically updated to match the technologies traffic load over a
certain geographical areais proposed. The focus is on the mechanism which allows an efficient update of the TDM
pattern rather than on the trigger of the updates.

TDM configuration updates are broadcasted via signalling from base stations and/or RSUs. Alternatively, it isaso
possible to send the updates out-of-band via, e.g. the cellular network connectivity. All vehicles receive during the full
superframe, except while transmitting. Thisis required to detect transmissions from vehicles which are out of coverage.

Every TDM configuration update sent by the network (e.g. RSU) can be safely considered as valid for a period of time
called TDM_config_expiration_time and limited by an optional geographical areainformation. The validity of the TDM
configuration applies even when the I TS station goes out of network coverage. When the TDM_config_expiration_time
of the last received TDM configuration expires or the geographical areaisleft, the ITS station cannot assume that this
configuration is still valid. In that case, the ITS station falls back to adefault TDM configuration that restricts only its
TX (but not RX) resource pool.

The default TDM configuration restricts only the subframes over which the station may transmit. The station always
tracks all subframes for transmissions of interest asif no TDM was applied, since the current (and unknown) TDM
might aswell provide all subframes to the same technology. Therefore, the station may end up receiving signals over
subframes that are excluded from its TX partition. There are several possible approaches for the design of the default
configuration:

. Matching the distribution/penetration of technologies over alarge-scale geographical area
. Splitting the resources equally (50 - 50) between technologies

. Using a conservative reservation (e.g. transmit only on 20 % of subframes) to avoid the possibility of
transmitting in a subframe reserved for the other technology (with the potential cost of underutilization of
resources)

6.3.1.3 Dynamic TDM pattern update

The semi-static method described in Clause 6.3.1.2 might require an external entity to update the TDM configuration. In
adynamic TDM method each station will use local measurements to determine which technology is used in each
subframe. In contrast to other dynamic approaches, in this method all stations, i.e. LTE-V2X aswell asITS-G5, need to
derive the TDM pattern to be followed.

ITS-G5 stations can distinguish signals originating by LTE-V2X from ITS-G5 transmissions, e.g. by employing the
cyclic prefix method described in Clause D.2.1. Since LTE-V2X transmissions are confined to subframes, as indicated
in Figure 6.4, one possible method isto decide based on the cyclic prefix method for each dot if it isused by LTE-V2X.
The method to determine the dynamic local configuration of superframe structure and time slot described in

Clause 6.3.3.2 can be a so applied to derive the TDM pattern for ITS-G5 stations. In case self-detection of ITS-G5
signalsisused, the Tech,ercentage Will be calculated accordingly.

For LTE-V2X, the metrics described in Clause D.3 could be used to determine the technology distribution metric
Techpercentage- Based on thismetric, Clause 6.2.2 can be applied.
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It should be noted that the enhancements described in Clause 6.3.1.5 can a so be applied with the dynamic TDM pattern
update. Thiswill ensure that the probability for collisions due to overlapping TDM patternsis significantly reduced.

The dynamic TDM pattern update could also be used as a fall-back method for the semi-static TDM pattern update,
described in Clause 6.3.1.2, if astation is out of coverage and therefore not able to receive an updated/valid TDM
pattern.

6.3.1.4 Alternative method to detect LTE-V2X transmission boundaries

Asoutlined in Clause 6.3.1.2, for the classic TDM method access to a common time reference is required. LTE-V2X
stations always have access to a common time reference, therefore the following method is a good option for ITS-G5
stations to acquire synchronization. Assuming that T« , the superframe length, is pre-stored or signalled and optionally
also T, or Ty, are pre-stored or signalled to the station, then it is possible to detect the superframe and transmission
boundaries between the two technologies by local measurements. ITS-G5 stations estimate the location of LTE-V2X
transmissions inside the superframe and derive the time slot boundary between technologies as well as the superframe
boundary.

ITS-G5 stations construct a virtual time map of LTE-V2X transmissions leveraging the fact that LTE-V2X
transmissions will repeat with a periodicity of T« , i.e. the super-frame length. Finally, the virtual time map informs
ITS-G5 stations of the boundaries between both technologies.

To build the map, the station needs to observe and measure the channel for atime Tmeas, Which should be a multiple of
T«. During thistime the I TS-G5 station uses preambl e detection to detect the presence of other ITS-G5 stations and
energy detection to detect LTE-V2X transmissions in subframes of duration Ts/ N, where N denotes the number of
subframes per superframe. The ITS-G5 station will mark each measurement as:

. Pass: if the measurement returns either energy below athreshold or an ITS-G5 preamble could be successfully
detected

. Fail: if the measurement returns energy above a threshold but I TS-G5 preamble could not be detected

After collecting all the measurements, the ITS station will combine the chunks to estimate the transmission boundaries.
Thisis done by combining the measurements for all chunks that are multiples of the superframe duration Tg. Exploiting
the fact that the chunks belonging to one technology are contiguous, the boundaries can be estimated between both
technologies. If T, or Ty are known, then only the superframe boundary needs to be estimated and additional averaging
of the chunks can be performed to further improve the estimation accuracy, especially in the cases of low traffic
conditions.

A possible extension to further reduce the number of measurementsis a two-step approach. Here, after having obtained
a coarse timing estimate using alower number of chunks N, the fine timing estimate is derived in the second step. By
using much shorter chunks than in the first step, but limited to the short period before and after the boundary detected in
the first step, the same principle is used to refine the estimation accuracy.

Asoutlined in Annex A, the remaining uncertainty in timing can be compensated by avoiding transmissions at the turn-
around times.

6.3.1.5 Enhancement to Method A
This clause describes enhancement to Method A. It comprises the following additions to the default Method A:

. Both technologies only transmit when the start and end of the packet transmission are contained within the
time slot of each technology. Thisimpliesthat ITS-G5 stations are not allowed to transmit if the end of their
packet would overlap with the beginning of the next superframe. This echoes the description outlined in
Annex F.

. Packet generation for ITS-G5 station is artificially delayed, proportionally to the ITS-G5 available part, for all
ITS-G5 packets. The Figure 6.5 provides an overview of the proportionality of the of delay for al ITS-G5
packets.
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Figure 6.5: Proportional delay applied to all ITS-G5 packets
The procedure for determining the time t,,,,, until which the packet will be delayed ast,,.,, = t,+ A, isasfollows:

. Denote ¢, the start of the LTE-V2X time dlot, and ¢, the start of the ITS-G5 time dot.

. Denote T, the guard time that is not available for transmission at the end of the ITS-G5 time slot, due to
potential overlapping with the next superframe:

T, is defined as the duration of the I TS-G5 packet to be transmitted. It comprises the preamble and the
data section of the packet. It does not comprise channel accesstime (AIFS and CW).

. Define the reference start as ¢, — T;.
. Packet is generated at timet.
. Compute A, the time difference between t and the guard time beginning: A,= t — (t, — Tg).

. Compute Ty, the available part of the ITS-G5time slot: Tgs = Tj, — T,.

e  ComputeA,, thetime offset to be applied from ITS-G5 beginning: A, = A, X TT%
a™lp
e The packet will be delayed until t,.,, = t,+4,,
. _ (t_(ta—tg))x(Tb_Tg)
i€ thew = tp + v, :
Anillustration of ¢t,,,, isfound in Figure 6.6.
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Figure 6.6: lllustration of new packet time t,,,,,
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6.3.2 Method B: Energy signals

6.3.2.1 Introduction

In thismethod, LTE-V2X stations follow a superframe structure with a specific time slot boundary and LTE-V2X
stations use Energy Signals (ES) to prevent I TS-G5 stations from transmitting during specific periods of time. Thus, the
core idea of the method is to partition the time resourcesin a Time Division Multiplexing (TDM) manner into time slots
that alternately grant exclusive access to the channel for LTE-V2X and ITS-G5, respectively. More precisely, during the
LTE-V2X time dots, the ITS-G5 stations should refrain from accessing the channel and only LTE-V2X stations are
allowed to transmit their messages and vice versa. Similar to the approach used in Method A, the time partition between
LTE-V2X and ITS-G5 could be static, semi-static or adjusted dynamically for example based on traffic load distribution
between the two technologies. For the time sharing to work properly without interference, a concept of energy signalsis
introduced to prevent I TS-G5 stations from accessing the channel during LTE-V2X time dots.

With a proper configuration of the "resource pool", the access of the LTE-V2X stations to the channel can be restricted
to the LTE-V2X periods. This mechanism is already possible with the existing specifications. Current 802.11p
specification can prevent ITS-G5 stations from accessing the channel during the LTE-V2X periods only if it is ensured
that the channel does not remain free (idle) for a duration longer than a pre-defined duration. This method introduces
energy signalsalowing aLTE-V2X station to block the channel access during the periods dedicated for LTE-V2X
transmissions. These signals should fill the gap created by the guard band between two consecutive LTE-V2X
transmissions, by the unused LTE-V2X subframes, or to block the channel shortly before the starting of the LTE-V2X
dedicated phase. An example of different usages of the energy signalsisillustrated in Figure 6.7.
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Figure 6.7: Energy signals sent before the beginning of LTE-V2X Phase,
in unused subframes and in the guard band

These energy signals are short signals which are sent without payload to instruct ITS-G5 stations to defer the channel
access at the beginning of adedicated LTE-V2X subframe.

6.3.2.2 Energy signal type 1

Three different types of energy signals to reserve the channel at different phases are proposed. In Typel, energy signals
are sent during unused L TE-V 2X subframes within the LTE-V2X time dot. During the LTE-V2X time dot, at the start
of each TTI, each LTE station measures the channel and if the measured received signal-strength falls below a certain
threshold, the LTE station will send the energy signal, to block ITS-G5 from using this particular subframe. The
required measurement is taken at the very beginning of the subframein a period that is no longer than the interface
spacing period of 802.11p to prevent I TS-G5 devices from resuming contention during the phase reserved for LTE-V2X
transmissions.

6.3.2.3 Energy signal type 2

Energy signal type 2 is blocking ITS-G5 transmissions sent before the beginning of the next LTE-V2X time dot. At the
end of ITS-G5 time dot and before the start of the subsequent LTE-V2X time dot, ITS-G5 devices heed to be blocked
from transmitting data. Thisis achieved by LTE-V2X devices sending energy signals just before the start of the LTE-
V2X time dot. The length of the signal can be configured so that it can only prevent new ITS-G5 transmission to start at
the end of their time slot but does not interfere with ongoing transmissions.
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6.3.2.4 Energy signal type 3

Energy signal type 3 uses the guard period, which is part of the 14" OFDM symbol at the end of an LTE-V2X
subframe.

Such energy signals are transmitted by LTE-V2X stations to block neighbouring ITS-G5 devices from starting
transmissions during the guard period between two consecutive L TE subframes.

The configuration of the energy signals could specify different parameters such as start of the ES transmission, duration
of the signal (the duration is set depending on the ES type and can also vary for the same type), frequency resources
used for the ES transmission (ES signals can be sent using all the subchannels or may occupy only asmall part of the
frequency resources), transmitter of the energy signal (depending on the situation one or many devices can transmit the
ES simultaneously), transmission threshold (indicates which energy level measured at the channel below which an ES
should be sent), and lastly, the transmit power.

6.3.3 Method C: ITS-G5 PHY header insertion

6.3.3.1 Introduction

This method suggests using the superframe structure where LTE-V2X and ITS-G5 have exclusive right to channel in
their time slot asfound in Figure 6.3. ITS-G5 is not aware of the superframe structure but defer from access to the
channel when LTE-V2X transmitsthe ITS-G5 PHY header to announce upcoming L TE-V2X transmissions. Further,
the insertion of the PHY header could also be used to avoid the phenomenon called the "last LTE symbol gap", see
Clause 5.2.1. LTE-V2X is aware of the superframe structure and schedules transmissionsin its time slot (containing
several subframes) as opposed to I TS-G5. The proposed insertion of the ITS-G5 PHY header consists of preamble and
SIGNAL field, which natively contains the information about the duration of al TS-G5 transmission and it is always
present in ITS-G5. Figure 6.8 presents an overview of the ITS-G5 PHY layer protocol data unit and which part that
would be used by LTE-V2X to signal an upcoming packet transmission.

Rate Res. Length Parity Tail service | 7 Tail Pad bits
abits | 1bit | 12bits | 1bit | 6bits | 16 bits PSDU 6 bits
Preamble Signal Data
<—— 32us 8 us
<— Transmitted by LTE-V2X ———>

Figure 6.8: Shows what LTE-V2X transmits from the ITS-G5 PHY header

Figure 6.9 shows an example how the ITS-G5 header consisting of the preamble and a signal field can be used to reduce
the interference probability to LTE-V2X transmissions and vice versato I TS-G5 transmissions.
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Figure 6.9: Example of an ITS-G5 header sent right before an LTE-V2X message
to reserve the channel
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Theinclusion of the ITS-G5 PHY header could either be done by patching the first LTE symbol or/and exploit unused
guard symbol of around 71 ps at the end of each 1 ms transmission time. More technical details around the ITS-G5
PHY header insertion isfound in Annex A.

Since LTE-V2X stations do not sense the channel right before transmitting and the channel accesstiming of ITS-G5
transmissions cannot be predicted from the past, there can till be an overlap (interference) with already ongoing
ITS-G5 transmissions. The header insertion method will at least reduce the interference by avoiding ITS-G5 to start a
transmission when the LTE-V2X transmission cannot be detected with the simple energy detector. Thisimproves the
collision probability to avalue better than a pure ALOHA medium access control, but it will be worse than the collision
probability for amore advanced CSMA/CA medium access control.

6.3.3.2 Option 1: Single LTE-V2X transmission protection

In this configuration of Method C, LTE-V2X stations know the superframe structure and time slot boundaries, whereas
ITS-G5 stations are unaware. LTE-V2X stations will transmit the ITS-G5 PHY header making an immediate
reservation of the channel for 1 ms. When ITS-G5 stations receive this information, they defer access to the channel for
the announced period of time. LTE-V2X stations can receive their time slot configuration either from a source outside
the station or locally as outlined in Clause 6.2. It should be noted that in this option ITS-G5 can start transmissions
during what they perceive as unused subframes of the LTE-V2X time slot which could cause an overlap between
unfinished I TS-G5 transmissions with transmissions in the next subframe, see Figure 6.10.
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Figure 6.10: Illustration of packet transmissions for Method C Option 1 given a superframe of 25 ms
with 13:12 time slot distribution

6.3.3.3 Option 2: Multiple LTE-V2X transmission protection with enhancement

In this configuration of Method C, LTE-V2X stations know the superframe size and time ot boundaries. The purpose
with this configuration is to make I TS-G5 stations aware about when their time dlot starts to also utilize the possibility

for artificially spread ITS-G5 transmissionsin their time slot as described in Clause 6.3.1.5. LTE-V2X stations receive
their time ot configuration from a source outside the station as outlined in Clause 6.2.1.

When LTE-V2X stations transmit the ITS-G5 header, they reserve the present and subsequent subframes until the end
of the LTE-V2X time dot (or upper bounded to alarge value, e.g. 10 ms). The reservation mechanism is further
detailed in Annex A, see for example Figure A.5.

ITS-G5 stations store the information about the time dot size of LTE-V2X to learn about the current division of the
superframe and store thisinformation for a while even though no ITS-G5 headers are received from LTE-V2X stations
(further detailed in Annex A).

This option is based on the following assumptions:

1) ITS-G5 stations have knowledge about the superframe size (e.g. 25 ms, 50 ms) in order for ITS-G5 stations to
avoid sending messages that may overlap with the beginning of the next superframe and hence, the time dot of
LTE-V2X

2) ITSG5 stations need to distinguish between I TS-G5 headers transmitted by I TS-G5 stations from those
transmitted by LTE-V2X stations
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6.3.4 Method D: Reservation messages

This method requiresthat all ITS stations are using I TS-G5 transceivers for sending reservation messages on the
frequency channel and an I TS station equipped with dual radio can reserve resources for its other radio technology by
broadcasting messages on the shared frequency channel. Figure 6.11 shows an example on resource reservations
embedded in ITS-G5 messages (e.g. CAMs) that announce when, e.g. LTE-V2X will use the channel.
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V A or group of LTE time slots

ITS-G5 message
including reservation

1 other ITS-G5 message
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Figure 6.11: Example of ITS-G5 resource reservations (e.g. embedded in an ITS-G5 CAM) that each
contain a list of two LTE-V2X transmit reservations

A list of channel reservations (containing time and duration values) can be announced in areservation message. The
reservation message could be, e.g. put into adata container of the CAM (like the protected zone message - see[i.17]).

Thereceiving I TS station can use this information in several ways. It can queue al ITS-G5 transmissions that will not
be finished before the reserved time dlot and when using an additional radio technology (e.g. LTE-V2X) it can adso
facilitate scheduling transmission of this other radio technology to avoid (self) interference. Because in an ad hoc
broadcast network each individual resource pool scheduler has no global view of the available resources, and semi-
persistent scheduling (as used in LTE-V2) assumes periodic messages, the reservation messages can inform the
scheduler also about upcoming non-periodic transmissions.

6.3.5 Method E: Combination of ITS-G5 PHY header insertion and
reservation messages
This method combines the ITS-G5 PHY header insertion described in Clause 6.2.3 with the reservation messages

introduced in Clause 6.3.4. The motivation for combining these two methods is that existing I TS-G5 stations are not
capable of decode the reservation message.

Figure 6.12 shows the combination of reservation messages (e.g. ITS-G5 CAMs) for LTE-V2X together with ITS-G5
PHY headersinsertion.
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Figure 6.12: Example of an ITS-G5 resource reservation message in combination with an ITS-G5
header sent right before an LTE-V2X message to reserve the channel
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6.3.6 Method F: LTE-V2X applying IEEE 802.11 NAV setting

6.3.6.1 Introduction

Assuming a coexistence based on deterministic timing, and static, semi-static and dynamic time slot configurations, this
method assumes that the LTE/NR-V2X system will take over the overall timing management of al technologies
including LTE-V2X and ITS-G5. Thisis proposed to be achieved through the setting of the IEEE 802.11 Network
Allocation Vector (NAV), which isavirtual carrier-sensing mechanism that limits the need for physical carrier-sensing
at the air interface in order to improve power efficiency. The MAC layer frame headers contain a duration field that
specifies the transmission time required for the frame (i.e. indicating the time for which the medium will be busy). The
vehicles (or other stations) will listen on the wireless medium to read the duration field; then, they will set their NAV,
i.e. anindicator for an ITS-S on how long it has to abstain from accessing the medium. In the IEEE 802.11 standard
(and thus potentially aso for ITS-G5), the NAV indicates the time period which isintended to be held by the ITS-S, and
can be amaximum of 32,767 ps.

The basic ideaisthat the ITS-G5 stations will behave as a"hidden termina™ during the LTE-V2X transmissions and
will refrain at accessing the channel. The total time an |EEE 802.11-based station will defer accessisthe NAV time
plus the configured AIFS time.

In aconventiona distributed CSMA/CA protocol, the process to resolve the "hidden terminal problem” isimplemented
asfollows: The transmitter sends a Request-To-Send (RTS) and the receiver waits one SIFS before sending the Clear-
To-Send (CTS) signal. Alternatively, a Clear-To-Send-To-Self (CTS-To-Self) signal may be sent including the duration
field, which will be then used to set the NAV. Then, the transmitter will wait for another SIFS before sending the
payload data. Afterwards, the receiver will wait a SIFS before sending ACK. Following this reasoning, the NAV isthe
duration from the first SIFS to the ending of ACK. During thistime the medium is considered busy. The basic principle
isasfollows: one LTE-V2X stations broadcasts an | EEE 802.11 sequence (such as CTS-To-self, RTS, CTS, RTS/CTS,
etc.), which will make the ITS-G5 stations to set their NAV, in order to get protection during the LTE-V2X
transmission period.

Not all LTE-V2X stations need to issue the NAV setting signal and there are multiple possible rules to establish which
station will issue the signal, preventing all ITS-G5 stations to transmit during the LTE-V2X time slot. For example,
during the Semi-Persistent Scheduling (SPS) procedure, the LTE-V2X station which allocated a specific resource in the
available resource pool, will be also the one eligible to issue the NAV setting signal.

Although not al LTE-V2X stations need to issue the NAV setting signal, all of them do need to know the technol ogy
distribution or the exact time split between the two technol ogies. For static and semi-static superframe configuration,
the timing updates are provided offline or externally by means of other entities in the system. For the dynamic
superframe configuration, the LTE-V2X stations could use the metrics described in Clause D.3 to determine the
technology distribution metric. Based on that the mapping between technology distribution and slot duration presented
in Clause 6.2.2 can be employed.

Figure 6.13 illustrates the basic principles. Prior to an LTE-V2X transmission, the LTE-V2X station issues a NAV
setting request applying the corresponding signalling as defined in IEEE 802.11 as a mandatory feature. Consequently,
the LTE-V2X time slot will be protected from I TS-G5 transmissions occurring at the same time. At the end of the LTE-
V2X transmission, the NAV is automatically released, no additional signalling is required. Then, the ITS-G5 stations
will be able to access the medium applying its standard protocol until the next NAV isissued by LTE-V2X.
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LTE-V2X interval ITS-G5 interval LTE-V2X interval
< >< >< >

Release NAV
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After setting the NAV,
the LTE-V2X
transmission is
protected from ITS-G5
interference

Time

Figure 6.13: Example of how to achieve coexistence between ITS-G5 and LTE-V2X through
appropriate setting of the Network Allocation Vector (NAV) by the LTE-V2X system

6.3.6.2 CTS-to-Self as NAV setting signal

Figure 6.14 shows an example of the basic operation of the protection mechanism using the CTS-To-Self signal.
Although the LTE-V2X station sendsthe CTS-to-itself, all ITS-G5 stations on the vicinity are required to listen to CTS
frames and update the NAV accordingly.

LTE-V2X interval - ITS-G5 interval

LTE-V2X
Station
ITS-G5 Tx
Station T
Rx < > .
(abstain from channel access) Time
Expected LTE-V2X
NAV I >

Rx Time

Figure 6.14: Example of NAV activation by sending a CTS-to-Self signal

The IEEE 802.11 specification defines the CTS content on the MAC layer, i.e. MAC layer Protocol Data Unity
(MPDU), in Clause 9.3.1.3in IEEE 802.11-2020 [i.3] it isdetailed and it is also depicted in Table 6.6.

Table 6.6: CTS frame format

2 octets 2 octets 6 octets 4 octets
Frame Control Duration RA (Receive Address) FCS (Frame Check Sequence)
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The following isfound in |EEE 802.11-2020 [i.3]. More details on employing the transmitter's MAC address and a
potential solution can be found at the end of this clause. The total CTS frame size is then 14 octets or 112 bits. In the
PPDU, the overhead of service plustail to the CTS frame (PSDU) are added and end up with 134 bitsas "data" in the
PPDU.

The symbol interval in IEEE 802.11p is 8 us (6,4 ps symbol duration + 1,6 ps guard interval) and the number of
symbols necessary to transmit one CTS-to-Self depends on the choice of the transfer rates, i.e. modulation scheme and
coding rate employed (MCS).

Table 6.7 provides the supported transfer rates and MCS, as well as the corresponding total number of (uncoded and
coded) bits per OFDM symbols and the corresponding necessary number of OFDM symbols Ny ,y to transmit the NAV
setting signd, i.e. the CTS-to-Self frame in this case. The support of 3 Mbit/s, 6 Mbit/s, and 12 Mbit/s is mandatory for
|EEE 802.11p and ITS-G5. To ensure robustness of the reception of the NAV setting signal it is recommended that the
default MCS is QPSK Y%, corresponding to a datarate of 6 Mbit/s.

Table 6.7: Number of symbols necessary for transmitting the NAV setting

Transfer |Modulatio |Codin |Data bits per | Coded bits Number of OFDM
rate n scheme |g rate OFDM per OFDM symbols for NAV
(Mbit/s) symbol symbol (Nyavy)
3 BPSK 1/2 24 48 6
4,5 BPSK 3/4 36 48 4
6 QPSK 1/2 48 96 3
9 QPSK 3/4 72 96 2
12 16-QAM 1/2 96 192 2
18 16-QAM 3/4 144 192 1
24 64-QAM 2/3 192 288 1
27 64-QAM 3/4 216 288 1

The duration of each component of the physical structureisoutlined in Table 6.8.

Table 6.8: The duration of the physical structure components

PHY Preamble Signalling information |MAC content
32 ps (4 OFDM symbols) |8 pys (1 OFDM symbol)  |Nyay*8 Us

The total duration of the CTS-to-Self signal will in that case be 88 s, 64 ps and 56 ps for the mandatory |EEE 802.11p
MCSBPSK ¥, QPSK %2 and 16-QAM ¥4, correspondingly.

The NAV setting timeis given in the "Duration” Field of 16 bits specified in Clause "9.2.4.2 Duration/ID field" in
|EEE 802.11-206 [i.3], which indicates the duration of the LTE-V2X transmission interval plus suitable guard periods.
The minimum value is 0 and the maximum 32,767 ps.

In Clause 6.2.2, there are examples of the time slot duration for each technology for different superframe durations. The
"Duration” field in those examplesis given by the duration of the LTE-V2X transmission interval. The ITS station,
transmitting the NAV, will configure this field based on the local measurements of the technology distribution based on
the metrics presented in Clause D.3 for the dynamic configuration. For the static and semi-static, the field will be
configured offline or from information obtained from external entities.

The receiving I TS-G5 station should refrain from transmitting during the corresponding LTE-V2X time sot.

To protect the privacy of the CTS-to-Self transmitting station, the MAC address field should not be filled with its own
MAC address, but rather with some general address that can be used by all LTE-V2X stations, such asall zeros, for
example. As an dternative, since the MAC addressisirrelevant for this specific use of the CTS-to-Self asNAV setting
signal, the RA field could be completely omitted (the main information conveyed is the duration of the NAV)
shortening the CTS-to-Self signal.

In this modified shorter CTS-to-Self signal, the modified CTS frameis outlined in Table 6.9.

Table 6.9: Modified shortened CTS-to-Self signal Type 1

2 octets 2 octets 4 octets
Frame Control Duration FCS (Frame Check Sequence)
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Another option, instead of omitting the RA field, isto extend the Duration field by N_d additional octets, where
N_d=0,...,6. With that modification the NAV setting would allow for longer time slots for the LTE-V2X stations than
32 ms. By following a similar mapping as the original one, the maximum NAV duration, i.e. for N_d=6, the Duration
field would be 8 octets long and give an unrealistic time slot. N_d=0 corresponds to the modified short CTS-to-Self
signal Type 1 asoutlined in Table 6.9. For N_d=1, i.e. one additional octet in the Duration field, a maximum time slot
of more than 8 sis possible and it is denoted modified short CTS-to-Self signal Type 2. The new CTS frameis
represented in Table 6.10.

Table 6.10: Modified short CTS-to-Self signal Type 2

2 octets 3 octets 4 octets
Frame Control Duration FCS (Frame Check Sequence)

Thetotal new CTS frame sizeis then 9 octets or 72 bits reducing the total humber PHY data to 94 bits. The total
duration of the short CTS-to-Self signal Type 2 will remain 72 us, 56 ps and 48 s equal to Type 1, for the mandatory
MCS BPSK %, QPSK %2 and 16-QAM %2.With the modified short CTS-to-Self signal Type 2 time slot durations up to
8 sare possible.

Based on the modified short CTS-to-Self signal Type 2, athird modification of the CTS-to-Self signal is possible. In
this option, called modified CTS-to-Self Type 3, the full CTS frame with 14 octets is transmitted, however, the
Duration field is extended to three octets and the remaining 5 octets of the RA field are reserved for future use. This
third option for the CTS frameis presented in Table 6.11.

Table 6.11: Modified CTS-to-self signal Type 3

2 octets 3 octets 5 octets 4 octets
Frame Control Duration Reserved FCS (Frame Check Sequence)

The total duration of the modified CTS-to-Self signal Type 3 isthe same as the original provided in Table 6.9.

6.3.6.3 Selection of an LTE-V2X station to issue the NAV setting signal

Among all LTE-V2X stations within a given coverage area, only asingle LTE-V2X station should issue the NAV
setting signal. The question is thus how to negotiate/identify the one LTE-V2X station which will be tasked to issue the
NAV setting signal among the multitude (possibly hundreds) of coexisting LTE-V2X station within a given coverage
area.

One observation isthat LTE-V2X stations typically share the available resource by alocating to themselves specific
subchannels within the available or preconfigured resource pools at specific times in the so-called semi-persistent
scheduling (SPS) scheme asillustrated Figure 6.15.

A

Freq

LTE-V2X interval

Figure 6.15: Example of LTE-V2X station's allocation of resources

ETSI



44 ETSI TR 103 766 V1.1.1 (2021-09)

The LTE-V2X station issueing the NAV setting signal will be selected as function of its subchannel alocation in the
previous LTE-V2X frame (or one of the previous LTE-V2X frames). In one typical example, the rule isthat the LTE-
V2X station is selected (to issue the NAV setting signal at the beginning of the NEXT LTE-V2X superframe) which has
occupied the subchannel in the "upmost left corner” (i.e. highest occupied frequency and earliest occupied time) of all
occupied subchannels.

Other rules are of course feasible, for example using the "lowest left corner” (i.e. lowest occupied frequency and earliest
occupied time) of all occupied subchannels, "upmost right corner" (i.e. highest occupied frequency and latest occupied
time) of al occupied subchannels, "lowest right corner” (i.e. lowest occupied frequency and latest occupied time) of all
occupied subchannels and everything in between.

It isimportant that the first OCCUPIED subchannel is used for the above rules. To give an example using the "lowest
left corner” (i.e. lowest occupied frequency and earliest occupied time) rule, the corresponding subchannel may relate to
atransmission any time within the LTE-V2X transmission interval if previous resources remain unused as illustrated in
Figure 6.16.

Freq

LTE-V2X interval

(1]

5l A

Time

Figure 6.16: First used subchannel in the "upmost left corner” rule

In Figure 6.16, the LTE-V2X station performing the first transmission in the "upmost left corner” of the available
resources will thus be tasked to issue the NAV setting signal in the beginning of the next LTE-V2X interval to prevent
ITS-G5 from accessing the channel.

This principle of how to select which LTE-V2X station will transmit a specific IEEE 802.11 signal can be applied to
any type of header that isvalid for the transmission of several LTE-V2X stations.
6.3.6.4 New ITS-G5 station entering NAV setting range

Also, the case that new ITS-G5 vehicles may enter the coverage area of a specific transmission (of the NAV setting
signal) needs to be addressed. In case that the new vehicles arrive during the LTE-V2X transmission interval, it may not
have received the NAV setting signal and may start transmitting during the LTE-V2X period asillustrated in

Figure 6.17.
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.

In case that a ITS-G5/DSRC vehicle enters the coverage area
AFTER the transmission of the NAV setting signal, then the
protection for LTE is not activated for this specific ITS-G5/DSRC
vehicle. It may thus start transmitting during the LTE interval.

Figure 6.17: ITS-G5 stations have not received the NAV setting signal

To address the case illustrated in Figure 6.17, it is proposed that an ITS-G5 vehicle needs to wait (before accessing the
medium) for the reception of aNAV and thus the start of a new full LTE transmission interval. Only afterwards, when
the new ITS-G5 interval starts, the vehicle may start transmitting. However, after waiting for a predetermined number
of intervals (e.g. 2 - 3 intervals) without reception of aNAV setting signal, the ITS-G5 vehicle may still accessthe
medium. This situation may occur if there are no LTE-V2X equipped vehicles nearby.

6.3.7 Method G: Load-based approach

NOTE: Thismethod is based on observations from simulations of other co-channel coexistence methods.
Therefore, it was included after simulation studies were completed and no further ssimulations of this
approach could be performed before the drafting ended but it isincluded for completeness.

This approach uses aready an inherent feature of V2X technologies, namely, to assess the CBR on a channel. CBR
assessment is central to the DCC agorithm for providing feedback to the station about the current channel load situation
and react when the channel load increases beyond predefined limits. This method suggests to restrict the channel load
further in order to keep interference between technologies sharing the same channel on an acceptable level. The
acceptable level is not yet defined and this needs to be investigated and decided upon. Both ITS-G5 and LTE-V2X
include a congestion control mechanism as part of their access layer controlling the channel load to not increase above
approximately 60 %.

The probability of interference between different technologies increases as the equipment rates grow if no coordination
between them takes place. The ideaisto provide channel load limits on the shared communication channel leaving
headroom to keep the probability of concurrent transmissions between different technologies low. The more
coordinated the channel access is between technologies (e.g. when using a co-channel co-existence method) the less
headroom is needed. Consequently, uncoordinated channel access needs more headroom to reduce the interference
probability. Inits simplest form, ITS-G5 and LTE-V2X can reduce their respective CBR level to keep the interference
intra-technology low when no coordination exist, see Figure 6.18(a). When coordination between technologies exist, the
headroom decreases as shown in Figure 6.18(b) because then interference between technologiesis coordinated. In this
sense, this approach is different from pure co-channel coexistence methods, because it does not aim at coordinating
access layers, but limits the probability of interference.
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Figure 6.18: lllustration on the load-based approach

7 Evaluation

7.1 Key performance indicators

7.1.1 Packet reception ratio

For one transmission packet with index n, the Packet Reception Ratio (PRR) for a given communication range interval
of interest is calculated as Xn / Yy, Where Y, is the number of receiving vehicles that are located within that
communication range from the transmitter, and X, is the number of vehicles with successful reception among those Yy,
vehicles.

The average PRR for said communication range interval is calculated as (Xi+Xo+Xs+....+Xn) / (Y1+Y2+Ys+....+YyN) where
N denotes the number of messages in simulation relevant for this average PRR measurement.

To visualize the communication range of the different system configurations and features, the PRR is plotted asa
profile over the distance from the transmitter. The distance bin width used is 20 m.

7.1.2 Data age

Data Age (DA) or information age is defined as the age of the information in the last correctly received sample of data
inareceiving ITS station. Data age, T, ., is calculated according to Equation 7.1.

Tage =t—tgrt tsyne, (7-1)

ge:

where t the current time, ¢, isthe timestamp (i.e. generation time) of the last successfully received message and ¢y,
is the synchronization error between the sending and receiving vehicles, where the unit is second. The DA is evaluated
for transmitter-receiver pairs, whose distance is within theinterval [0, 300] metres. A constant sampling interval of 10
msis used to measure regularly the age of information at each receiver. Figure 7.1 shows an illustration of data age.
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Figure 7.1: Data Age (DA)

7.1.3 End-to-end delay

End-to-end delay (E2E delay) measures the time from when a packet is passed to the access layer of the sending ITS
stations until the packet is successfully received at the receiving I TS station. For packets that are not received, it is not
measured. Apart from generally minimal processing delays on transmitter and receiver side, the E2E delay is dominated
by the scheduling delay of the MAC layer (i.e. channel access delay). The E2E delay is evaluated for transmitter-
receiver pairs, whose distance is within the interval [0, 300] metres. A constant sampling interval of 10 msis used to
mesasure regularly the age of information at each receiver. Figure 7.2 illustrates the E2E delay.

New packet New packet New packet New packet New packet
time
» o — O —
Correctlyireceived Correctly réceived Missed Correctlyireceived Correctlyireceived
End-to-end End-to-end End-to-end End-to-end
delay delay delay delay

Figure 7.2: End-to-end delay

7.1.4 Inter-packet gap

The Inter-Packet Gap (IPG) is the time difference between the instant when a packet is correctly decoded by the
receiver, and the instant when the previous packet had been correctly decoded by the receiver, see Figure 7.3. The
difference between IPG and DA isthat IPG does not take into account the channel access delay. The IPG is evaluated
for transmitter-receiver pairs, whose distance is within the interval [0, 300] metres.
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Figure 7.3: Inter-packet gap

7.2 Simulation framework

7.2.1 Introduction

To evaluate the methods described in Clause 6 with respect to the evaluation criteria as described in Clause 8,
simulations of the various methods in three different traffic scenarios are performed. Thisway, insight isgained in
parameters such as channel busy ratio, number of vehicles visible, impartiality of technology and impact on safety. The
results are presented in Clause 7.3.

7.2.2 Road traffic scenarios

7.22.1 Introduction

Two different road traffic scenarios forms the basis of the simulations - urban and highway. The latter will be further
divided into fast and slow scenarios, where the fast highway scenario has fewer vehiclestravelling at a higher speed and
the slow vehicle scenario contains more vehicles travelling at lower speeds.

Transmission of Cooperative Awareness Messages (CAM) based on vehicle dynamics will be the default data traffic
model. To capture triggering of Decentralized Environmental Notification Messages (DENM), a specia set of road
traffic scenarios have been created. These are further detailed in Clause 7.2.2.4.

7.22.2 Urban scenario

In the urban scenario vehicles are moving slow and non-of-light-sight (NLOS) links between vehicles around corners of
building are considered. This topology is known as a Manhattan grid when vehicles are moving along roads situated
between blocks of buildings.

Each road isformed by 4 lanes, 2 lanesin each direction. There are 9 blocks of buildings, which leads to a topology
consisting of 4 horizontal roads and 4 vertical roads. The distance between two parallel roadsis set to 433 m, see
Figure 7.4. The configuration of this scenario isfound in Table 7.9.

Three variants of this configuration with different number of vehicles on the road: 100, 200 and 300 vehicles, is
considered.
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Figure 7.4: Road configuration for urban case based on 3GPP TR 36.885 [i.13]

Table 7.1: Details of vehicle drop and mobility model in 3GPP TR 36.885 [i.13]

Parameter Urban case

Number of lanes 2 in each direction (4 lanes in total in each street)

Lane width 3,5m

Road grid size by the distance 433 m x 250 m. Note that 3 m is reserved for sidewalk per direction

between intersections (i.e. no vehicle or building in this reserved space)

Simulation area size Minimum 1 299 m x 750 m
Average inter-vehicle distance in the same lane is 2,5 s x absolute

Vehicle density vehicle speed. Baseline: The same density/speed in all the lanes in
one simulation.

Target vehicle speed 15 km/h, 60 km/h

NOTE: The "Target vehicle speed" is selected instead of a max vehicle speed due to that traffic and
network simulators may set a target speed for all vehicles, in reality, not all vehicles will follow
exactly that speed. In mobility simulators, this is handled automatically (with default settings of
parameters 'sigma’ and 'speedDeV'). In network simulators, which are auto-generating the
vehicles' movements, to capture these small variations, each station may have a different
maximum speed obtained from a random distribution with Gaussian statistic with average set as
the target speed and standard deviation set to one tenth of the same value (e.g. 140 km/h mean

and 14 km/h standard deviation).

7.2.2.3 Highway scenario

7.2.2.3.1 Fast highway scenario

A highway with 6 lanes, 3 lanesin each direction, is considered. The length of the highway is> 2 km, see Figure 7.5.
All vehicles move with the same max speed and three vehicle densities are considered for this configuration:

70 km/h, with 245 vehicles
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Figure 7.5: Road configuration for freeway case based on 3GPP TR 36.885 [i.13]

7.2.2.3.2

Slow highway scenario

This models a high vehicle density and thus, the DCC mechanism istested. In this scenario, the vehicles move on a
highway of length 600 m, composed of 3 lanes in each direction, see Figure 7.6. To reach a high vehicle density, the
maximum speed is set to 50 km/h. There different vehicle densities are considered for the slow highway scenario: 100,

200 and 300 vehicles.

Lane width:
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i1

Ry

X

'y

600 m

Figure 7.6: Road configuration for slow highway case

Table 7.2: Details of vehicle drop and mobility model

between intersections

Parameter Highway slow | Highway fast
Number of lanes 3 in each direction (6 lanes in total in the freeway)
Lane width 4m
Road grid size by the distance N/A

Simulation area size

Freeway length = 600 m. Wrap
around should be applied to the
simulation area.

Freeway length = 2 000 m. Wrap
around should be applied to the
simulation area.

Vehicle density

Average inter-vehicle distance in the same lane is 2,5 s x absolute vehicle
speed. Baseline: The same density/speed in all the lanes during one

simulation.

Target vehicle speed (see note in
Table 7.1)

50 km/h

140 km/h, 70 km/h

NOTE:

ETSI

There are Eclipse Sumo™ generated mobility traces available for the simulations, see Annex C.
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7.2.2.4 High-priority DENM generation scenarios

7.2.24.1 Introduction

Dangerous events will trigger the transmission of DENMs, as opposed to normal driving situations that typically only
trigger CAM. Such notifications are important, as they might highlight safety-of-life situations and the vehiclesin the
vicinity need to be informed rapidly and reliably about such an accident or hazardous locations.

To ease the simulations production, and keep the number of Eclipse Sumo™ traces to a reasonable number, it is
proposed to use the previously described scenarios as a baseline, and simply add a pair of stationary vehicles
transmitting high-priority DENMSs, on top of the other vehicles (an aternative option isto replace the last two stations
of the Eclipse Sumo™ traces with such pair of stationary vehicles).

The location of the pair of stationary vehicles transmitting high-priority DENM is detailed in Clause 7.2.2.4.2 to
Clause 7.2.2.4.4. The origin of the x and y coordinates is assumed to be the most bottom left corner of the road(s).

71.2.2.4.2 Fast highway

Two stationary vehicles are placed in the fast highway scenario transmitting DENMs throughout the simulation. The
placement is as follows (see Figure 7.7):

. Stationary vehicle 1: x =800m,y =26 m

e  Stationary vehicle2: x =805m,y =26 m

Lane width:
4m

A
26 m —%

Ky

Y

0 805 m >2 km
800 m

Figure 7.7: Placement of two stationary vehicles in the fast highway scenario

7.2.2.4.3 Slow highway

Two stationary vehicles are placed in the slow highway scenario transmitting DENMs throughout the simulation. The
placement is as follows (see Figure 7.8):

. Stationary vehicle 1: x =200m,y =26 m

e  Stationary vehicle2: x =205m,y =26 m

Lane width:
4m
26 m —¥4- =

¥ i
|
|

0 ! —>

(}= 205m 600 m I

200 m

Figure 7.8: Placement of two stationary vehicles in the slow highway scenario
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7.2.24.4 Urban

Two stationary vehicles are placed in the urban scenario transmitting DENMs throughout the simulation. The placement
isasfollows (see Figure 7.9):

. Stationary vehicle 1: x =550 m, y =875 m

e  Stationary vehicle2: x =555m,y =875m

4 Grid width
N -  250m  |=
Lane \évlgtnq _t Sidewalk width
T T 3m
875m a2 — RRSE L —
Street width
20m i
T \
Grid length
433m
[
|
0 ! ¥
0 555 m

550 m

Figure 7.9: Placement of two stationary vehicles in the urban scenario

7.2.2.5 Vehicle Drop

Details of vehicle drop and mobility models are from 3GPP TR 36.885 [i.13]. Vehicles are placed on roads according to
the spatial Poisson process. The vehicle density is determined by assumption on the vehicle speed, and the vehicle
locations should be updated every 100 msin the simulation. In the urban case, also probabilities for turning left or right,
or going straight in intersections are included see Table 7.3.

Table 7.3: Probabilities for maneuvers in intersections for urban scenario

Maneuver Probability [%]
Turning left 25
Turn right 25
Go straight 50
7.2.2.6 Number of vehicles and traffic mixes for numerical simulations

Several coexistence methods (e.g. Method A semi-static, Method C semi-static variant, and Method F) are based on
TDM schemes where the detailed partitioning of the superframe is provided by a supervising entity. It is envisioned that
the TDM partitioning will be defined for a given geographical area and may evolve over time.

Such global TDM schemes have an inherent notion of commonality over time and geography. On the one hand, this
may be beneficial since such collocated stations always obey the same TDM scheme, although on the other hand the
commonality over time and geography might lead to local mismatches between the redlity of the road-traffic and the
global TDM instructions. For arealistic assessment of the performance of those co-existence methods, numerical
simulations need to be conducted including an offset on the targeted vehicles traffic mix.
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Table 7.4 provides detail s on the number of vehicles pertaining to each technology and the intended technology mixes
for conducting numerical simulations. Thereis an ideal technology mix perfectly matching the number of vehicles for
each technology in the simulation (rows with white shading in Table 7.4). Furthermore, to each ideal technology mix
also technology mixeswith adlight deviation in either direction are to be investigated (rows with grey shading in
Table 7.4). The deviating numbers are derived assuming that when placing vehicles of technology A with a probability
p and vehicles of technology B with a probability (1 — p) into an area, the distribution of the vehicles can be described
by abinomial distribution, and further assuming that the approximation of the binomial distribution according to the
law of large numbers can be approximated by a normal distribution. More details on the theoretical derivation of those
numbers are provided in Annex G.

Table 7.4: Number of vehicles assigned to each technology, for different total number of vehicles

Number of vehicles in simulations pertaining to either LTE-V2X or ITS-G5
Ideal mix [%] 70 100 123 200 245 300
o |mses | N5 |mses | LIS | mses | VIS | mses | LS |imses | S fimses | VE [imses
0 100 0 70 0 100 0 123 0 200 0 245 0 300
7 63 11 89 13 110 22 178 27 218 33 267
14 56 20 80 24 99 39 161 48 197 59 241
25 75 18 52 25 75 31 92 50 150 61 184 75 225
21 49 30 70 37 86 61 139 74 171 91 209
32 38 45 55 55 68 89 111 109 136 134 166
50 50 35 35 50 50 62 61 100 100 123 122 150 150
38 32 55 45 68 55 111 89 136 109 166 134
49 21 70 30 86 37 139 61 171 74 209 91
75 25 52 18 75 25 92 31 150 50 184 61 225 75
56 14 80 20 99 24 161 39 197 48 241 59
100 0 70 0 100 0 123 0 200 0 245 0 300 0
63 7 89 11 110 13 178 22 218 27 267 33
NOTE:  The whitemarked rows show the ideal technology mix corresponding to a perfect match of the resources
in the superframe given the different number of vehicles in simulations whereas the greymarked rows
are slightly deviating from the ideal situation, see Annex G.

7.2.3 Channel model

Channel modelsincludes one or several components such as propagation pathloss model, shadowing distribution,
shadowing standard deviation, decorrelation distance, and fast fading. For the propagation pathloss, several models
have been developed and used in V2X studies and publications. Thisincludes:

. Free space pathloss, two-ray ground reflection [i.20], and log-distance two-ray ground models[i.21].
e  The pathloss models found in Equation (6) or Equation (12) in Recommendation ITU-R P.1411-10 [i.22].
e  WINNER+ model, often used in 3GPP studies, and defined in 3GPP TR 36.885 [i.13].

. ECC models, such as the three dope propagation model from ECC Report 68 [i.23] which is further refined in
section 3.2 of ECC Report 250 [i.24].

The three dlope propagation model from ECC Report 68 [i.23] distinguishes three parameter sets for the pathloss
calculation: urban, suburban, and rural.

Figure 7.10 depicts the different propagation pathloss models. Here, for the two-ray ground reflection model a perfect
horizontal E-field polarization and ground reflection is assumed and for the WINNER+ model an effective antenna
height of h, = 1,5 m isused. The channel models Recommendation ITU-R P.1411-10 [i.22], Equation (6), WINNER+
B1 LOS and ECC Report 68 [i.23] three dlope suburban result in very similar pathloss values.

More details and the equations for the pathloss models can be found in Annex E.

ETSI



54 ETSI TR 103 766 V1.1.1 (2021-09)

Comparison of different pathloss models for fc= 5,9 GHz, h‘ = hr =1,5m
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Figure 7.10: Comparison of different pathloss models

For the present document, the channel model described in Clause A.1.4 of 3GPP TR 36.885 [i.13] has been selected,
and its pathloss component isthe WINNER+ as shown in Figure 7.6. Table 7.5 provides assumptions for the channel
model. More details on update rate etc. of this model can be found in Clause A.1.4. of 3GPP TR 36.885 [i.13]. Detailed
formulas of the channel modelsin 3GPP TR 36.885 [i.13] are detailed in Report Recommendation

ITU-RM.2135-1 [i.19].

Table 7.5: Assumptions for vehicle-to-vehicle channel in 3GPP TR 36.885 [i.13]

Parameter Urban scenario Highway scenario
Pathloss model WINNER+ B1 Manhattan grid layout (note LOS in WINNER+ B1 (note that the antenna
that the antenna height should be set to height should be set to 1,5 m.). Pathloss at

1,5 m). Pathloss at 3 m is used if the distance |3 m is used if the distance is less than 3 m.
is less than 3 m.

Shadowing distribution  [Log-normal Log-normal

Shadowing standard 3 dB for LOS and 4 dB for NLOS 3dB

deviation

Decorrelation distance |10 m 25m

Fast fading NLOS in Clauses A.2.1.2.1.1 or A.2.1.2.1.2 in 3GPP TR 36.843 [i.18] with fixed large scale

parameters during the simulation.

7.2.4 Data traffic generation

7.24.1 Message size

The message size isfixed to 350 bytes throughout the simulation times both for CAMs and DENMs. The message size
is defined as the size of the Protocol Data Unit (PDU) delivered by the Networking and Transport Layer to the Access
Layer viathe IN interface, as per the ITS-S reference architecture defined in ETSI EN 302 665 [i.1], see dso Figure 4.1
in the present document. Annex B outlines the rationale for selecting 350 bytes as the message size.

Additional sizes of 190 and 550 bytes representing the minimum and maximum messages size, respectively, can
optionally be simulated.
7.24.2 Time intervals

If the simulation environment is capable of reproducing the CAM triggering conditions (derived from geographical
traces), the time intervals are derived automatically from the scenario (highway, urban etc.), and are mainly depending
on the speed of vehicle.

If the simulation environment is not capable of reproducing the CAM triggering conditions, the time intervals are set
upfront according to the speed of the vehicle.
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For the scenario where also DENMs are transmitted (see Clause 7.2.2.4), the message rate is fixed to 20 Hz for the
stationary I TS stations.

7.3 Results

7.3.1 Observations

7.3.1.1 ITS-G5 channel busy ratio levels

The CSMA/CA procedure of ITS-G5 stations instructs a power threshold of -85 dBm over which the channel may be
considered busy when al TS-G5 preamble is detected. Using the WINNER+ propagation model (see Clause 7.2.3.) with
23 dBm transmit power and 3 dBi antenna gain settings, the received power is above -85 dBm for a distance of up to
223 m.

For all the scenarios considered, even in the slow highway scenario that is supposed to model congestion, CBR levels
stay at low levels, well below the 0,62 threshold. Consequently, Decentralized Congestion Control (DCC) measures are
not activated in the set of simulations defined in the present document. Figure 7.11 and Figure 7.12 show CBR levels
for two different scenarios. The packet length used for the resultsis 350 bytes and the packets are transmitted with

6 Mbps (QPSK, r = v3).

?BH measured by one random ITS-G5 vehicle, scenario 3: 245v in 2km @70km/h «cdf of CBR of ITS-G5, scenario 3: 245v in 2km @70km/h
T T T i T > T T T T i

7
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Figure 7.11: CBR statistics for fast highway with 245 vehicles at 70 km/h
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Figure 7.12: CBR statistics for slow highway with for 300 vehicles at 50 km/h
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7.3.1.2 Superframe sizes and time slot configurations

Clause 6.1.3 concludes on three superframe sizes: 10 ms, 25 ms, and 50 ms. These sizes can be supported by the SPS
algorithm for LTE-V2X. Thetime dot configuration for each technology is outlined in Clause 6.2.2, where the 10 ms
superframe suggests a5 ms time slot for each technology. During initial ssmulations, it became evident that the 10 ms
superframe will only work when there is a 50 % technology distribution (i.e. 50 % ITS-G5 stations and 50 %
LTE-V2X). Dueto this, simulations containing 10 ms superframe size have not been further conducted and studied.

7.3.2 Simulations

7321 Parameter settings

Only CAMs have been used throughout all simulations and the triggering has been based on the speed of the vehicle set
upfront in simulations. The actual speed of each vehicle is randomly selected from anorma distribution with the mean
corresponding to the average speed and a standard deviation of one tenth of the average speed. The high-priority DENM
generation scenarios described in Clause 7.2.2.4 have not been subject to simulations. The CAM size has been fixed to
350 bytes, which isamean of different CAM sizes (see Clause 7.2.4.1).

The slow and fast highway scenarios (see Clause 7.2.2.3) have been predominantly used in simulations with varying
vehicle densities, the urban scenario outlined in Clause 7.2.2.2 has not been investigated. Table 7.6 provides the vehicle
density per kilometre of highway and the maximum speed of vehicles. It also provides the data traffic generated on
average in each scenario given the vehicle densities and maximum speed. Thisisincluded for providing an
understanding of how much data traffic that is presented to the network each second. The data traffic generated is what
the vehicles will generate when no decentralized congestion control is present. There might be vehicleslocally
exceeding the CBR limit triggering DCC but the occurrence of if and when DCC is activated has not been studied nor
recorded.

Table 7.6: Average number of generated packets every second per kilometre of highway

No of
. CAMs |Average number
Scenaro | NoSL | Lenoth | venctes | Seeeasl | per | of generates
. second CAMs/s/km
kilometre
#1 70 2000 m 35 250 km/h 700 350
Fast #2 125 2000 m 62 140 km/h 1215 607
Highway #3 245 2000 m 123 70 km/h 1147 574
#4 100 600 m 167 50 km/h 347 580
Slow #5 200 600 m 333 50 km/h 694 1156
#6 300 600 m 500 50 km/h 1041 1735

NOTE 1: The number of generated CAMs is the data traffic generated by all vehicles in each scenario
regardless of which technology they are using. It has been derived by taking the speed for each
scenario which results in a specific CAM generation (number of CAMs/s) and this figure has been
multiplied with the number of vehicles and then normalized to number of packets per second for one
kilometre of road.

NOTE 2: The column "No of vehicles" tabulates the number of vehicles in the simulations. In Scenario #1-#3
the number of vehicles are spread over a stretch of road of 2 km, whereas for Scenario #4-#6 the
number of vehicles provided here is for a stretch of road of 600 m. The road traffic scenarios are
detailed in Clause 7.3.2.

For completeness also the CAM packet generation rate given a specific vehicle speed is shown in Table 7.7. CAMs are
generated with 1 Hz - 10 Hz, i.e. a packet interval between 1sto 100 ms. For speeds above 150 km/h, the fastest packet
generation is always 10 Hz and below 20 km/h the generation is aways 1 Hz.

Table 7.7: Packet generation for different vehicle speeds

Speed [km/h] Packet generation [Hz] Time interval between packets [s]
0 1,00 1,000
10 1,00 1,000
20 1,39 0,720
30 2,08 0,480
40 2,78 0,360
50 3,47 0,288
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Speed [km/h] Packet generation [Hz] Time interval between packets [s]
60 4,17 0,240
70 4,68 0,206
80 5,56 0,180
90 6,25 0,160
100 6,94 0,144
110 7,64 0,131
120 8,33 0,120
130 9,03 0,111
140 9,72 0,103
2150 10,00 0,100

The settings for ITS-G5 are outlined in Table 7.8 and AC_BE is used for transmitting CAMs (see Table 4.6).

Table 7.8: ITS-G5 parameter setting for CAMs

Parameter Value Description
AIFS 110 ps Listening period before transmission can commence.
CW size 16 The u_nlform dlstrlb_utlon between [0,15] used for
selecting backoff time.
MCS QPSK, % rate The default transfer rate of 6 Mbps selected for

transmissions of CAMs. Also denoted MCS 2.

Carrier sensing threshold

-65

dBm

This threshold is for detecting any signal with a received
energy above -65 dBm. The minimum carrier sensing
threshold for detecting other ITS-G5 stations using
QPSK, % rate is -88 dBm according to [i.3].

The settingsfor LTE-V2X are outlined in Table 7.9 and there are two different configurations for parts of the
parameters called "Configuration 1" and "Configuration 2". These are both valid configurations according to ETSI

EN 303 613 [i.7].

Table 7.9: LTE-V2X parameter setting for CAMs

Common parameters

Parameter Value Description
Subchannel size 10 'I_'here are 10 resource block pairs in each subchannel. There are
five subchannels per subframe.
Confiquration Adiacent In the adjacent PSCCH + PSSCH scheme, the SCI and TB are
9 ! transmitted in adjacent RBs.

Differing parameter settings

Parameter Configuration 1 Configuration 2 Description
MCS 7 (3 subchannels) for CAM | 11 (2 subchannels) for CAM
HARQ determines if a packet is
. . retransmitted or not. Configuration
HARQ Disabled/Enabled Enabled for all scenarios 1 enables HARQ for Scenario #1 in
Table 7.14 of [i.7].
No of HARQ Determines the number of times a
S 2 2 . .
transmission packet is transmitted.
Keep probabilit The probability that current
) PP y 0,5 0,8 reserved subchannel are kept
when changing resources.
Subchannel The value for determining if a
sensing -110 dBm -108 dBm subchannel is perceived as
threshold occupied or not.
Resou_rce The size of the window used for
selection 100 ms 90 ms .
- determining new resources.
window
NOTE: ETSI EN 303 613 [i.7] describing the access layer technology LTE-V2X only mandates HARQ turned on

for high-speed scenarios. During the drafting of the present document, ETSI TS 103 723 [i.28] (outlining
a profile of LTE-V2X) was approved. This mandates HARQ to be turned on always for LTE-V2X.
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The settings for the channel model and transceiver properties are outlined in Table 7.9, where some parameters differ in
settings called "Configuration 1" and "Configuration 2". Simulations are run with either "Configuration 1" from
Table 7.9 and Table 7.10 or "Configuration 2" from the same tables.

Table 7.10: Channel model and transceiver parameter setting

Common parameters

Parameter

Value Description

Channel bandwidth

10 MHz

The channel bandwidth for transmissions is set to 10 MHz.

Antenna gain

3 dBi

The antenna gain at TX and RX.

Propagation model

WINNER+, Scenario
Bl

Details on the channel model are found in Clause 7.2.3. Only
highway scenarios have been simulated, i.e. Scenario B1.

Variance 3 dB,

Shadowing decorrelation distance |The selection of shadowing is based on the highway scenario.
25m
Differing parameter settings
Parameter Configuration 1 Configuration 2 Description

Transmit power
ITS-G5

23 dBm (13 dBm/MHz) 22 dBm (12 dBm/MHz)

Transmit power

20,8 dBm (13 dBm/MHz) 22 dBm (16 dBm/MHz)

The power leaving the antenna.

LTE-V2X
Degradation caused by
Noise figure 6 dB 9dB components in the receiving
signal chain.
Cable loss n/a 3dB The loss in cables on both TX
and RX.
7.3.2.2 Successful reception of messages

Configuration 1 and Configuration 2 of the simulation configuration outlined in Table 7.9 and Table 7.10 use slightly
different Packet Error Rate (PER) for successful reception. In Figure 7.13, the PER curves are shown for Configuration
1being ITSG5MCS2and LTE-V2X MCS 7 (see Table 7.16 and Table 7.9).
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Figure 7.13: PER curves for successful decoding of messages for Configuration 1

In Figure 7.14, the PER curves for Configuration 2 are depicted where LTE-V2X uses MCS 11 and HARQ turned on.
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Figure 7.14: PER curves for successful decoding of messages for Configuration 2

7.3.2.3 Baseline performance

7.3.2.3.1 Introduction

This clause presents simulation results when ITS-G5 and LTE-V2X are both operating on the same frequency channel
without any co-channel co-existence methods deployed. Thiswill serve as a baseline for simulations with co-channel
co-existence methods. The results presented are from the fast highway scenario with two different vehicle densities, i.e.
Scenario #1 and Scenario #3 in Table 7.6. The specifics around Configuration 1 and Configuration 2 are fetched from
Table 7.9 and Table 7.10.

The fast highway with two different vehicle densities are divided between the two technologies as outlined in
Table 7.11 for different technology mixes. The high vehicle density of 245, will generate almost 600 packets/s’/km of
highway and the lowest vehicle density scenario of 70 vehicles has around 350 packets/s’km of highway.

Table 7.11: Number of vehicles pertaining to either LTE-V2X or ITS-G5

Technology mix [%] 70 245
LTE-V2X ITS-G5 | LTE-V2X | ITS-G5 LTE-V2X ITS-G5
0 100 0 70 0 245
25 75 18 52 61 184
50 50 35 35 123 122
75 25 52 18 184 61
100 0 70 0 245 0

Configuration 1

The Packet Reception Rate (PRR) for the fast highway scenario with 70 vehicles pertaining to either LTE-V2X or
ITS-G5 for the technology mixes as outlined in Table 7.9 is shown in Figure 7.15. No co-channel co-existence method
is deployed.
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Figure 7.15: 70 vehicles in the fast highway scenario (Scenario #1 in Table 7.6)

PRR when increasing the number of vehiclesto 245 for the fast highway scenario is depicted in Figure 7.16. In this
scenario, the performance degrades for both technologies when they are both present.
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Figure 7.16: 245 vehicles in the fast highway scenario (Scenario #3 in Table 7.6)

The End-to-End Delay (EED) for the two scenariosis not affected see a summary in Table 7.12. This dueto that the
EED only addresses successful receptions.

Table 7.12: End-to-end delay

EED probability >90 %
Mix of stations ITS-G5 LTE-V2X
100 % ITS-G5 - 0 % LTE-V2X 1ms n/a
75 % ITS-G5 - 25 % LTE-V2X 1ms 90 ms
50 % ITS-G5 - 50 % LTE-V2X 1ms 90 ms
25 % ITS-G5 - 75 % LTE-V2X <1lms 90 ms
0% ITS-G5 - 100 % LTE-V2X n/a 90 ms

Data Age (DA) increases when the number of vehicles increases, see asummary in Table 7.13. The data age also
captures the packets not successfully decoded.
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DA probability > 90 %
ITS-G5 LTE-V2X

Mix of stations 70 vehicles 245 vehicles 70 vehicles 245 vehicles
100 % ITS-G5 - 0 % LTE-V2X 0,1s 0,24 s n/a n/a

75 % ITS-G5 - 25 % LTE-V2X 0,1s 0,29 s 0,19 s 0,47 s
50 % ITS-G5 - 50 % LTE-V2X 0,1s 0,39 s 0,19 s 0,45 s
25 % ITS-G5 - 75 % LTE-V2X 0,1s 0,41s 0,19 s 0,39s
0% ITS-G5 - 100 % LTE-V2X n/a n/a 0,19 s 0,32s

The Inter-Packet Gap (IPG) increases when the number of vehiclesincreases, see asummary in Table 7.14. The IPG
also captures the packets not successfully decoded. I1PG does not accommodate the channel access delay whereas DA

includes this.

Table 7.14: Inter-packet gap

IPG probability > 90 %

ITS-G5 LTE-V2X
Mix of stations 70 vehicles 245 vehicles 70 vehicles 245 vehicles
100 % ITS-G5 - 0 % LTE-V2X 0,1s 0,24 s n/a n/a
75 % ITS-G5 - 25 % LTE-V2X 0,1s 0,29 s 0,1s 0,4s
50 % ITS-G5 - 50 % LTE-V2X 0,1s 0,39s 0,1s 04s
25 % ITS-G5 - 75 % LTE-V2X 0,1s 0,41s 0,1s 0,3s
0% ITS-G5 - 100 % LTE-V2X n/a n/a 0,1s 0,3s

However, it should be noted that data age and inter-packet gap need also to be put in relation to the generation rate of
packets. In the higher vehicle density case, vehicles will generate a new packet around every 200 ms given a speed of
70 km/h and in the lower vehicle density case the vehicles will generate with around 10 Hz, i.e. a new packet every

100 ms.

7.3.2.3.3

Configuration 2

The PRR for the scenario with 70 vehicles pertaining to either LTE-V2X or ITS-G5 for the technology mixes as
outlined in Table 7.9 is shown in Figure 7.17 using Configuration 2 from Table 7.9 and Table 7.10. No co-channel

co-existence method is deployed.
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Figure 7.17: 70 vehicles on the fast highway scenario (Scenario #1 in Table 7.6)

PRR when increasing the number of vehiclesto 245 for the fast highway scenario is depicted in Figure 7.18. In this
scenario, the performance degrades for ITS-G5 but LTE-V2X does not suffer from the same degradation when ITS-G5

stations are present. The PRR does not change for the different technology mixesfor LTE-V2X.
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Figure 7.18: 245 vehicles in the fast highway scenario (Scenario #3 in Table 7.6)

The IPG for the 70 vehicles scenario is depicted in Figure 7.19 and the PG increases for ITS-G5 when the number of
LTE-V2X stationsincreases. LTE-V2X has more or less a constant 1PG.
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Figure 7.19: IPG for 70 vehicles on the fast highway scenario (Scenario #1 in Table 7.6)

The IPG for the 245 vehicles scenario is depicted in Figure 7.20 and the IPG increases for ITS-G5 when the number of
LTE-V2X stationsincreases. LTE-V2X has more or less a constant 1 PG.
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Figure 7.20: IPG for 245 vehicles on the fast highway scenario (Scenario #3 in Table 7.6)

7.3.2.3.4 Wrap up

As expected, when the number of vehicles increases, the performance will decrease especialy for ITS-G5 in terms of
the PRR. The HARQ transmissions turned on in Configuration 2 will increase robustness for LTE-V2X compared to in
Configuration 1, which might explain that the PRR for different technology mixes remains the same. EED is the same
for all scenarios since thisis only looking into successful reception of packets. IPG and DA increases with more
vehicles, but more vehiclesimply lower speed and increased time between packet generations.

7.3.2.4 Method A

7.3.2.4.1 Enhancement to Method A

Simulations have been conducted when artificially delaying I TS-G5 transmissions to avoid concurrent transmission
attempts following a busy channel period and when extending the Contention Window (CW) size to spread the backoff
times among I TS-G5 stations. Details on how the artificial delay are found in Clause 6.3.1.5. The following simulation
results have been performed using "Configuration 2" from Table 7.9 and Table 7.10. A perfect time synchronization is
assumed for both technologies and they are aware of the current Time Division Multiplexing (TDM) pattern, i.e.
superframe size and time dot for each technology. The fast highway scenario has been used with avehicle density of
123 vehicles (Scenario #2 in Table 7.6) corresponding to around 600 generated packets/s’km of road. In Table 7.15, the
number of vehicles pertaining to either LTE-V2X or ITS-G5 for the vehicle density of 123 is tabulated.

Table 7.15: Number of vehicles pertaining to either LTE-V2X or ITS-G5

Technology mix [%] 123
LTE-V2X ITS-G5 LTE-V2X ITS-G5
0 100 0 123
25 75 31 92
50 50 62 61
75 25 92 31
100 0 123 0

Different superframe sizes have been used for investigating the effects of concurrent ITS-G5 transmissions following a
busy period, CW size, and the suggested artificial delay. Table 7.16 details the superframe sizes together with
corresponding number of vehicles for each time dlot. There is a perfect match between time slots and vehicles.
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Table 7.16: Investigated superframe sizes

Time slots Number of vehicles
Superframe size | LTE-V2X ITS-G5 LTE-V2X ITS-G5 Denoted
4 ms 2 ms 2ms 62 61 (4,2,2)
10 ms 5ms 5ms 62 61 (10,5,5)
20 ms 10 ms 10 ms 62 61 (20,10,10)
20 ms 5ms 15 ms 31 92 (20,5,15)
20 ms 15 ms 5ms 92 31 (20,15,5)

The effects of the packet delay mechanism are depicted in time histogramsin Figure 7.21 for the (4,2,2), (10,5,5), and
(20,10,10) settings. It is observed that the packet delay introduced reduces the occurrences of concurrent ITS-G5 packet
transmissions.
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Figure 7.21: Histograms on the effects of delaying ITS-G5 transmissions

The effects of increasing the CW size from original 16 to 80 is depicted in Figure 7.22. It can be observed that the
concurrent I TS-G5 transmissions are reduced.
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Figure 7.22: Histograms on the effects of increasing the CW size to 80

PRR for LTE-V2X for the different superframe sizes are depicted in Figure 7.23. The dashed black line is showing only
LTE-V2X on the channel (upper-bound performance) and cyan line shows when no superframe is available. Thereisa
slight performance degrade for LTE-V2X in the situation with (20,5,15) when LTE-V2X has 25 % of the available
resources and the available resources to select from for transmissions in the superframe are restricted.
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Figure 7.23: PRR for LTE-V2X for the different superframe sizes
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PRR for ITS-G5 for the different variants presented herein: no packet delay, packet delay, and increased CW size.
When introducing packet delay, ITS-G5 performs amost the same asif only ITS-G5 had been on the channel and
increased CW size is also better when not having any packet delay introduced at all.
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Figure 7.24: PRR for ITS-G5 for the different superframe sizes

The IPG for both technologies are more or less the same regardless of superframe size. In Figure 7.25, | PG for
LTE-V2X and ITS-G5 are depicted for the superframe setting of (20,10,10).
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Figure 7.25: IPG for a superframe setting of (20,10,10)
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Clause 7.3.2.6 addresses the aspects when there is a mismatch between the TDM pattern and corresponding time slot for
each technology compared to the actual technology penetration. Simulations have been conducted for investigating the
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Mismatch between TDM pattern and technology mix

effect of this mismatch in the fast highway scenario (Scenario #2 in Table 7.6) with 123 vehicles under Method A.
"Configuration 2" from Table 7.9 and Table 7.10 has been used. In Table 7.17, the technology mix 0 % -100 % for a

vehicle density of 123 and mismatch values are tabulated together with some explanation and colour coding of legends

for the result figures.

Table 7.17: Technology mix and mismatch

Technology mix [%] 123 Legend in figures Explanation
LTE-V2X ITS-G5 LTE-V2X ITS-G5 LTE-V2X ITS-G5
0 100 0 123 n/a 100% |According to TDM scheme.
LTE-V2X stations present
13 110 | ===—=— 0%+ | ———— 100%- |despite 0 % according to TDM
scheme.
Less LTE-V2X stations and
24 99 25%- 75%+ |more ITS-G5 stations
compared to TDM scheme.
25 75 31 92 25% 75% |According to TDM scheme.
More LTE-V2X stations and
37 86 25%+ 75%- |less ITS-G5 stations compared
to TDM scheme.
Less LTE-V2X stations and
55 68 = — —=50%- |= = =50%+ |more ITS-G5 stations
compared to TDM scheme.
50 50 62 61 50% 50% |According to TDM scheme.
More LTE-V2X stations and
68 55 | =a—a= 50%+ | e 50%- |less ITS-G5 stations compared
to TDM scheme.
Less LTE-V2X stations and
86 37 75%- 25%+ |more ITS-G5 stations
compared to TDM scheme.
75 25 92 31 75% 25% |According to TDM scheme.
More LTE-V2X stations and
37 86 75%+ 25%- |less ITS-G5 stations compared
to TDM scheme.
ITS-G5 stations present
110 13 - — = 100%- | = = = 0% |despite 0 % according to TDM
scheme.
100 0 123 0 100% n/a According to TDM scheme.

The superframe size has been fixed to 50 ms. In Table 7.18, the time dots for each given technology mix are provided.

Table 7.18: Time slots for different technology mixes

Technology mix [%] Time slots [ms]
Superframe size | LTE-V2X ITS-G5 LTE-V2X ITS-G5
0 100 5 45
25 75 13 37
50 ms 50 50 25 25
75 25 37 13
100 0 45 5

The PRR isshown in Figure 7.26. ITS-G5 is hardly affected by the mismatch whereas the PRR for LTE-V2X isabit

more spread. In the scenarios when only one technology is supposed to present but there are a few stations of the other

technology provides not sufficient statistics. Thisiswhy those two cases provide a bit shaky results.
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Figure 7.26: PRR for mismatch between time slots and technology mix

The IPG isdepicted in Figure 7.27. A bit shaky resultsfor "0 %+ LTE-V2X" and "0 %+ ITS-G5" given less statistics.
For ITS-G5, the IPG is almost the same for al cases whereas thereis a bit of spread for LTE-V2X.
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Figure 7.27: IPG for mismatch between time slots and technology mix

Semi-static Method A

In these simulation results, the semi-static Method A has been used where both ITS-G5 stations and LTE-V2X stations
have the same knowledge about the superframe size and time slots for each technology. I TS-G5 aso implements the
enhancement with packet delay following the busy channel as outlined in Clause 6.3.1.5 (results from simulations
detailing thisisfound in Clause 7.3.2.4.1). "Configuration 2" from Table 7.9 and Table 7.10 has been used together
with the fast highway scenario " Scenario #2" from Table 7.6 containing 123 vehicles generating approximately

600 packets/s’km. The time dots for each technology together with the technology mixes are tabulated in Table 7.19
and two different superframe sizes have been used, i.e. 25 msand 50 ms.
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Table 7.19: Time slots for different technology mixes

Technology mix [%] 123 vehicles Time slots [ms]
Superframe size | LTE-V2X ITS-G5 LTE-V2X ITS-G5 LTE-V2X ITS-G5
0 100 0 123 5 20
25 75 31 92 6 19
25 ms 50 50 62 61 13 12
75 25 92 31 19 6
100 0 123 0 20 5
Superframe size | LTE-V2X ITS-G5 LTE-V2X ITS-G5 LTE-V2X ITS-G5
0 100 0 123 5 45
25 75 31 92 13 37
50 ms 50 50 62 61 25 25
75 25 92 31 37 13
100 0 123 0 45 5

The PRR for a superframe size of 25 msisdepicted in Figure 7.28 for both technologies.
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Figure 7.28: PRR for semi-static Method A with superframe size 25 ms (Scenario #2 from Table 7.6)

The PRR for a superframe size of 50 msis depicted in Figure 7.29 for both technologies. The PRR increases for both
technologies with a superframe size of 50 ms compared to the 25 ms superframe size.
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Figure 7.29: PRR for semi-static Method A with superframe size 50 ms (Scenario #2 from Table 7.6)

The IPG for a superframe size of 25 msis depicted in Figure 7.30 for both technologies.
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Figure 7.30: IPG for semi-static Method A with superframe size 25 ms (Scenario #2 from Table 7.6)

The IPG for a superframe size of 50 msis depicted in Figure 7.31 for both technologies.
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Figure 7.31: IPG for semi-static Method A with superframe size 25 ms (Scenario #2 from Table 7.6)

7.3.2.4.4 Wrap up

Introducing a packet delay or increasing the CW size will decrease the number of concurrent transmissions attempts for
ITS-G5 stations when operating under a superframe regime, which leads to increased PRR.

The investigated mismatch between time gl ots of each technology and actual presence of LTE-V2X and ITS-G5
stations, respectively, ishot causing any significant decrease in performance.

The superframe size of 50 ms employed with semi-static Method A with the ITS-G5 packet delay enhancement isa
better choice for Configuration 2.
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7.3.2.5 Method C

7.3.2.5.1 Ideal TDM pattern

In Method C, LTE-V2X stations transmit I TS-G5 headers to signal about upcoming LTE-V2X transmissions aerting
ITS-G5 stations to defer access to the channel, see Clause 6.3.3 for details. ITS-G5 stations are not aware of the
superframe and itstime slots, only LTE-V2X stations have this information. The simulations conducted in this clause
assume that the LTE-V2X stations know the amount of stations pertaining to each technology and select their resources
based on this information.

"Configuration 2" from Table 7.9 and Table 7.10 has been used together with the fast highway scenario " Scenario #2"
from Table 7.6 containing 123 vehicles generating approximately. 600 packets/s’km. The time slots for each technology
together with the technology mixes are tabulated in Table 7.20 and two different superframe sizes have been used, i.e.
25 msand 50 ms.

Table 7.20: Time slots for different technology mixes

Technology mix [%] 123 vehicles Time slots [ms]
Superframe size | LTE-V2X ITS-G5 LTE-V2X ITS-G5 LTE-V2X ITS-G5
0 100 0 123 5 20
25 75 31 92 6 19
25 ms 50 50 62 61 13 12
75 25 92 31 19 6
100 0 123 0 20 5
Superframe size | LTE-V2X ITS-G5 LTE-V2X ITS-G5 LTE-V2X ITS-G5
0 100 0 123 5 45
25 75 31 92 13 37
50 ms 50 50 62 61 25 25
75 25 92 31 37 13
100 0 123 0 45 5

The PRR for a superframe size of 25 msis depicted in Figure 7.32 for both technologies. When there is 100 %
LTE-V2X stations on the channel, LTE-V2X needsto allocate 5 msto ITS-G5 even if they are not present, which
corresponds to 20 % of the channel resources.
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Figure 7.32: PRR for Method C with superframe size 25 ms (Scenario #2 from Table 7.6)
The PRR for a superframe size of 50 msis depicted in Figure 7.33 for both technologies and the results resemble those

with a superframe size of 25 msin Figure 7.32. When there is 100 % LTE-V2X stations on the channel, LTE-V2X
needs to allocate 5 msto ITS-G5 even if they are not present, which corresponds to 10 % of the channel resources.
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Figure 7.33: PRR for Method C with superframe size 50 ms (Scenario #2 from Table 7.6)

The IPG for a superframe size of 25 msis depicted in Figure 7.34 for both technologies.
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Figure 7.34: IPG for Method C with superframe size 25 ms (Scenario #2 from Table 7.6)

7.3.2.5.2

Deriving TDM pattern from local measurements

Theresultsin this clause are using the same simulation set-up asin Clause 7.3.2.5.1 investigating the ideal TDM

pattern. The simulations conducted here study the effect of local CBR assessment by LTE-V2X stations for deriving the
time dot asoutlined in Annex D using Option #1 in Table D.1 (i.e. the native CBR assessment used by LTE-V2X
stations, e.g. deploying a decentralized congestion control mechanism). Recall that in Method C, LTE-V2X stations
signal to ITS-G5 stations via a header at the beginning of the LTE-V2X transmission that the channel will be used for
approximately 1 ms.

In Figure 7.35, the PRR is shown when the time dot derivation is based on local measurements by LTE-V2X stations.
The results for ITS-G5 resembles those found for the ideal TDM pattern in Clause 7.3.2.5.1. For high penetration of
LTE-V2X tations (75 % and 100 %) the PRR decreases when using local measurements. When thereis 100 %
LTE-V2X stations on the channel, LTE-V2X needsto allocate 5 msto ITS-G5 even if they are not present, which
corresponds to 10 % of the channel resources.
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LTE-V2X, Method C local, SF=50ms, 123 vehicles
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Figure 7.35: PRR for Method C with local measurements of CBR with superframe size 50 ms
(Scenario #2 from Table 7.6)

IPG for this setting isfound in Figure 7.36.
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Figure 7.36: IPG for Method C with local measurements of CBR with superframe size 25 ms
(Scenario #2 from Table 7.6)

7.3.2.5.3 Wrap up

ITS-G5 stations are not affected by how LTE-V2X stations derive the TDM pattern since ITS-G5 stations only react to
ITS-G5 headers transmitted signalling about an immediate upcoming LTE-V2X transmission. There is a decreased
performance in terms of PRR for LTE-V2X stations when deriving the TDM pattern based on local measurements when
the number of LTE-V2X stations are high.

7.3.2.6 Comparison several methods

The simulations conducted on comparing several of the proposed methods were using Configuration 1 from Table 7.9
and Table 7.10. Investigated scenarios were #1, #2, #5 and #6, fetched from Table 7.6, shown for clarity alsoin
Table 7.21. They represent four different data traffic scenarios.
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Table 7.21: Average number of generated packets every second per kilometre of highway

ETSI TR 103 766 V1.1.1 (2021-09)

S . No of vehicles per Maximum speed of Average number of
cenario . .
kilometre vehicles generated packets/s/km
Fast #1 35 250 km/h 350
Highwa #2 62 140 km/h 620
ghway Slow #5 333 50 km/h 1156
#6 500 50 km/h 1736

The superframe size was set to 25 msand in Table 7.22, the time slots for different technology mixes are found.

Table 7.22: Time slots for different technology mixes with a superframe size of 25 ms

Technology mix [%] Time slots [ms]
LTE-V2X ITS-G5 LTE-V2X ITS-G5
0 100 5ms 20 ms
25 75 6 ms 19 ms
50 50 13 ms 12 ms
75 25 19 ms 6 ms
100 0 20 ms 5ms

In Table 7.23, the number of vehicles pertaining to each technology for different scenarios and technology mixesis
tabulated.

Table 7.23: Number of vehicles pertaining to each technology for different scenarios

Ideal mix [%] Scenario #1 Scenario #2 Scenario #5 Scenario #6
LTEV2X | ITSG5 | LTEV2X |1TsG5 | L5 | 1TsG5 | LTEV2X | ITSG5 | LTEV2X | ITS-G5
0 100 0 70 0 123 0 200 0 300
25 75 18 52 31 92 50 150 75 225
50 50 35 35 62 61 100 100 150 150
75 25 52 18 92 31 150 50 225 75
100 0 70 0 123 0 200 0 300 0

Table 7.24 explains the methods simulated and their configurations. The namesin Table 7.24 are used when describing
the results from the simulations.

Table 7.24: Description of methods and their configurations

Name Description
Both technologies are present on the shared communication channel, but no co-existence
No method method is deployed, i.e. LTE-V2X and ITS-G5 schedule transmissions according to their
medium access control scheme, respectively.
M Co-channel co-existence method as described in Clause 6.3.1.1 and the time slot for each
ethod A (S)

technology is known a priori to both technologies.

Method Ae (S)

Co-channel co-existence methods as described in Clause 6.3.1.1 and the time slot for
each technology is known a priori to both technologies. The enhancement to ITS-G5 as
described in Clause 6.3.1.5 is implemented, where ITS-G5 transmissions are artificially
delayed.

Method F (S)

Co-channel co-existence method as described in Clause 6.3.6 and the time slot for LTE-
V2X is known a priori. ITS-G5 stations are alerted by LTE-V2X stations about upcoming
LTE-V2X transmissions through setting the NAV in CTS packets.

Method B (D)

Co-channel co-existence method as described in Clause 6.3.2 and the time slot for LTE-
V2X stations is based on local measurements as outlined in Clause 6.2.2. Option #2 in
Table D.1 is used for local CBR measurements by LTE-V2X stations. ITS-G5 stations are
alerted by LTE-V2X stations about upcoming LTE-V2X transmissions through

transmission of energy signals.
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Name Description

Co-channel co-existence method as described in Clause 6.3.3 implementing Option 1

(Clause 6.3.1.2) and the time slot for LTE-V2X stations is set based on local

Method C (D) measurements as outlined in Clause 6.2.2. Option 4_#2 in Taple D.l_is used for Ioc_al _CBR

measurements by LTE-V2X stations. LTE-V2X stations are indicating the transmission of
their packets by means of an ITS-G5 header which acts as an immediate channel
reservation for LTE-V2X transmissions.

Co-channel co-existence method as described in Clause 6.3.6 and the time slot for LTE-

V2X stations is set based on local measurements as outlined in Clause 6.2.2. Option #2 in

Method F (D) Table D.1 is used for local CBR measurements by LTE-V2X stations. ITS-G5 stations are

alerted by LTE-V2X stations about upcoming LTE-V2X transmissions through setting the

NAV in CTS packets.

NOTE: (S) behind the method name stands for that the time slot for one or both technologies are known a
priori in simulations and (D) stands for that local measurements of technology penetration determine
the time slot dynamically. The a priori information about time slot is used in simulations for emulating
the different ways time slots can be achieved as outlined in Clause 6.2.2.

Figure 7.37 to Figure 7.40 show the 90 % PRR across the simulated methods for each technology and scenario. The Y
axis depicts the distance when 90 % PRR is achieved for transmissions (at shorter distances the PRR increases and at
longer distances it decreases). The methods described in Table 7.24 are shown on the X axis and each figure shows
ITS-G5 and LTE-V2X, respectively, for each scenario found in Table 7.23.

Figure 7.37 shows the 90 % PRR for Scenario #1 with 350 packets generated every second by the vehicles. The black
line (100 %) in the figures show when each technology is alone. LTE-V2X stations are always aware of the superframe
size and they obey to the time slot limitations, e.g. they need to allocate 5 msto ITS-G5 out of 25 ms. Therefore, when
LTE-V2X isaone on the channel employing aco-channel co-existence method there is a performance degrade due to
reserving 20 % of the channel resource to ITS-G5. "Method B (D)" causes many unsuccessful packet receptions for
ITS G5 when LTE-V2X stations are present.
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Figure 7.37: 90 % PRR for Scenario #1 across all methods

In Scenario #2 shown in Figure 7.38, approximately 600 packets are generated by the vehicles, an increase in number of
packets with 75 % compared to in Figure 7.37. "Method B (D)" is an outlier for ITS-G5 causing much decoding

problems.
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Figure 7.38: 90 % PRR for Scenario #1 across all methods

Scenario #5 amost doubles the amount of data traffic compared to Scenario #2 to approximately 1 200 packets/second
for every kilometre of highway. In Figure 7.39, it is depicted that "Method Ae (S)" works best for ITS-G5. The packet
duration for ITS-G5is500 psand for LTE-V2X it isalways 1 msregardless of packet length in bytes. Configuration 1
of LTE-V2X does not use HARQ for speeds below 250 km/h and it uses 3 out of 5 available subchannelsin a subframe
of 1 ms. This configuration implies that one LTE-V2X transmission can fit into 1 ms (e.g. if 2 subchannels had been
used, then two LTE-V2X transmissions could have been accommodated into 1 ms subframe). This explains the poor
performance for LTE-V2X since there are more packets than time dots available in this scenario. Further, in the 100 %
casefor LTE-V2X, 5 msneed to be always allocated to I TS-G5 corresponding to 20 % of all resources decreasing the
number of available subframes, hence, this case performs the worst.
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Figure 7.39: 90 % PRR for Scenario #5 across all methods

Scenario #6 is even more challenging with its 1 700 packets generated per second per kilometre road. The performance
decreases further for both technologies. "Method Ae (S)" is the best option for I TS-G5 whereas none of the methodsis

beneficial for LTE-V2X.
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The average PG across al scenariosisfound in Table 7.25. "Method B (D)" causesthe largest IPG for ITS-G5 and
thereis alarger spread among the IPG values for ITS-G5 compared to LTE-V2X.

Table 7.25: Average IPG across all scenarios

Average IPG [s] probability > 90 %

Name ITS-G5 LTE-V2X
No method 0,31 0,37
Method A (S) 0,29 0,34
Method Ae (S) 0,25 0,34
Method F (S) 0,30 0,37
Method B (D) 0,46 0,34
Method C (D) 0,27 0,35
Method F (D) 0,35 0,34

The average EED across all scenariosisfound in Table 7.26. "Method B (D)" causes the largest EED for ITS-G5 and
thereis alarger spread among the EED values for ITS-G5 compared to LTE-V2X, which isaround 90 ms.

Table 7.26: Average EED across all scenarios

Average EED [s] probability > 90 %

Name ITS-G5 LTE-V2X
No method 0,001 0,089
Method A (S) 0,009 0,090
Method Ae (S) 0,011 0,090
Method F (S) 0,008 0,090
Method B (D) 0,015 0,090
Method C (D) 0,001 0,089
Method F (D) 0,012 0,089

The average DA across all scenariosisfoundin Table 7.27. "Method B (D)" causes the largest DA for ITS-G5 and
thereis alarger spread among the DA values for ITS-G5 compared to LTE-V2X, which is around 40 ms.
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Table 7.27: Average DA across all scenarios

Average DA [s] probability > 90 %
Name ITS-G5 LTE-V2X
No method 0,31 0,42
Method A (S) 0,30 0,40
Method A/C (S) 0,26 0,40
Method F (S) 0,30 0,43
Method B (D) 0,47 0,39
Method C (D) 0,27 0,41
Method F (D) 0,36 0,40

It should be noted that |PG and DA have to be put in relation to the current generation rate of packets, whereas EED
givesinsights to the channel access delay.

"Method B (D)" has a poorer performance then "No method" for ITS-G5, however, when "No method" is employed
LTE-V2X suffers from this. The best options for co-channel co-existence are "Method Ae (S)" followed by "Method C
(D)", where the former simulation results depend on a supervising entity providing the time slots for each technology
and in the latter LTE-V2X stations derives the time slot locally based on measurements. The artificial packet delay for
ITS-G5 stationsis aso crucial to the performance of Method A. Configuration 1 for LTE-V2X, when only one
transmission can be fitted into a subframe of 1 ms, is sub-optimal for the high-density vehicle scenarios (i.e. Scenario
#5 and Scenario #6) when studying the PRR results.

7.3.2.7 Co-channel co-existence with legacy ITS-G5 stations

The simulations performed herein study the impact of some of the methods when legacy ITS-G5 stations are present
that do not implement a co-channel co-existence method per se. Configuration 1 has been used from Table 7.9 and
Table 7.10. Investigated scenarios were #1, #2, #5 and #6, fetched from Table 7.6, shown for clarity also in Table 7.28.
They represent four different data traffic scenarios.

Table 7.28: Average number of generated packets every second per kilometre of highway

Scenario No of vehicles per Maxjmum speed of Average number of
kilometre vehicles generated packets/s/km
Fast #1 35 250 km/h 350
Highway #2 62 140 km/h 620
Slow #5 333 50 km/h 1156
#6 500 50 km/h 1736

The superframe size was set to 25 msand in Table 7.29, the time slots for different technology mixes are found.

Table 7.29: Time slots for different technology mixes with a superframe size of 25 ms

Technology mix [%] Time slots [ms]
LTE-V2X ITS-G5 LTE-V2X ITS-G5
0 100 5ms 20 ms
25 75 6 ms 19 ms
50 50 13 ms 12 ms
75 25 19 ms 6 ms
100 0 20 ms 5ms

In Table 7.30, the number of vehicles pertaining to each technology for different scenarios and technology mixesis

tabulated.

ETSI



79 ETSI TR 103 766 V1.1.1 (2021-09)

Table 7.30: Number of vehicles pertaining to each technology for different scenarios

Ideal mix [%] Scenario #1 Scenario #2 Scenario #5 Scenario #6
LTE-V2X ITS-G5 |[LTE-V2X |ITS-G5 |LTE-V2X [ITS-G5 |LTE-V2X |ITS-G5 |LTE-V2X | ITS-G5
0 100 0 70 0 123 0 200 0 300
25 75 18 52 31 92 50 150 75 225
50 50 35 35 62 61 100 100 150 150
75 25 52 18 92 31 150 50 225 75
100 0 70 0 123 0 200 0 300 0

Table 7.31 explains the methods simulated and their configurations. The namesin Table 7.31 are used when describing
the results from the simulations.

Table 7.31: Description of methods and their configurations

Name Description
Both technologies are present on the shared communication channel but no co-existence
No method method is deployed, i.e. LTE-V2X and ITS-G5 schedules transmissions according to their

medium access control scheme, respectively.

Co-channel co-existence method as described in Clause 6.3.1.1. The time slot for each

technology is known a priori to both technologies. The enhancement to ITS-G5 as

described in Clause 6.3.1.5 is implemented, where ITS-G5 transmissions are artificially
delayed.

Co-channel co-existence method as described in Clause 6.3.1.1 and the time slot for LTE-

V2X is known a priori. ITS-G5 stations do not employ Method A and they are not aware of

Method A (S) superframe or time slots. As a consequence, LTE-V2X stations will be confined to

transmit during their allocated time slot. ITS-G5 stations are allowed to transmit at any

time instance, following only their CSMA/CA scheme.

Co-channel co-existence method as described in Clause 6.3.3 using Option 1 outlined in

Clause 6.3.3.2 and the time slot for LTE-V2X is known a priori. ITS-G5 stations do not

Method C (S) employ Method C and they are not aware of superframe or time slots. LTE-V2X stations

are indicating the transmission of their packets by means of an ITS-G5 header which acts

as an immediate channel reservation.

Co-channel co-existence method as described in Clause 6.3.3 using Option 1 outlined in

Clause 6.3.3.2 and local measurements by LTE-V2X stations determine the time slot size.

Option #2 in Table D.1 is used for local CBR measurements by LTE-V2X stations. ITS-G5

stations do not employ Method C and they are not aware of superframe or time slots.

LTE-V2X stations are indicating the transmission of their packets by means of an ITS-G5

header which acts as an immediate channel reservation.

NOTE: (S) behind the method name stands for that the time slot for one or both technologies is known a
priori in simulations and (D) stands for that local measurements of technology penetration determine
the time slot dynamically. The a priori information about the time slot is used in simulations for
emulating the different ways time slots can be achieved as outlined in Clause 6.2.2.

Method Ae (S)

Method C (D)

Figure 7.41 to Figure 7.44 show the 90 % PRR across the simulated methods for each technology and scenario (the
same figure set asin Clause 7.3.2.6). The Y axis depicts the distance when 90 % PRR is achieved for transmissions (at
shorter distances the PRR increases and at longer distances it decreases). The methods described in Table 7.31 are
shown on the X axis and each figure show ITS-G5 and LTE-V2X, respectively, for each scenario found in Table 7.30.

The 90 % PRR in metres for Scenario #1 is depicted in Figure 7.41. Thisisthe scenario which is less congested from a
datatraffic point of view. The black line (100 %) in the figures show when each technology isaone. In "Method A
(9)", when there are few LTE-V2X stations (i.e. 25 %), LTE-V2X suffers from interference created by I TS-G5 stations
which arein majority (75 %) since ITS-G5 stations are not aware of the TDM scheme. The two implementations of
"Method C (S)/(D)" provide better performance for LTE-V2X compared to "Method A (S)" due to that ITS-G5 stations
are derted about upcoming LTE-V2X transmissions.
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Figure 7.41: 90 % PRR for Scenario #1 across all methods

In Scenario #2 shown in Figure 7.42, approximately 600 packets are generated by the vehicles, an increase in number of
packets with 75 % compared to in Figure 7.41. In "Method Ae (S)", ITS-G5 stations are aware of superframe and time
slots and the PRR for both technologies are close to the performance compared to when a single technology is present
on the channel. When looking into "Method A (S)", "Method C (S)", and "Method C (D)", both experience performance
degradation when there are few stations of either of the two technologies (green line in both figures).
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Figure 7.42: 90 % PRR for Scenario #1 across all methods

Scenario #5 almost doubles the amount of data traffic compared to Scenario #2 to approximately 1 200 packets/second
for every kilometre of highway. In Figure 7.43, it is clearly depicted that "Method A/C (S)" when ITS-G5 stations are
aware of time dots have the best performance for ITS-G5. The packet duration for ITS-G5 is500 ps and for LTE-V2X
it isalways 1 msregardless of packet length in bytes. Configuration 1 of LTE-V2X does not use HARQ for speeds
below 250 km/h and it uses 3 out of 5 available subchannels in a subframe of 1 ms. This configuration implies that one
LTE-V2X transmission can fit into 1 ms (e.g. if 2 subchannels had been used, then two LTE-V2X transmissions could
have been accommodated into 1 ms). This explains the poor performance for LTE-V2X since there are more packets
than time slots available in this scenario. Further, in the 100 % case for LTE-V2X 5 ms has to be always allocated to
ITS-G5 corresponding to 20 % of al resources decreasing the number of available subframes, hence, this case performs

the worst.
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Figure 7.43: 90 % PRR for Scenario #5 across all methods

Scenario #6 is even more challenging with its 1 700 packets generated per second. The performance decreases further
for both technologies.
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Figure 7.44: 90 % PRR for Scenario #6 across all methods

The average |PG across all scenariosisfound in Table 7.32. Thereis adlightly larger spread among the IPG values for
LTE-V2X compared to ITS-G5.

Table 7.32: Average IPG across all scenarios

Average IPG [s] probability > 90 %
Name ITS-G5 LTE-V2X
No method 0,34 0,38
Method A/C (S) 0,25 0,34
Method A (S) 0,32 0,46
Method C (S) 0,32 0,36
Method C (D) 0,28 0,34

The average EED across all scenariosisfound in Table 7.33. "Method A/B (S)", when ITS-G5 also employs a
co-existence method, causes the largest EED for ITS-G5. LTE-V2X has a stable value of 90 ms.
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Table 7.33: Average EED across all scenarios

Average EED [s] probability > 90 %
Name ITS-G5 LTE-V2X
No method 0,001 0,090
Method A/C (S) 0,013 0,090
Method A (S) 0,001 0,090
Method C (S) 0,008 0,090
Method C (D) 0,002 0,090

The average DA across all scenariosisfound in Table 7.34.

Table 7.34: Average DA across all scenarios

Average DA [s] probability > 90 %
Name ITS-G5 LTE-V2X
No method 0,34 0,43
Method A/C (S) 0,25 0,39
Method A (S) 0,33 0,50
Method C (S) 0,32 0,42
Method C (D) 0,28 0,40

It should be noted that IPG and DA have to be put in relation to the current generation rate of packets, whereas EED
givesinsights to the channel access delay.

Method C can be deployed together with legacy I TS-G5 inherently but performance increasesif ITS-G5 has knowledge
about superframe and time dlots of course. Dynamic selection of resourcesin Method C (D) can sometimes be a better
choice than static configuration, given that Option #2 from Table D.1 is used (it should be noted that this requires
decoding of ITS-G5 headersby LTE-V2X stations).

7.3.2.8 Summary simulation results

Focus on simulations have mostly been on Method A and Method C with enhancements and additions. In Method A,
LTE-V2X stations and I TS-G5 stations are both aware of the superframe and timesl ot for each technology, whereasin
Method C only LTE-V2X stations have this knowledge and they signal to ITS-G5 stations about upcoming LTE-V2X
transmissions through 1 TS-G5 header insertion.

Enhancements have been made to Method A to combat that ITS-G5 stations might rush to the channel when it istheir
timeslot used for transmissions. An artificial packet delay mechanism isintroduced to ITS-G5 stations to spread out
transmissions over time. Method A has a better performance in terms of PRR than Method C when studying the results
in Clause 7.3.2.4 and Clause 7.3.2.5, respectively. These simulations both used Configuration 1 where HARQ is always
turned on for LTE-V2X and 2 subchannels out of 5 subchannels are used for transmissions in a subframe. The better
performance of Method A isdueto that in Method C, ITS-G5 stations are not aware of the LTE-V2X time dot and can
start transmissions in unoccupied subframes of the LTE-V2X timeslot when using Method C Option 1 outlined in
Clause 6.3.3.2. In Figure 7.45, an illustration of the differences between Method A and Method C Option 1 is depicted.
Figure 7.45(a) shows Method A where ITS-G5 stations are aware of their time slot and they are only using thisfor
transmissions. Method C isillustrated in Figure 7.45(b) where ITS-G5 transmissions might occur during the LTE-V2X
time slot due to unoccupied subframes.
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Figure 7.45: lllustration of packet transmissions for Method A and Method C Option 1 given a
superframe of 25 ms with equal time slot distribution

Simulation results for Method C Option 1 comparing the ideal TDM pattern provided a priori with conducting local
measurements for deriving the TDM pattern were performed in Clause 7.3.2.5.1 and Clause 7.3.2.5.2, respectively. The
performance difference between these two approaches was small. The local measurements performed by LTE-V2X
stations was using Option #1 in Table D.1.

Method A and Method C are also performing the best when studying several of the proposed methods in Clause 7.3.2.6.
Method B was an outlier for all scenarios simulated for ITS-G5 stations providing poor performancein terms of
successful packet reception rate compared to the other methods. Method C was simulated both when the time slot was
known apriori to LTE-V2X stations (called Method C (S)) and when it was derived based on local measurements by
LTE-V2X stations (called Method C (D)). The local measurements used Option #2 from Table D.1, which requires
LTE-V2X stations to also decode parts of the ITS-G5 header to estimate the occurrences of ITS-G5 stations.

Results for when LTE-V2X stations exercise a co-channel co-existence method when there are legacy I TS-G5 stations
were presented in Clause 7.3.2.8. For scenarios containing low data traffic volume (i.e. Scenario #1 in Table 7.6), there
is hardly any difference between the different methods (this applies also to the results in Clause 7.3.2.6). Method C
Option 1 has the best performance in terms of PRR when legacy ITS-G5 stations are present and when the data traffic
volume increases.

Method C also comes with Option 2 as outlined in Clause 6.3.3.3, where LTE-V2X stations make reservations through
the ITS-G5 header for longer time intervals. This option aims at informing I TS-G5 stations about the start of their time
dlot to avoid ITS-G5 transmissions in unused subframes of the LTE-V2X time dot (see Figure 7.45(b)). When ITS-G5
stations have the knowledge about the start of their time slot, they can also deploy the possibility of spreading out
transmissions over time in their time slot as deployed by Method A and described in Clause 6.3.1.5. Method C Option 2
has not been simulated but the results will be similar of those to Method A enhanced with artificial packet delay for
ITS-G5. The implementation of these two approaches are different, where the former requires I TS-G5 to have apriori
knowledge about time slot size, while the latter requires LTE-V2X to continuously transmit I TS-G5 headers.
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The most influential KPI for evaluating the methods is PRR providing an indication at what distances vehicles will
"detect" each other. The 90 percentile EED provides insight to channel access delay and for LTE-V2X thisdelay is
more or less constant throughout all scenarios (around 90 ms) due to the deterministic scheduling of transmissionsin

the future. For ITS-G5, EED will increase from 1 ms up to 15 ms on average across al scenarios since ITS-G5 isa
reactive protocol and searches for resources once a packet is ready for transmission. IPG and DA are similar KPIs
capturing lost packets in addition. These needs to be studied in relation to the CAM generation rate (lower rate resultsin
longer PG and DA by default). |PG measures the time between two successful receptions of packets for a specific
TX-RX pair and DA includes also the EED. The IPG and DA results do not differ tremendously between the different
methods or scenarios.

8 Conclusions

The present document studies the possibilities for ITS-G5 and LTE-V2X to share a common communication channel in
the same geographical area. Typically, co-channel co-existence between different wirel ess technologies on a shared
frequency channel will be less spectral efficient compared to when a single technology is present. The medium access
control scheme of wireless technologiesis responsible for scheduling transmissions on the shared channel to minimize
interference between co-located transmitters of the same technology. Sharing of a common resource can take placein
time, frequency, and space domain.

The studied technologies for co-channel co-existence are ITS-G5 based on |EEE 802.11 through the enrolled
amendment | EEE 802.11p and L TE-V2X mode 4 developed by 3GPP (introduced in Release 14), both support ad hoc
communication in the vehicular domain (V2X communication). These two technologies differ first and foremost on
how they access the channel, i.e. medium access control. In ITS-G5, stations listen to the channel for a predetermined
listening period before packet transmission to determine if the channel is busy or not. If not busy, the station will
transmit directly and if busy, it will defer access for arandomized period of time which is decremented as long as the
channel is not busy carrying atransmission. Given a specific coding and modulation scheme, the transmission duration
will vary in time depending on packet size. ITS-G5 uses the channel bandwidth for transmissions. LTE-V2X on the
other hand, relies on the scheduling of transmissions in a synchronous network, and divides the channel into subframes
of 1 msand within each subframe one or several packets can be transmitted, occupying a subset of the available
frequency resources. Varying packet sizes will use more or less frequency resources inside a subframe given a specific
modulation and coding scheme. Stations using LTE-V2X will keep track of used subframes, measure the energy of all
frequency resources and schedul e transmissions into the future based on what has happened in the past. LTE-V2X
accesses the channel in the scheduled resources and indicates future reservations in the control information of each
transmission. Due to the differences in scheduling packet transmissions, there will be interference between the two
technologies when the number of stations and data traffic increasesif both are present on the same channel within a
certain geographical, i.e. ITS-G5 will causeinterferenceto LTE-V2X and vice versa.

Seven different co-channel co-existence methods are included in the present document and focus on simulations have
predominantly been on Method A and Method C. A TDM scheme has been proposed for sharing the channel resources
in the time domain since I TS-G5 does not possess the possibility of sharing in the frequency domain. The TDM scheme
consists of a superframe containing two time sots, one for each technology. The ideaisto vary the duration of time
slotsinside a fixed-size superframe (e.g. 25 ms, 50 ms) given the current technology penetration. In area-world
deployment, the superframe size will be fixed and the time dot duration for each technology will vary. The retrieval of
the time dot division between technologies (e.g. the TDM pattern) can be performed either outside the stations and then
signalled to the stations or it can be assessed locally inside the stations. The time slot assessment carried out outside
stations have not been investigated but several approaches on how this can be performed isfound in Clause 6.2.2. In
simulations, the time dot division has been set a priori to the stations for this case and in some simulations a mismatch
between the apriori division and the ideal division has been investigated. The local assessment for deciding upon time
dot division has been performed in ssimulations.

It should be noted that the evaluation of methods has been performed using CAM triggered based on vehicle dynamics.
DENM and upcoming message types such as collective perception and manoeuvre coordination have not been studied
in conjunction with the methods.
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In Method A, ITS-G5 stations and LTE-V2X stations are aware of time slot durations for each technology (i.e. stations
areinstructed from the outside about the division and set a priori in simulations). In this approach, stations are confined
to transmit in their time slot belonging to either technology avoiding overlapping transmissions between technologies.
Thereisaways5 msallocated to each technology in the superframe for guaranteeing that they can enter the channel.
For short superframe duration, e.g. 10 ms, thisis awaste of resources when only one technology is present on the
channel. Longer superframe duration is preferred (e.g. 25 ms, 50 ms) to minimize waste. To avoid ITS-G5 stations
rushing to the channel in their time slot, an artificial delay of packetsisintroduced to increase the performance. Both
technologies need to be changed for implementing this approach.

Method C "Option 1" requires LTE-V2X stations to keep track of time slotsand ITS-G5 isinformed about an
immediate LTE-V2X transmission through I TS-G5 header insertion in the beginning of a subframe, but are not aware
of the underlying TDM pattern, not even of the fact that the channel is shared with another technology. LTE-V2X
stations assess the current penetration of technology locally using CBR and hence determinesthe time slot locally. It is
still possible for ITS-G5 to transmit during unused subframes belonging to the time slot of LTE-V2X. Like in Method
A, thereis always 5 msallocated to I TS-G5 in this approach in the superframe even though no ITS-G5 stations are
present. This approach requires changes to L TE-V2X while nothing needs to be changed on ITS-G5 side (it can work
with already deployed I TS-G5 stations). There is a second option for Method C ("Option 2*), where ITS-G5 stations are
aware of the superframe structure but determine their time slot based on information received in the ITS-G5 header
relayed by LTE-V2X stations. Thisrequires also that I TS-G5 stations are aware of the superframe size and that
LTE-V2X stations are aware of time slot durations for each technology. Hence the LTE-V2X time slot needs to be
determined outside of the LTE-V2X stations and signalled to the LTE-V2X stations which, in turn, inform ITS-G5
stations about the current time dot division through I TS-G5 header insertion. Both technologies need to be changed for
implementing this option.

Method D and Method E require LTE-V2X stations to be equipped also with ITS-G5 radios to signal the presence of
LTE-V2X stationsto ITS-G5 stations. This has not been further studied in the present document. Method B and Method
F have been simulated but provided a significant performance degradation for ITS-G5 compared to what was achieved
with Method A and Method C. Method B, Method D, Method E, Method F and Method G all require changesto
LTE-V2X and ITS-G5 to avarying degree.

Method A and Method C are the two most promising approaches for co-channel co-existence between ITS-G5 and
LTE-V2X in the same geographical area given the simulation results. The former requires changes to both technologies
and that the time slot for each technology is provided from the outside to the stations. The latter requires only changes
to LTE-V2X when implementing "Option 1" and the LTE-V2X time slot size is determined locally using CBR
assessment. "Option 2" of Method C requires changesto ITS-G5 also and that LTE-V2X stations receive the time slot
configuration from outside (not assessed locally). The changesto LTE-V2X required by Method C imply amodification
to the physical layer design of LTE-V2X, thus resulting in abroader impact on LTE-V2X compared to Method A.
Simulation results for Method A show on average a dight advantage in the packet error rate performance compared to
Method C "Option 1" for both technologies. Overall, having two technologies sharing the same channel will always
come at the expense of performance.

Co-channel co-existence between LTE-V2X and I TS-G5 requires changes to one or both technologies. The complexity
involved in changing technologies boils down to how, e.g. technol ogies have been implemented in the first place, and it
is difficult to estimate the changes required based on simulation results.

Technologies evolve and there are activities in both IEEE aswell asin 3GPP for further developing V2X technologies.
5G-NR V2X uses asimilar channel access mechanism procedure as L TE-V2X. The same goes for |EEE 802.11bd, the
successor to |EEE 802.11p, which uses the same channel access mechanism procedure. To this end, some of the co-
channel co-existence mechanisms described in the present document might be valid for these two new technologies.
However, further considerations and analysis would be needed to evaluate the effectiveness of those methodsin the
context of advanced use cases.
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Annex A:
Detailed description of the ITS-G5 header insertion

A.l Introduction

There are two ways of introducing the ITS-G5 PHY header and these can be combined. Thefirst option isto insert the
PHY header in the last symbol of the previous LTE-V2X subframe by the LTE-V2X stations that wants to send a new
packet in a given subframe. This would not need any additional radio resources and would still allow the switching
between TX and RX within around 30 us (instead of the full symbol duration of 71 pus). The purpose of the LTE V2X
guard symbol isto accommodate the TX/RX switching and to manage propagation delays, since sidelink packets are
not necessarily arriving synchronized. The guard symbol enables ITS-S to receive a subframe/TTI right after
transmitting one. Filling this guard symbol partly with another transmission is not foreseen in the current 3GPP
Release 14. Therefore, further investigations on the impact of such adesign change are necessary.

The second option for inserting the ITS-G5 PHY header isin the first symbol of the current LTE-V2X subframe since
the first OFDM symbol of an LTE V2X subframe does not carry any data and is only used for the Automatic Gain
Control (AGC) calibration process, it could also be used for inserting the ITS-G5 header plus asignal field. Like the
guard symbol, this possibility needs to be investigated, and using this first OFDM symbol is not foreseen in the current
3GPP release 14. Indeed, the first symbol can still be used by LTE to carry data, so an impact on capacity should be
investigated.

For the reservation of afixed length time slot (for LTE-V2X e.g. 1 ms subframe), the ITS-G5 PHY header can be
"prerecorded” and no additional computational effort is necessary. The ITS-G5 PHY header SIGNAL can be delivered
to the upconverter by the same digital to analogue converter asthe LTE signal. The use of fixed "prerecorded" ITS-G5
headers has a so the advantage that when several LTE V2X users want to use the same subframe (frequency division
multiplex) they transmit the same I TS-G5 header information, and therefore do not interfere with each other.

The method does not foresee that the other technology implements a communication stack of ITS-G5. Just the ITS-G5
header signal is transmitted, which can be a prerecorded list of analogue samples. No reception of ITS-G5 signalsis
foreseen. Thisimplies that the other technology does not necessarily sense when the channel isalready used by an ITS
G5 transmitter. In case the other technology is accessing the channel while the channel isused by an ITS-G5
transmitter, interference can occur.

The ITS-G5 header is encoded as per the ETSI specifications ETSI EN 302 663 [i.2]. The ITS-G5 header includes the
following components: L-STF (16 ps), L-LTF (16 ps) and L-SIG (8 us), see Figure 17-5 in IEEE 802.11-2020 [i.3]
when using 10 MHz channels.

Asshown in Figure 17-5 in IEEE 802.11-2020 [i.3], the signal field symbol (L-SIG) carries 4 bits of information about
the modulation coding scheme (referred to as the rate in IEEE terminology) and 12 bits of information about the
payload length (which ranges from O - 4 095 bytes). Thereisalso 1 reserved bit "R", 1 parity bit "P" and 6 bits for the
signal tail. From these 2 fields, the receiving I TS-G5 stations derive the duration of the message. The transmit rate
should be one of the mandatory rates supported by I TS-G5 sations. Thisincludes for example "BPSK %2 3 Mbps' and
"QPSK %26 Mbps'. Then, the payload size can be set to specific number of bytesto mean a specific duration.

Figure A.1 shows details on the header insertion when sent at the beginning of the LTE-V2X subframe.
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Figure A.1: LTE-V2X data subframe, with 1st symbol used for ITS-G5 header

For use in the context of co-channel co-existence, there are two possible ways to configure the L-SIG information to be
transmitted by the LTE-V2X dations.

A.2  Option 1 - configuration of L-SIG information

Thefirst option is to configure the rate and length to indicate a duration of (slightly more than) 1 ms. In this
configuration the ITS-G5 header can be viewed as an immediate reservation of 1 ms, solely covering the needs of the
present LTE-V2X subframe. This configuration allows I TS-G5 stations to potentially use the empty LTE-V2X
subframes (although risking a collision in subsequent LTE-V 2X subframes). As described in Clause 6.3.3 Method C, it
does not require ITS-G5 stations to be aware of the existence of the superframe and time slot sizes.

Thisis most likely the natural setting when using "Method C" and "Option 1" described in Clause 6.3.3.2.

ITS-G5 preamble
reserving 1ms at a time

I i R

|| Y
LTE subframe LTE ON timeslot LTE OFF timeslot

Superframe (ex: 10ms with 5:5 configuration)

Figure A.2: ITS-G5 header insertion, immediate reservation of 1 ms

In thisfirst configuration, it is proposed that the encoded packet duration is 1,008 ms. The rationale for the additional

8 usisto have asmall additional margin (the minimum granularity is 1 ITS-G5 symbol) to cover for propagation time
(the gap might appear dlightly larger than 72 psin case of the first subframe being sent by a LTE-V2X station located
closely to the ITS-G5 receiving station while the subsequent LTE-V2X subframeis sent by aLTE-V2X station located
far away. In order to code for 1,008 ms, the PSDU DATA field size can be encoded as " 720 bytes'. The proposed

preamble is sampled at 10 MSPS.

Figure A.3 shows the ITS-G5 header (time domain view) sampled at 10 MSPS, for thisfirst configuration.
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. ITS-G5 preamble insertion for LTE-V2X subframes
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Figure A.3: ITS-G5 header (time domain view) sampled at 10 MSPS

A.3  Option 2 - configuration of L-SIG information

The second option is to configure the rate and length to indicate the time remaining until the end of the current the LTE-
V2X time dot. In this configuration the ITS-G5 header can be viewed as alonger reservation covering the needs of the
present LTE-V2X subframe, and of the subsequent LTE-V2X subframes within the current LTE-V2X time dlot. This
configuration forbids I TS-G5 stations to use the empty LTE-V2X. In this configuration, al LTE-V2X stations have to
follow the same TDM pattern, in order to ensure that different stations would be sending consistent information via the
ITS-G5 header. This configuration can thus only work in a static or semi-static configuration for LTE-V2X and is not
compatible with dynamically changing of the TDM partitions based on local measurements as outlined in Clause 6.3.2.2
and in Clause A.2.

This configuration is used with Option 2 of Method C outlined in Clause 6.3.3.3. It should be noted that within a given
subframe, all LTE-V2X stations will issue the same I TS-G5 header content.

ITS-G5 preamble reserving 5ms

ITS-G5 preamble reserving 4ms

ITS-G5 preamble reserving 3ms

] > time

Y Y
LTE subframe LTE ON timeslot LTE OFF timeslot

( ]
Y
Superframe (ex: 10ms with 5:5 configuration)

Figure A.4: ITS-G5 header insertion: reservation until the end of current LTE-V2X time slot

The maximum packet duration which can be instructed by (rate, length) is 10,98 mswith (BPSK Y2, 4 095 bytes), thus
having al the required granularity for superframes of 11 msor less, since durations of 1, 2, 3,..., 10 mscan be
accommodated.

It should be noted that ETSI EN 302 571 [i.34] limits the duration of "real" ITS-G5 packetsto 4 ms, but most likely this
limitation does not apply here.
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For superframes> 11 ms, such as 20 ms, adightly different scheme is defined, considering a maximum duration of
10 msthat can be instructed by the ITS-G5 header. The packet duration indicating the time remaining until the end of
the current the LTE-V2X time dot is upper-bounded to 10 ms. Figure A.5 shows an example with a superframe of

20 ms, in a15:5 configuration. The first 6 LTE-V2X subframes contain a header indicating a duration of 10 ms, while
for the subsequent LTE-V2X subframes the duration is decreasing towards1 ms (9, 8, ... 1 ms).

ITS-G5 preamble reserving 10ms

ITS-GS5 preamble reserving 10m:

preamble reserving 10ms
preamble reserving 3ms

L —— —

L I\ J
Y Y
LTE ON timeslot LTE OFF timeslot

Y
Superframe (ex: 20ms with 15:5 configuration)

Figure A.5: ITS-G5 header insertion: reservations until the end of current LTE-V2X time slot,
superframe 2 20 ms

In this configuration, LTE-V2X stations have to be able to send different versions of the preamble coding for different
durations. If one preambleis stored inaLUT as 16-bits | + 16-bits Q, it occupies 2,4 kB of data (15,36e6 x 40e-6 x
4/1 024 = 2,4). When more preambles need to be stored, only the 1Q samples corresponding to different L-SIG

(+ resampling filters delays) would be needed in addition (since the L-STF and L-LTF areidentical for all ITS-G5
headers). This approximately leads to 0,48 kB of data (15,366 x 8e-6 x 4/1 024 = 0,48) per additional preamble. Thus,
as an example, for 4 preambles the amount of LUT memory needed is3 84 kB (2,4 + 0,48 x 3), and for 10 preambles
the amount of LUT memory needed is 6,72 kB (2,4 + 0,48 x 9).

A.4  Resampling of ITS-G5 header to LTE native rate

When sent by ITS-G5 stations, ITS-G5 packets are sent at the IEEE 802.11p native rate of 10 MSPS, while LTE-V2X
packets are sent at 15,36 MSPS, typically. Therefore, the precomputed | TS-G5 header sequence isinitially generated at
10 MSPS, then most likely rate-converted to 15,36 M SPS. How the sequence is resampled to L TE-compatible rate is up
to each implementation, although a straight rate conversion by 192/125 is recommended. Typical quality metrics of
transmit signal should be applicable (for example in terms of EVM) to ensure integrity of the transmitted signal, and
correct decoding of the preamble by ITS-G5 stations.

A.5  Transmit power for the ITS-G5 header

The ITS-G5 header transmitted within an LTE-V2X subframe should be transmitted with the same transmit power as
the rest of the subframe, regardless of the number of subchannels used by the LTE-V2X message. Thisisto ensure
identical power-level in time domain throughout the subframe.

A.6  Multiple LTE-V2X stations transmitting ITS-G5
headers in the same subframe

The ITS-G5 headers span the full 1TS-G5 frequency bandwidth (8,125 MHZz), which will be different from the

bandwidth of the allocated LTE-V2X RB. Such headers can be transmitted by multiple LTE-V2X stations

simultaneously. This clause provides details on how to model the case when multiple identical ITS-G5 headers are
transmitted by different LTE-V2X stations in the same subframe.
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Since LTE-V2X transmissions are fully synchronized in subframes occurring every 1 ms, all LTE-V2X stations that
transmit in one subframe will also send the ITS-G5 header at the same time within the first OFDM symbol of the
subframe. Since the header transmitted by each station isidentical, ITS-G5 stations will receive the header from
multiple LTE-V2X stations with different receive power (depending on the propagation loss). To simplify the
simulations of this method, the energy received by all LTE-V2X stations transmitting at the same time is summed up.
This assumption is expected to represent the upper bound for the detection performance, since depending on the channel
impul se responses and Doppler shifts, only some transmissions will add up fully constructively, but others might only
partially add up or might add up destructively leading to alower detection performance. Therefore, the results for
Method C can be understood as an upper bound for the achievable performance, i.e. performance with ideal header
detection.

The term 'header detection’ denotes the combination of the ‘acquisition’ of the packet (typically based on correlations of
the L-STF sequences) and the decoding of the SIGNAL field:

. For the successful acquisition (if implemented explicitly) of the ITS-G5 header, the (cumulated) received
signal needs to exceed -94 dBm (which is arguably alower bound as some I TS-G5 devices have a better
preamble sensitivity)

. For the decoding of the SIGNAL field, alink level PER vs SINR mapping curve (or a 90 % PRR threshold)
may be used to determine if the SIGNAL field is successfully decoded

The detailed (idealized) simulation assumptions for overlapping I TS-G5 header transmissions by LTE-V2X stations are:
e  Thereceived power of all header transmissions can be summed up RSR Py neader

. For the header acquisition (if implemented explicitly), the sum of the received power of all headersis used to
compare with the detection trigger value of -94 dBm

. For the decoding of the Signal Field, the SINR is computed as:
SINR = RSRPsum header/(RSSI - RSRPsum header)

For ITS-G5 stations the "capture effect" is considered.

A.7  Options of Method C

A.7.1 Option 1

Method C "Option 1" is described in Clause 6.3.3.2 and it islinked to how the immediate reservation of the channel is
performed by LTE-V2X as detailed in Clause A.2.This option is applicable only in conjunction with "Dynamical local
configuration of time slot sizes' as outlined in Clause 6.2.2. It assumes | TS-G5 header reservations of 1,008 ms. This
method assumes I TS-G5 stations with time-synchronization capabilities (as described in Annex F) and hence the
capability for ITS-G5 stations to avoid sending messages that may overlap with the next superframe.

A.7.2 Option 2

This option is applicable only in conjunction with static or semi-static configuration as outlined in Clause 6.2.1. It
assumes | TS-G5 header reservations pointing to the end of the current LTE-V2X time dot (or upper bounded to 10 ms).
This method assumes I TS-G5 stations with time-synchronization capabilities (as described in Annex F) and hence the
capability for ITS-G5 stations to avoid sending messages that may overlap with the next superframe, aswell asthe
capability for ITS-G5 to derive the starting time of the ITS-G5 time slot and thus to apply the artificial packet delay
described for in Clause 6.3.1.5 (in which ITS-G5 transmissions are spread over time in an attempt to avoid concurrent
transmissions).
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In this option, the TDM instructions are given only to LTE-V2X stations. The TDM instructions are forwarded by L TE-
V2X stations to the I TS-G5 stations by means of the ITS-G5 header. ITS-G5 stations have to know the superframe size
and thetime dot sizeis provided by the LTE-V2X stations. To derive the starting time of the ITS-G5 time dot. It is

further required that ITS-G5 stations establish the following:

. A mechanism to identify if agiven ITS-G5 header originates from an ITS-G5 station or aLTE-V2X station.
This classification can be based on the fact that LTE-V2X stations can only send a limited set of duration
indications (e.g. 5, 6, 7, 8, 9, 10 ms). Assuming that the minimum duration of LTE-V2X time dotis5ms, and
that for 'normal’ ITS-G5 messages sent by ITS-G5 stations the duration will be at most 4 ms, it should be
reasonably easy to distinguish between the 2 possible origins.

. A continuously updated table, which collects the time when the latest ITS-G5 header indicating agiven LTE-
V2X time dot duration was received from the LTE-V2X stations. Table A.1 shows an example of such

concept.

Table A.1: Example of atable collecting latest valid ITS-G5 header indications from LTE-V2X stations

LTE-V2X time slot 5ms
duration

6 ms

10 ms

(superframe size -5) ms

Latest received message | 2020/2/11/09:59

2020/2/11/09:55

2020/2/11/09:50

[N/A]

. Upon reception of aLTE-V2X originating header, update the corresponding entry of Table A.1.

. For each entry of Table A.1, implement atime-out mechanism which may reset the content of the cell to
"N/A", if novalid LTE-V2X ITS-G5 header has been sent within a predefined time (e.g. several hours).

At any point in time, the LTE-V2X time slot duration is derived as being the highest valid entry of Table A.1 (not

"N/A"), and > 5 ms

It is expected that this configuration will have similar performance as "Method A enhanced" , i.e. Method A with the
artificial packet delay as described in Clause 6.3.1.5.
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Annex B:

Collected statistics for CAMs

Statistics on CAM message distribution during real test drives have been collected. The collection of messages has been

performed using vehicles driving around in different traffic situations named "urban",

suburban” and "highway".

Table B.1 outlines the driving scenarios and Figure B.1 shows maps over the driving scenarios. Results from these test
drives were presented at the ETSI ITS workshop 2019 [i.14] and the full study is available at the C2C-CC's website

[i.15].
Table B.1: Outlines the driving scenarios

City Scenario Standard Facilities layer profile
Urban

(I) Gifhorn, Germany Suburban ETSI ITS-G5 C2C-CC profile 1.3
Highway (slow)
Urban

(1) Vienna, Austria Suburban ETSIITS-G5 SCO0OP 1.2,24.1
Highway

It has been observed from the traces collected that the CAM size changes from one message to the other, for all the test
drives. This variahility is caused by, e.g. the security certificate handling and the 'optional’ low frequency container

containing the path history. Figure B.1 shows examples of traces.

CAM size [Bytes]
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CAM message index

(a) Urban environment
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120 140 160 180 200

CAM message index

(b) Highway scenario

Figure B.1: Shows traces for CAM sizes

The average CAM sizeistypically around 350 bytes. However, significant differencesin the upper part of the CAM
distribution were found during the test drives. Table B.2 outlines the minimum and maximum sizes of CAMs together

with mean.
Table B.2: Minimum, mean, and maximum CAM sizes for all scenarios
Trace CAM sizes, mean value CAM sizes, min value CAM sizes, max value
urban (1) 339 bytes 199 bytes 526 bytes
suburban (1) 308 bytes 199 bytes 504 bytes
highway (1) 297 bytes 199 bytes 500 bytes
urban (Il 406 bytes 182 bytes 782 bytes
suburban (Il 396 bytes 182 bytes 765 bytes
highway (11) 399 bytes 182 bytes 807 bytes
Overall average 357 Bytes

Figure B.2 shows the distribution of CAM sizes with a granularity of 100 bytes bins (150 - 250 bytes, 250 - 350 bytes,
etc.) for the two cities and the three different scenarios, blue bar is urban, red bar is suburban and yellow bar is

highway.
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Figure B.2: Histograms of CAM sizes

Table B.3 tabulates the percentage of the total number of messages transmitted in each scenario for the different "bins".

Table B.3: Percentage of messages ending up in different bins for a specific scenario

Trace 150 - 250 | 250 - 350 350 - 450 450 - 550 | 550 - 650 650 - 750
bytes bytes bytes bytes bytes bytes

urban (1) 24 % 30 % 19 % 27 %

suburban (1) 37 % 28 % 13 % 22 %

highway (1) 37 % 33% 16 % 14 %

urban (1) 26 % 14 % 16 % 18 % 22 % 4%

suburban (1) 24 % 16 % 22% 14 % 23%

highway (1) 26 % 14 % 14 % 23 % 21 %

Overall average 29 % 22 % 17 % 20 % 11 % 1%

CAMs are triggered based on vehicle dynamics such as speed, change of speed and direction (heading), with 1 Hz -

10 Hz. For details around the CAM triggering procedure look in Clause 6.1.3 of ETS| EN 302 637-2 [i.17]. DENMs are
event-triggered messages and they are transmitted as long as there is an impending danger with a frequency between

1 Hz - 20 Hz, which is determined by the event causing the DENM dissemination. The triggering of DENMsis
asynchronous and cannot be predicted.

The time between two consecutive CAMs triggered from the same vehicle is varying between 100 ms- 1 000 ms and
Figure B.3 shows this for the slow highway scenario in Gifhorn, Germany. The average time between two consecutive
messages is approximately 330 msfor this scenario.
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Figure B.3: The time between consecutive CAMs in a highway scenario

The time interval between CAMs depends on the driving scenario but the average values varies between 0,33 s- 0,47 s.
Figure B.4 outlines the histograms for all driving scenarios.
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Figure B.4: Histograms for time intervals for all driving scenarios; (a) urban (Gifhorn), (b) suburban
(Gifhorn), (c) slow highway (Gifhorn), (d) urban (Vienna), (e) suburban (Vienna), and (f) highway
(Vienna)
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Annex C:
Eclipse Sumo™ generated mobility traces

Eclipse Sumo™ is an open-source mobility simulator that can model road traffic and produces as an output a trace of
the vehicles coordinates throughout the simulation. Usage of Eclipse Sumo™ and of these Eclipse Sumo™ tracesis not
mandatory for the ssimulations. A collection of traces generated with Eclipse Sumo™ isavailablein
tr_103766v010101p0.zip file which accompanies the present document. An overview of the available tracesis found in
Table C.1.

Table C.1: Overview of available Eclipse Sumo™ traces

Map Max speed Number of vehicles |Folder name

Fast highway (3 km) 50 km/h 10 3km_highway 50kmph_10vh
Fast highway (3 km) 70 km/h 10 3km_highway 70kmph_10vh
Fast highway (3 km) 70 km/h 245 3km_highway 70kmph_245vh
Fast highway (3 km) 140 km/h 10 3km_highway 140kmph_10vh
Fast highway (3 km) 140 km/h 123 3km_highway 140kmph_123vh
Fast highway (3 km) 250 km/h 10 3km_highway 250kmph_10vh
Fast highway (3 km) 250 km/h 70 3km_highway_250kmph_70vh
Slow Highway (600 m) 50 km/h 10 600m_highway 50kmph_10vh
Slow Highway (600 m) 50 km/h 100 600m_highway 50kmph_100vh
Slow Highway (600 m) 50 km/h 200 600m_highway 50kmph_200vh
Slow Highway (600 m) 50 km/h 300 600m_highway 50kmph_300vh
Urban 15 km/h 10 urban_15kmph_10vh

Urban 15 km/h 100 urban_15kmph_100vh

Urban 15 km/h 200 urban_15kmph_200vh

Urban 15 km/h 300 urban_15kmph_300vh
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Annex D:
Technology detection

D.1 Introduction

The present annex describes how the technol ogies can detect each other.

D.2 ITS-G5 detecting LTE-V2X

D.2.1 Cyclic prefix

This option requires no changesto L TE-V2X but depending on the ITS-G5 receiver implementation, this option might
require changesto ITS-G5.

With the Cyclic Prefix (CP) option, the first 144 samples (duration of 4,7 us for a sampling rate of LTE-V2X

30,72 MHZz) of an OFDM symbol (2 192 samples and duration of 71,3 s) are the same asthe last 144 samples. This
repetition characteristic can be used by an ITS-G5 receiver to detect the LTE-V2X signal by delay correlation. The
sampling frequency of alTS-G5 receiver isusualy 10 MHz, which is different from that of an LTE-V2X receiver. Itis
assumed that there is not any sampling rate conversion before delay correlation in an ITS-G5 receiver. Therefore, the
delay value in the detection processis set as 667 samples (i.e. (2 192 - 144) / 30,72 MHz x 10 MHz).

The impact of the detection process on an I TS-G5 receiver depends on the implementation of the ITS-G5 System-on-
Chip (SoC). If the ITS-G5 SoC is based on hard logic, the detection logic is used to detect ITS-G5 signals. Thus, the
delay valueisfixed to 16 samples and changing the delay value may require re-designing of the ITS-G5 SoC. On the
other hand, if the ITS-G5 SoC is based on Software Defined Radio (SDR), it may be possible to change the delay value
from 16 samples to 667 samples to detect the CP pattern of an LTE-V2X signal. This approach would require to change
the delay value of ITS-G5 from 16 samplesto 667 samples and that the LTE-V2X transmission occupies that whole
bandwidth (no division of transmissionsin the frequency domain).

D.2.2 Change CCA threshold

This option does not require changesto LTE-V2X but it requires changing the CCA threshold for ITS-G5.

For ITS-G5 to detect LTE-V2X signals energy detection could be used, which is aready part of the ITS-G5 standard.
ITS-G5 stations need to consider the channel busy if the received power is stronger than -65 dBm for any technology
and the channel is considered busy if the received power is stronger than -85 dBm for ITS-G5 transmissions. Changing
the CCA threshold for ITS-G5 would imply that an I TS station would defer its channel transmission aslong as the
signal is stronger than -85 dBm regardless of technology.

D.2.3 LTE-V2X transmits energy signals
This option requires changesto LTE-V2X and it requires changing the CCA threshold to ITS-G5.

LTE-V2X can transmit energy signals to reserve channel resources and the CCA threshold needs to be altered on ITS-
G5 as described in Clause 6.3.2, to make this option viable.

D.2.4 LTE-V2X transmits ITS-G5 PHY header

This option requires changes to LTE-V2X but no changes are required to ITS-G5.

LTE-V2X can transmit the ITS-G5 PHY header to reserve channel resources and | TS-G5 would defer access.
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D.3 LTE-V2X CBR assessment

The metric technology ratio percentage, Techpercentage, 1S introduced to provide an indication of the actua percentage
of usersbelonging to LTE-V2X and to ITS-G5 technologies, respectively, in agiven geographical areaat agiven time.
TheTechyercentage 1SCOMputed by LTE-V2X stations (only), see Equation (D.1).

TeChpercentage = %- (D.1)
The objective is essentialy for LTE-V2X stations to distinguish between the messages pertaining to their technology
from the messages pertaining to ITS-G5, in agiven frequency channel. This capability is sometimes also referred to as
self-detection. There are two ways of assessing CBR e outlined in Equation (D.2) and Equation (D.3), respectively.
The CBRLte+iTses assessment is further described in Table D.1.

The ¢BR, 7 assessment according to Equation (D.2) is described as, the total number of subchannels occupied by the
data associated with correctly received PSCCH SCls (having a CRC pass) in agiven interval is normalized by the
number of subframesin the same interval and the number of non-overlapping subchannels.

N
I .fSEEHERCPASS UsedNumSubchannel;
j=1 J
CBRITE = (D 2)

numSubchannelxnumSubframes
f Techpercentage

Where Npscencpepass 1S the number of LTE-V2X PSCCH decoded successfully (having a CRC pass),
andUsedNumSubchannel; is the number of subchannels occupied by the data associated with the jth correctly decoded
PSCCH SCI (and thus populated accordingly by the associated PSSCH data). The rational for not taking into account
the PSCCH pertaining to HARQ retransmission is to avoid double counting these packets (since I TS-G5 does not do
repetitions). The numSubchannel isthe number of subchannels as defined in Table B.2 of ETSI TS 103 613, that is5
subchannels and numsUbframeSTeChpercentage isthe integration time of the measurement, set to 100 ms.

When there are multiple LTE-V2X stations causing interferences to each other, many of their PSCCH reception may be
failed. It can lead to an underestimation of the cBRr; 5. Therefore, an alternative method for cBR; 7 assessment is
defined in Equation (D.3). Then the total number of PSCCH SCls of which its reference signal received power (RSRP)
is higher than a threshold received power in agiven interval is normalized by the number of subframesin the same
interval and the number of subchannels.

Npscen
— RSRP>Threshold D
CBRLTE numSubchannelxnumSubframesr,.p, ( 3)
€Clpercentage

Where Npscenpsppsriresnora 1S te NUMber of LTE-V2X PSCCH of which its RSRP is higher than a defined threshold

received power. The numSubchannel is the number of subchannels as defined in Table B.2 of ETSI TS 103 613 [i.35],
that is 5 subchannels and numSubframes,, hpercentage is the integration time of the measurement, set to 100 ms.

Two options for measuring the aggregated traffic in the channel and assessing CBR;rr,rs¢5 (datatraffic originating
from LTE-V2X aswell asITS-G5 stations) are outlined in Table D.1.

Table D.1: Options for the CBR;rg.1rs¢s found in Equation (1)

Option Description
#1 CBR;re4irscs IS exactly the native channel busy ratio (CBR) as defined by LTE-V2X. (See note).
#2 CBRrgyirsgs 1S defined as CBR;rg + CBRrsgs, Where CBRrsq5 measures the occupancy of the

channel originating from ITS-G5 specifically. In order to perform this measurement, LTE-V2X

stations are required to detect ITS-G5 preambles (based on STF) and/or decode SIG field (based

on LTF and SIG), and distinguish ITS-G5 headers transmitted by LTE-V2X stations from those

transmitted by ITS-G5 stations.

NOTE: Option #1 is an attempt to minimize deviation from LTE-V2X release 14 standard. It relies upon the
existing LTE-V2X CBR measurement to capture the overall traffic in the channel. The LTE-V2X CBR
is defined in specification ETSI TS 136 213 [i.8], and is used in the resource selection procedure [i.8]
and the CRIimit computation in ETSI TS 103 574 [i.25].
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Option #2in Table D.1 requires changesto legacy L TE-V2X stations whereas Option #1 does not reguire any
modifications. For simulations of Option #2 in the present document, the following assumptions are made:

. The cBR 7 measurement accuracy of an LTE-V2X station is assumed to be identical to that of an ITS-G5
station, i.e. assuming I TS-G5 headers are decoded

. LTE-V2X stations disregard all ITS-G5 headers transmitted by L TE-V2X stations, i.e. they have perfect
knowledge about the ITS-G5 headers transmitted by other LTE-V2X stations

The assumptions provide an upper bound on the achievable performance with this approach of the LTE-V2X CBR
assessment.
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Annex E:
Details about the LOS channel models
The LOS pathloss models depend on the following parameters:

e  distance between transmitter and receiver d in metres

e  carrier frequency f, in Hertz

o speed of light ¢ = 299792458~
e wavelength A = fi in metres

e  height of the transmitter h, in metres
e  height of the receiver h, in metres

The free space pathloss is defined as:

f
PLps = 20 -log,, (47‘[ -d ?C) (E.D)
The two-ray ground reflection model [i.21] pathlossis defined as
PL =20-lo (4n-d-£|1+l" ei‘/’|_1)
TR-G,1 810 c 1 ’ (E.2)
with
2n(y/d? + (hy — h,)? — \Jd? + (hy + h,.)?
Q= (\/ t T A \/ t T ), (E3)
S S P
[d? + (h; + h,)? " d?+ (hy + h,)?
L= (E.4)
hothe | a4z
[dZ + (h; + h,)? " d?+ (hy + h,)?
and the relative permittivity &,

As an dternative, when assuming perfect horizontal E-field polarization and ground reflection (I', = —1), the two-ray
ground reflection model [i.20] is defined as:

PLrg_g, =20 -log;o (47'[ -d ]% 2- |sin (— §)|_1) (E.5)

The log-distance two-ray ground pathloss[i.21] is defined as:

PLyg ifd <d,
= d?
PLiprr-c =19 59. logyo <—> ifd>d,’ (E.6)

h¢h,
with the cross-over distance:

_ An(hhy)
cT T 1 (E.7)
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Equation (6) in Recommendation I TU-R P.1411-10 [i.22] pathlossis defined as:

d
14

PLP1411(6) = pr + 6 + d ) (E8)
40 -logyo| 5— | ifd >Ry,
Ry
with the break point distance:
4h.h,
Rbp =~ T (E.g)
and the basic transmission loss at the break point:
/12
pr = ‘20 . lOglo (787Ththr> . (ElO)
and Ry = 20 m.
The WINNER+ B1 LOS model pathlossis defined as:
22,7 -1 d)+41+20-1 f if 10m < d < d}
)7 -logyo(d) +41 + 10810\ z 770 1110m < d = app
PLwinnER+ = f. , (E.11)
40 - logyo(d) + 9,45 — 34,6 log,o(h,) + 2,7 - logyo (m) if dyp < d < 5km
with the break point distance:
dgp =4 hi:h, f,/c, (E.12)
and the effective antenna height h,.
The three slope propagation model from ECC Report 68 [i.23] pathlossis defined as:
( A i
20 -logyg (%) ifd < d,
A d )
PLTS = _20 ¢ 10g10 (Fdo) + 10710 ‘ 10g10 (d_o) If do < d S dl ) (E13)

dy

I A d .
k—ZO -logqo (Fdo) + 10n, - logqg (do) + 10n, - logqo (d_1) ifd >d;
with the parameter sets for different environment conditions as defined in Table E.1.

Table E.1: Parameters for the three slope propagation model from ECC Report 68 [i.23]

Parameter Urban | Suburban Rural
Breakpoint distance d, (m) 64 128 256
Eathloss factpr n, beyond the 38 33 28
first break point
Breakpoint distance d; (m) 128 256 1024
Pathloss factor n, beyond the 43 38 33

second breakpoint
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Annex F:
ITS-G5 stations with time synchronization

This annex describes enhancements that can be applied to some methods (e.g. A, C, etc.) when ITS-G5 stations have
time synchronization capabilities. One motivation for this add-on isto avoid potential overlap between ITS-G5
messages which transmissions starting near the end of the ITS-G5 time dot, and LTE-V2X messages sent at the
beginning of the LTE-V2X time slot coinciding with the beginning of a new superframe. Figure F.1 illustrates this
situation and TO is when the new superframe starts.

[ TechA = 50% | TechB (250%) |Raia TechA = 50% TechB (2 50%) [
collisio%

T0

Figure F.1: Possible collision near the turn-around time

It is assumed that ITS-G5 stations are aware of the repeating superframe structure and its duration (e.g. 10 or 20 ms),
and that time synchronization capabilities provide the knowledge of absolute timing, as shown in Figure F.2.

Superlframe Superlframe Superlframe
[ Y Y \
Channel available for Channel available for Channel available for
transmission transmission transmission . time

Figure F.2: Perception of the superframe structure by ITS-G5 stations

ITS-G5 stations are not allowed to transmit messages that would overlap with the next superframe. By knowing their
own time synchronization accuracy and tolerance, and the duration of the packet to be transmitted, the period of time at
the end of the ITS-G5 time sot during which the transmission cannot be initiated might differ for each station and for
each packet size.

Figure F.3 shows an example where one station with varying packet lengths of 0,5, 1,0 and 0,3 ms respectively obtained
from the upper layers at the same pace of the superframe.

Super‘frame Superlframe Super‘frame
[ Y | |
Channel available for Channel available for Channel available for
transmission transmission transmission _ time

Channel NOT available Channel NOT available = Channel NOT available
(during 0.5 ms) (during 1.0 ms) (during 0.3 ms)

Figure F.3: Perception of the superframe structure by ITS-G5 stations, not allowing messages
overlapping with next superframe start

For simulation purposes in the present document, it is assumed that ITS-G5 stations have atime synchronization
accuracy of 0,1 ms.
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Annex G:
Derivation of the traffic mix mismatch for numerical
simulations

For arealistic assessment of the performance of the co-existence methods considered in the present document,
numerical simulations need to be conducted with the targeted vehicles traffic mix as well asincluding an offset on the
targeted vehiclestraffic mix. To enable aredlistic investigation of the latter, it is proposed to keep the TDM pattern
unchanged and adapt the distribution of the carsin the simulation. When changing the TDM pattern, only large offsets
can be configured, e.g. for a superframe duration of 10 ms a change of 1 ms causes already an extreme mismatch
between technology distribution and TDM pattern. However, when decreasing the number of vehicles of one
technology and to the same extend increasing the number of the other technology's vehicles, the overall number of
vehiclesis unchanged; in this case the fixed global TDM pattern and the technology distribution will also exhibit a
mismatch. This mismatch can be changed in amuch finer granularity and enables amore realistic simulation. Itis
proposed to adapt the technology distribution in such away that at least 50 % of the vehicles observe 5,55 % of the
theoretical vehicle distribution centred around the ideal technology distribution. This corresponds to the optimal TDM
pattern when, e.g. adopting a superframe duration of 10 ms and atime dot granularity of 1 msfor an ideal technology
distribution of 50 %/50 %.

In the following, n = vehiclesrecp, + vehiclesreqy, denotesthe number of vehiclesin the simulation, where
vehiclesrecp, and vehiclesy,.p, correspond to the number of vehicles using technology A and technology B,

respectively. Furthermore, p = vemictesechs describes the ratio of vehicles of technology A vehiclesin the simulation.

When placing vehicles of technol ogynA with a probability p and vehicles of technology B with a probability (1 — p)
into an area, the distribution of the vehicles can be described by a binomial distribution. With the approximation of the
binomial distribution according to the law of large numbers as a normal distribution, anormal distribution with standard
deviationo = /n-p - (1 — p) and mean u = n - p isobtained. The cumulative distribution function (CDF) of the
normal distribution is denoted by F(x; u, o), where x denotes the point where the CDF is evaluated. The parameters u

and o of F(x; u, o) define the mean and the standard deviation of the normal distribution and are computed as described
above.

For a superframe duration of 10 ms and a dot granularity of 1 ms, evaluating F (x; u, o) for each of the start and end
values of the nine discrete bins R = [p - 9], theresult in Figure G.1 for p = 0,5, i.e. a50 %/50 % technology
distribution between technology A and B, is obtained.

123 vehicles, p=0.5
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Figure G.1: Probability distribution for p = 0,5, with bins from 1:9 to 9:1, using a normal distribution
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L et introduce a mismatch between the theoretical technology distribution (vehiclesy,c,, and vehiclesre.p,) and the
simulated technology distribution. The mismatched number of vehicles used in the ssimulationsisindicated by a
superscript "*", i.e. vehiclestecy,, and vehiclesr,.p, . Furthermore, the centre of the bin of interest isdefined by g =
(vehiclesTechA 1
max [ ———"Techa 1

vehiclesrechy ' 18

result. The max operation is needed to investigate technology ratios smaller than % Since the CDF isonly defined for

positive values, in those cases the bin is placed starting from 0. The centre of the bin of interest g will always
correspond to the theoretical traffic mix.

) for g < 1, wherefor g > 1, technology A and technology B will be exchanged to calculate the

Using the definitions above, the ratio of vehiclesin the desired bin of with g is computed by:
1 1
X=F(n-(q+E);u,a)—F(n-(q—E);/x,a) (G.1)

hiclesy
Note that the mean and the standard deviation of the normal distribution are computed with p* = % instead of
p. To obtain the mismatched technology distribution w.r.t. the lower end of the CDF, the value vehiclesr,., is chosen
for the simulations, where X > 50 % and X < 50 % for (vehiclesy,.p, + 1). Furthermore, the mismatched technology

distribution w.r.t. the upper end of the CDF, here vehiclesr,p,, ischosenin such away that X > 50 % and X < 50 %
for (vehiclesrecp, — 1).

q=0.25,p =0.25, X = 0.80051 q=0.25,p =0.3, X=0.53762
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Figure G.2: Example of proposed approach for technology distribution 25 %/75 % and 100 vehicles

ETSI



104 ETSI TR 103 766 V1.1.1 (2021-09)

Figure G.2 shows as the proposed approach for an example with 100 cars. Starting with p* = g = 0,25 in subfigure @),
more than 80 % of the vehicles arein the bin of with n/9 centred at n - ¢ = 25. While keeping the bin unchanged, the
technology mix p* isincreased, and therefore also the CDF changes until the situation in subfigure b) is reached. Here,
with p* = 0,30, the number of vehicles within the bin (X) is approximately 53,8 %. For p* = 0,31, X would be 45,6 %.
Therefore, 30 and 70 vehicles of technology A and technology B, respectively, are chosen for the simulation of 100
vehiclesfor the lower end of the CDF. The situation for decreasing the technology mix p* is depicted in subfigure c).
Here, with p* = 0,20, the number of vehicles within the bin (X) is approximately 55,1 %.

For p* = 0,19, X would be 45,3 %. Therefore, 20 and 80 vehicles of technology A and technology B, respectively, are
chosen for the simulation of 100 vehicles for the upper end of the CDF.

Using the methodology described above, the resulting vehicle traffic mix for the different number of users considered in
the TR as well as different theoretical technology distributionsis summarized in Table G.1. For the theoretical
technology distribution 0 %/100 %, as described above, the binis centred at ¢ = 1/18 to enable an evaluation of the
CDF. Therefore, an evaluation is only possible at the lower edge of the CDF. Similarly, for the theoretical technology
distribution 50 %/50 %, the lower and upper CDF will be identical to exchanging technology A with technology B due
to the symmetry of the CDF for ¢ = 0,5.

Table G.1: Vehicle traffic mix as number of vehicles for simulations with a mismatch between TDM
pattern and technology distribution

Theoretical

technology 0 %/100 % 25 %I75 % 50 %/50 %

distribution

# of users lower upper lower upper lower upper

70 7/63 N/A 21/49 14/56 38/32 32/38
100 11/89 N/A 30/70 20/80 55/45 45/55
123 13/110 N/A 37/86 24/99 68/55 55/68
200 22/178 N/A 61/139 39/161 111/89 89/111
245 27/218 N/A 74/171 48/197 136/109 109/136
300 33/267 N/A 91/209 59/241 166/134 134/166

The traffic mix in Table G.1 will be evaluated once for LTE-V2X and ITS-G5 as technology A and technology B,
respectively, aswell asfor ITS-G5 and LTE-V2X as technology A and technology B, respectively.

As an example, the results for 123 vehiclesand p = 0,44715 = 55/123, asgiven by Table G.1 for a 50 %/50 %
theoretical technology distribution, is depicted in Figure G.3. Here, it is observed that approximately 50 % of the
vehicles observe the optimal TDM pattern.

123 vehicles, p=0.44715

0.6

1:9 2:8 3.7 4:6 5:5 6:4 7:3 8:2 9:1
x: ideal TDM pattern

Figure G.3: Probability distribution for p = 0,44715, with bins from 1:9 to 9:1, using a normal
distribution
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Annex H:
Time slot durations

This annex tabulates all possible time slot durations, assuming 5 ms minimum time slot duration for each technology,
given the two superframe sizes 25 ms and 50 ms as the TeChpercentage Changes, see TablesH.1 and H.2.

Table H.1: Time slot duration for each technology for a superframe of 25 ms

Superframe of 25 ms
Techyercentage LTE-V2X ITS-G5
[0:22] % 5ms 20 ms
[22:26] % 6 ms 19 ms
[26:30[ % 7 ms 18 ms
[30:34] % 8 ms 17 ms
[34:38] % 9ms 16 ms
[38:42[ % 10 ms 15 ms
[42:46] % 11 ms 14 ms
[46:50[ % 12 ms 13 ms
[50:54] % 13 ms 12 ms
[54:58] % 14 ms 11 ms
[58:62[ % 15 ms 10 ms
[62:66] % 16 ms 9 ms
[66:70[ % 17 ms 8 ms
[70:74] % 18 ms 7 ms
[74:78] % 19 ms 6 ms
[78-100] % 20 ms 5ms

Table H.2: Time slot duration for each technology for a superframe of 50 ms

Superframe of 50 ms
TeChpercentaye LTE-V2X ITS-G5
[0:11] % 5ms 45 ms
[11:13[ % 6 ms 44 ms
[13:15][ % 7 ms 43 ms
[15:17[ % 8 ms 42 ms
[17:19] % 9 ms 41 ms
[19:21] % 10 ms 40 ms
[21:23[ % 11 ms 39 ms
[23:25] % 12 ms 38 ms
[25:27[ % 13 ms 37 ms
[27:29] % 14 ms 36 ms
[29:31] % 15 ms 35 ms
[31:33[ % 16 ms 34 ms
[33:35][ % 17 ms 33 ms
[35:37[ % 18 ms 32ms
[37:39] % 19 ms 31 ms
[39:41] % 20 ms 30 ms
[41:43[ % 21 ms 29 ms
[43:45] % 22 ms 28 ms
[45:47[ % 23 ms 27 ms
[47:49] % 24 ms 26 ms
[49:51] % 25 ms 25 ms
[51:53[ % 26 ms 24 ms
[53:55] % 27 ms 23 ms
[55:57[ % 28 ms 22 ms
[57:59] % 29 ms 21 ms
[59:61] % 30 ms 20 ms
[61:63] % 31 ms 19 ms
[63:65] % 32 ms 18 ms
[65:67] % 33 ms 17 ms
[67:69] % 34 ms 16 ms
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Superframe of 50 ms

Techyercentage LTE-V2X ITS-G5
[69:71] % 35 ms 15 ms
[71:73][ % 36 ms 14 ms
73:75[ % 37 ms 13 ms
[

7577 % 38 ms 12 ms
[

[77:79] % 39 ms 11 ms
[79:81] % 40 ms 10 ms
81:83[ % 41 ms 9 ms
[

83:85[ % 42 ms 8 ms
[

[85:87[ % 43 ms 7ms
[87:89 % 44 ms 6 ms
[89-100] % 45 ms 5ms
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